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Abstract

This thesis 1s concerned with the design and development of short wavelength, ~400nm,
superluminescent light emitting diodes (SLEDs). The enhancement of spectral bandwidth
through the use of multiple passive and active contacts allows the spectral bandwidth to be
increased beyond that possible with a single active contact. Such devices may find
application in biomedical imaging applications such as optical coherence tomography
(OCT). Thus far limited research has been conducted into short wavelength devices for OCT
due to immaturity of development of suitable materials and their associated narrow
bandwidths. Prior to this work gallium nitride (GaN) SLEDs have been reported with
bandwidths of ~5nm, which at 400nm offers an axial resolution in the region of 10um. This
thesis describes and explains the research conducted towards the objective of achieving

broader bandwidth.

Initially, an experimental setup capable of characterising shorter wavelength devices was
constructed, and a comprehensive review of the literature and current state of the art is
presented. An OCT setup was then constructed, allowing for direct measurement of device
resolution and comparison to values obtained using both the point spread function and from
theory. Non-contact metrology using a GaN SLED was then carried out for the first time.
For a two contact SLED the role of bias conditions and their effect on the absorber section
and device emission bandwidth was then examined, after which three section GaN SLEDs
were developed, allowing for different current injection levels to be applied to the active
regions. Optimal drive conditions for the two active contacts, along with a short-circuited
absorber section, allowed a spectral bandwidth of ~20nm to be obtained. Device resolution
was again analysed under the new conditions, yielding 3.3um, and compared to the Rayleigh
criterion. This offered a system resolution limit value. Once successfully developed, short
wavelength GaN SLEDs with a broad bandwidth could sufficiently increase axial resolution
to allow detailed imaging of the cornea and its respective layers, early detection of skin
cancers, and imaging teeth in non-ionising dental applications. Future routes to developing

even broader bandwidth devices, and hence higher resolution sources, are discussed.
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Chapter One - Introduction and Background

1.1 Introduction to Thesis

1.1.1 Overview of Thesis

This thesis is concerned with the design and development of short wavelength, ~400nm,
superluminescent light emitting diodes (SLEDs) for biomedical imaging applications such
as optical coherence tomography (OCT) [01-08]. Short wavelengths are desirable because
the axial resolution is proportional to the wavelength squared, increasing significantly as the
wavelength decreases. Thus far limited research has been conducted into short wavelength
devices for OCT due to immaturity of development of suitable materials like gallium nitride
(GaN) and their associated narrow bandwidths. As axial resolution is inversely proportional
to bandwidth, to increase the resolution, steps must be taken to increases the bandwidth. A
short wavelength GaN SLED with a broad bandwidth could sufficiently increase the axial

resolution to allow detailed imaging of the cornea and its respective layers [09-11].

1.1.2 Summary of Thesis

A typical semiconductor laser [12,13] features a resonant cavity formed by creating a
waveguide along the length of the device. This is terminated at both ends by flat, mirror-
like, facets perpendicular to the waveguide and parallel to one another. Injected current
generates photons of light that are confined within the waveguide yet able to propagate along
its length, generating further photons through stimulated emission. When these photons are
incident on one of the facets a large percentage are reflected and propagate in the opposite
direction back along the waveguide. This is termed optical feedback and causes the

1



production of a series of standing waves, or modes, with their wavelengths determined by
the length of the resonant cavity as well as the bandgap of the material. As the losses of the
device are overcome and lasing occurs, one or more of the modes become dominant and a
narrow spectral bandwidth lasing peak is observed, which is orders of magnitude larger than
adjacent modes. SLEDs [14-19] are laser devices where the feedback has been reduced
enough to inhibit lasing, or remove it altogether. This means that photons generated inside
the waveguide propagate along its length generating further photons through stimulated
emission, as with the typical semiconductor laser described above. However, when these
photons are incident on one of the facets, they are, ideally, all emitted from the device instead
of being reflected in the opposite direction back along the waveguide. Gain in a SLED is
achieved from this single pass through the waveguide. Feedback can be reduced by
employing one or more techniques [20-28]. It is common to see several of these methods
utilised in a typical SLED to maintain a broad bandwidth, while achieving the directionality

and high powers observed in typical lasers.

Prior to this work GaN SLEDs [29-36] have been reported with bandwidths of ~5Snm, which
at 400nm offers an axial resolution of 10um. To achieve a similar resolution with
conventional OCT light sources of 800-1300nm, bandwidths of between 25-100nm would
be required depending on the emission wavelength chosen. As some layers of the cornea are
less than 10um thick [11], at least 1um axial resolution would be required to image these
layers using OCT. Although 150nm bandwidths at 890nm have been reported by Cucu et
al., [37] resolution was 3um and bandwidth would need to increase to 400nm to offer sub-
lum axial resolution. For 400nm wavelengths, 3um resolution is achieved with ~20nm
bandwidth and sub-1pm resolution is achieved at 50nm bandwidth, demonstrating a clear
advantage in lowering the central wavelength and researching methods to increase the

bandwidth.

This thesis describes and explains the research conducted towards the objective of achieving
broad bandwidth emission from GaN SLEDs. Initially, an experimental setup capable of
characterising shorter wavelength devices was constructed, alongside a comprehensive
review of the literature and current state of the art. Commercially available laser diodes were

purchased and measured against their datasheets before the feasibility of absorber sections
2



as methods of reducing optical feedback were explored and investigated in both these
devices and those fabricated internally. An OCT setup was then constructed, allowing for
direct measurement of device resolution and comparison to values obtained using both the
point spread function and from theory. Metrology using a GaN SLED was then carried out
for the first time. The application of bias conditions to the absorber section and their effect
on emission bandwidth was then examined, after which multi-section GaN SLEDs were
developed, allowing for different current injection levels to be applied to the active region.
Device resolution was again analysed in the new conditions and compared to the Rayleigh

criterion. An outline of the work performed in each chapter is described below.

1.2 Outline of Chapters

1.2.1 Outline of Chapter One

Section 1.3 introduces the theory behind semiconductor lasers, illustrating and explaining
the three main radiative processes that can take place and what must be overcome for lasing
to occur. Section 1.4 describes conventional SLEDs and highlights the differences between
their structure and that of typical semiconductor lasers. Section 1.5 provides an in-depth
introduction to OCT, outlining the different methods of performing the measurement and
examining the advantages and disadvantages of each. The equation for system resolution in
terms of source wavelength and bandwidth is then disclosed in section 1.6, further expanding
on the current state of the art and analysing the transmittance of core components of the eye,

before discussing the structure of the cornea in section 1.7.

The history and development of GaN devices is covered at length in section 1.8, describing
how various obstacles to their development were overcome and their mass production was
enabled. Finally, the progress so far in GaN SLEDs and their current figures of merit are
disclosed in section 1.9. This links to section 1.5 by showing the existing device technology

and the needed improvements before a short wavelength device would be suitable for OCT.

3



Finally, section 1.10 outlines and highlights relevant gaps in knowledge focused on during

this research.

1.2.2 Outline of Chapter Two

Section 2.3 describes the experimental setup and examines its suitability for conducting short
wavelength measurements. Section 2.4 characterises several commercially available 405nm
GaN laser diodes, demonstrating their performance below, approaching, and above lasing
threshold, highlighting the uniformity of key parameters, and agreeing the results with
device datasheets. Section 2.5 repeats elements of the characterisation carried out in section
2.4 following the use of a focused ion beam (FIB) system to modify a number of the laser
diodes to produce SLEDs, to ensure minimal damage to the devices. The differences in
device behaviours are analysed, and the feasibility of an absorber section within a GaN
SLED is investigated. Section 2.6 introduces the point spread function, discussing its merit
as a measure of resolution, and comparing values produced using this method to those
calculated using first principles and theory. Section 2.7 describes the construction and
operation of an OCT experimental setup, with practical measurements of resolution obtained

before the first demonstration of metrology with a GaN SLED.

This forms part of the work published in my IEEE Journal of Selected Topics in Quantum

Electronics paper.

1.2.3 Outline of Chapter Three

Section 3.3 describes the fabrication process performed to produce the GaN laser diodes and
SLEDs from a 2 quantum well (QW) GaN substrate. Section 3.4 characterises a number of
GaN laser diodes fabricated internally, with similar lengths but varying ridge widths. Section

3.5 repeats elements of the characterisation carried out in section 3.4 following the use of a



FIB system to modify a number of the laser diodes to produce SLEDs, to ensure minimal
damage to the devices. Section 3.6 examines the case when the absorber section of the SLED
is operated in open-circuit, and section 3.7 when it is operated in short-circuit. Section 3.8

reintroduces the point spread function and discusses the resolution of the devices.

This forms part of the work published in my IEEE Journal of Selected Topics in Quantum

Electronics paper.

1.2.4 Outline of Chapter Four

Section 4.3 characterises of the Sum GaN SLED after the use of a FIB system to modify the
device to produce three sections, with the front 1/3 is active and the rear 2/3 open-circuit.
Section 4.4 repeats elements of the characterisation carried out in section 4.3 with the front
2/3 driven and the rear 1/3 open-circuit. Section 4.5 repeats elements of the characterisation
carried out in sections 4.3 and 4.4 with the front 2/3 driven and the rear 1/3 short-circuit.
Section 4.6 investigates the effect each case has on the central wavelength of the emission
spectra and the associated bandwidth. Section 4.7 examines the effect varying the current
density to each section has on the SLED bandwidth. Section 4.8 introduces the Rayleigh

criterion and discusses the resolution limit of the SLED tested.

This work forms the work published in my Applied Physics Letter.

1.2.5 Outline of Chapter Five

Section 5.1 summarises the findings from Chapters Three and Four. Section 5.2 discusses

proposed further works that are apparent following these findings.



1.3 Background

Absorption, spontaneous emission, and stimulated emission are radiative processes that take
place between photons and charge carriers and are depicted in Figures 1-1a), b), and c),
respectively. In a semiconductor with energy levels Ev and Ec, where Ey is the valence band
and Ec is the conduction band, photons of energy Ec - Ey can be absorbed or emitted, where

E = hv, with & being Planck's constant and v the frequency of the photon [12].

In Figure 1-1a) a photon of energy Ec - Ey is absorbed by the material, promoting an electron
from the valence band to the conduction band, leaving a hole in the valence band. This
transition is called absorption or stimulated absorption. Due to the instability of the electron
in an excited state, at some time later the electron de-excites, returning to the valence band
and emitting a photon of energy Ec - Ey with random phase and direction. This process is
termed spontaneous emission and is shown in Figure 1-1b). In the event the electron is
already in an excited state when the passing photon is incident on the material, as illustrated
in Figure 1-1c), the photon's interaction can stimulate the electron to return to the valence
band and emit another photon of energy Ec - Ey, with the same phase and direction as the
incident photon. This is called stimulated emission. For this to become the dominant form
of emission, as in light amplification by stimulated emission of radiation devices; it requires
more than 50% of the carriers to be present in the conduction band than the valence band,

assuming no internal loss, a condition known as population inversion [12,13].

el 3 —(1—5 -‘-‘-O—E

—_—— —— —o-o E
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Figure 1-1 Photons and charge carrier interactions showing a) absorption b) spontaneous

emission and c) stimulated emission - dots are electrons and circles are holes



Consider a basic p-i-n diode such as the one shown schematically in Figure 1-2. When a
forward voltage is applied across the device, electrons and holes flow in to the intrinsic, or
active, region from the n and p regions, respectively. Here the electrons and holes recombine,
producing photons through spontaneous emission, the primary mechanism of light radiation
found in light emitting diodes (LEDs). The current flowing through the device ensures a
constant supply of carriers for recombination. Although the primary mechanism of light
radiation in lasers is stimulated emission, it is not enough to simply achieve population
inversion, optical feedback must be incorporated to produce a large photon density, as a

mechanism for the gain stimulated emission produces to overcome any losses.

Ec
E

. - \ .
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- 5l;— - -_)‘g':—'f_}.f_}(_)w

Figure 1-2 P-i-N diode and associated band structure

One way of establishing optical feedback in the above device would be to create a resonant
cavity by cleaving facets. When photons are incident on one of the facets a large percentage
are reflected and propagate in the opposite direction back along the waveguide. This is quite
typical for semiconductor lasers, as the refractive index between the crystal and air results
in around 15-35% reflection, meaning they act as mirrors. In addition, the difference in
bandgap between the intrinsic region and the p and n cladding forms a waveguide along the
length of the device. Figure 1-3 depicts the p-i-n diode from Figure 1-2 with the inclusion of

cleaved facets, R; and R».



Figure 1-3 A laser resonant cavity showing facet reflections

To achieve lasing, the gain must be greater than the external, or mirror, loss and the internal
loss from absorption and scattering, efc. The threshold gain coefficient, g, can be calculated
by considering the above resonant cavity, length L, and facets with reflectivities R; and R>.
At the lasing threshold, the gain equals loss, giving Equation 1-1, with o being the

absorption, or loss, coefficient [12]:

Jin = X+%p, = o+ Zin—t Equation 1-1

2L RqR,

where a; is the internal loss and o, is the mirror loss, that together make up o the absorption
coefficient. Lasers require both feedback and gain in order to lase [13]. If this feedback were
to be removed, the laser becomes a SLED. SLEDs are laser devices where the feedback has
been reduced enough to inhibit lasing, or removed altogether. This means that photons
generated inside the waveguide propagate along its length generating further photons
through stimulated emission, as with the typical laser described above. However, when these
photons are incident on one of the facets, they are, ideally, all emitted from the device instead
of being reflected in the opposite direction back along the waveguide. Gain in a SLED is

achieved from this single pass along the waveguide.



Feedback can be reduced by employing one or more of the following techniques [20-28],
illustrated in Figure 1-4a) to e):

e Apply anti-reflective coatings to one or both facets, a)

e Change the angle of one or both facets away from 90° to the waveguide, b)
e Change the angle of the waveguide away from 90° to the facets, c)

e Incorporate an absorbing section into the waveguide, d)

e Change the waveguide from straight to curved, e)

a) b) c) d) e)

Figure 1-4 Schematics of methods to reduce feedback in lasers

Anti-reflective coatings minimise the reflectivity of the facets, maximising the likelihood
that an incident photon will be emitted from the waveguide. By changing the angles of the
facets or the waveguide, the reflectivity is reduced as with an anti-reflective coating, but
there is an added advantage that any if any photons are reflected they are likely to escape
through the sidewall and not resonate inside the cavity. If the waveguide shape is modified
from a straight line to a curved, or j shape, the losses inside the waveguide are increased and
the gain must reach a higher value to achieve lasing. An absorbing section is an electrically
isolated but optically connected section of the waveguide, typically placed at the rear of the
device. This is designed to absorb photons travelling away from the front facet and prevent
them passing through the waveguide again. It is common to see several of these methods

utilised in a typical SLED to offer high power, directional light beams like those observed



in lasers, coupled with incoherent, broadband emission observed in LEDs [12]. The high
power, directional light beam, is due the amplified spontaneous emission (ASE) as the light
passes once through the waveguide, while the lack of resonant cavity allows broadband
emission light emission instead of the multi-mode or single-mode emission seen in lasers.
Applications for SLEDs include OCT [01-08], fibre optic gyroscopes (FOGs) [14] and pico-
projection [15]. As discussed in sections 1.4 and 1.9, this work will focus on SLEDs,
examine their applications and current state of the art, before detailing the areas warranting
further research. [12,16,17]. Although termed light emitting diode, SLEDs have the same
epitaxial structure as an edge emitting, or in-plane, laser. This was demonstrated by Lee et
al., in 1973 when they produced the first SLED [18]. With no data from other SLEDs with
which to compare their devices, they fabricated lasers alongside their SLEDs to allow them

to characterise the material and the device behaviour.

1.4 Conventional Superluminescent Light Emitting Diodes

As introduced earlier, in order to produce high performance SLEDs, the optical feedback
must be suppressed or removed. This can be achieved by tilting one or both of the facets,
tilting or bending the waveguide [15], or applying an anti-reflection coating so the light
escapes after a single pass through the waveguide [18,19]. The effect of increasing the
magnitude of the angle of the facets relative to the waveguide was examined by Zhang et
al., [20]. It was demonstrated that as the angle was increased from 0°, where it is
perpendicular to the waveguide, facet reflectivity decreased until the critical angle was
approached, ~16.8°, when the light was subject to total internal reflection. For the gallium
arsenide (GaAs) devices used, 15° was found to be the optimum angle to reduce reflectivity
and produce a broadband SLED. Another way to suppress optical feedback is with the
incorporation of an absorber into a multi-section device [21,22]. This is designed to absorb
light reflected from the front facet and prevent laser oscillation [23]. The limiting factor of
these devices was shown to be that the optical output power could “burn through” the
absorbing section at relatively low powers, ~3mW, resulting in lasing as oscillation was no
longer suppressed [24]. This was overcome by applying an anti-reflection coating to the front

facet, which increased the power before “burn through” to ~14mW, as well as by grounding
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the absorber [25-27]. Connecting the absorber to ground prevented the accumulation of
carriers in the absorber, thereby preventing “burn through” until powers of at least ~30mW
[28]. Combining all three of these design features to form a multi-section device with a bent
waveguide, tilted facet, and an absorber section, offers the advantage of increased output
powers as well as greater control over the spectral shape [21,22,27]. Such devices will be

discussed in more detail in Chapter Four of this thesis.

Section 1.5 details the background and history of OCT, introducing light sources utilised,
the main methods of performing the measurement, and the advantages and disadvantages of
each. Current wavelengths utilised by OCT light sources are discussed in section 1.6 before
showing how axial resolution of the system changes with source wavelength and bandwidth,
providing the motivation behind moving to shorter wavelengths. Section 1.7 shows the
structure of the cornea, providing details of its composition and layer thickness, before going

on to figures of merit.

1.5 Optical Coherence Tomography

First demonstrated in 1991 by Huang et al., [01] time domain OCT (TDOCT) is a technique
that takes advantage of low coherence interferometry to allow non-invasive imaging of
living tissue, most notably the eye. Shown schematically in Figure 1-5, light from an
incoherent broadband light source such as a SLED is passed through a beam splitter, after
which it is used to illuminate the sample under test and a reference mirror, before both beams
are reflected on to a single detector. An interference pattern is formed on the detector when
light from the sample and the reference mirror are within one coherence length of each other,
reaching a maximum when the distance travelled by the light incident on the sample is equal
to that travelled by the light incident on the reference mirror. If the sample contains several
layers, mechanically moving the reference mirror allows each corresponding maxima to be
found, with each analysed interference pattern providing one reflectivity profile of the
sample in terms of depth in the Z direction, known as an A-scan. However, this image only

has the dimensions of the spot size of the beam. By adding an additional mirror, allowing
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scanning in the X and Y direction, a series of adjacent A-scans can be used together to form
a cross-sectional tomograph known as a B-scan image. Another approach to this method is
en face TDOCT, which sets the reference mirror at a given depth, scanning in the X or Y-
direction and obtaining a T-scan. If after each T-scan the reference mirror is moved as it

would be after each A-scan, a B-scan will be produced from multiple T-scans, in real time.

Axial Scanning

Detector Focusing Lenses Beam Splitter Transverse Scanning

[ ¥

» Depth ’
Broadband Sourci// @ HeNe Laser

Sample

Collimating Lenses A-Scan

Figure 1-5 Schematic of a time domain optical coherence tomography setup

Fourier domain OCT (FDOCT) is the other widely used method of OCT and can be
conducted using swept source OCT (SSOCT) or spectral domain OCT (SDOCT). As SSOCT
uses a tuneable laser instead of a broadband light source, it will not be discussed further in
this report. In SDOCT, after the interference pattern has been generated as described above
for TDOCT, it is passed through a spectrometer before it reaches the detector, which is a
charge-coupled device (CCD) instead of a photodiode. A diffraction grating separates the
interference pattern into a spectrum that allows the reflectivity profile and depth information
to be ascertained using a Fourier transform, with each frequency referring to a discrete depth
within the sample. This removes the requirement for the moving mirror seen in TDOCT,
greatly improving the imaging speed, as one scan takes enough data for a full B-scan image

and even a 3-D image; in addition to doubling the resolution from 10um in TDOCT to Spum
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in FDOCT. This greatly improves the signal to noise ratio compared to TDOCT, which
requires multiple scans. A schematic of a FDOCT setup can be seen in Figure 1-6 [02-04].

Spectrometer

Focusing Lens 4 Focusing Lens
Detector

n Reference Arm

Sample Arm \

Beam Splitter

Mirror = Focusing Lens

Collimating Lens

Broadband Source .
Sample

Figure 1-6 Schematic of a Fourier domain optical coherence tomography setup

1.6 Resolution

For OCT systems, axial resolution and lateral resolution are independent of one another,
with axial resolution being the limit of the system to detect two objects in depth, or the Z
direction. Figure 1-7a) plots the predicted axial resolution as a function of wavelength for
increasing values of full width at half maximum (FWHM), or bandwidth, for an ideal light

source with Gaussian distribution [12,13,17]. This is calculated from Equation 1-2:

_an@ 3

lc T AL

Equation 1-2
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where /. is the coherence length, or axial resolution, 4y is the central wavelength of the light
emission and 44 is the FWHM. From both Figure 1-7a) and Equation 1-2, as 4y increases,
the magnitude of the predicted axial resolution also increases. If 44 decreases, the effect
would also be to increase the magnitude of the predicted axial resolution, thereby lowering
the performance of the optical system. Lateral resolution is the limit of the system to detect
two objects in plane, or the X and Y direction, as a result of the beam spot size. Figure 1-7b)
plots the predicted lateral resolution as a function of wavelength for increasing values of

numerical aperture (NA) [03,05,06]. This is calculated from Equation 1-3:

Ao Ao

r = - =
2n sin 6 2NA

Equation 1-3

where r is the lateral resolution, 4y is the central wavelength of the light emission, # is the
refractive index of the media and 6 is the half angle of the light beam that enters the objective.
From both Figure 1-7b) and Equation 1-3, as Ay increases, the magnitude of the predicted
lateral resolution also increases. If NA decreases, the effect would also be to increase the
magnitude of the predicted lateral resolution, thereby lowering the performance of the optical
system. Although lateral resolution would likely see an enhancement with a shorter central

wavelength, it is not the focus of this research and is not discussed further in this document.
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Figure 1-7 Predicted values of a) axial and b) lateral resolution for a light emitter for

increasing values of a) full width at half maximum and b) numerical aperture
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OCT tends to utilise the 850, 1050, and 1300nm wavelengths because 1050nm has zero
dispersion in water [05], making it useful to image the aqueous tissues in the eye; whilst
1300nm has minimal scattering and absorption in skin cells [02]. Although 1050nm is
largely bespoke to OCT, 850 and 1300nm are likely used due to the higher level of maturity
in optical device research at these wavelengths due to their historical use in data storage and
optical communications applications [06,07]. As the coherence length of the light source, [,
is directly related to the axial resolution, as shown in Equation 1-1, operation at these longer

wavelengths compromises the resolution of the system [08].

Retina
Choroid
Sclera

Iris
Aqueous
Cornea

Vitreous

Figure 1-8 Eye cross-section showing component parts and wavelength transmission

As described in section 1.5, OCT can be used to image the eye. However, different parts of
the eye are affected by different wavelengths of light in different ways; light can travel
through the eye uninhibited, also known as direct transmittance, it can be reflected, scattered,
or absorbed by one or several parts of the eye [09]. Figure 1-8 is a cross-section of the eye
that illustrates the parts of the eye affected by different wavelengths of light, from the short
ultraviolet to the near infrared. Work by Boettner and Wolter [10] examines experimentally
how the eye and its component parts behave when exposed to wavelengths of light ranging

from 220 to 2800nm. Their procedure involved carefully dissecting nine human eyes into
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the aqueous humour, cornea, lens, and vitreous humour, before measuring direct and total
transmittance using a spectrophotometer and a spectroreflectometer, respectively, using the

setups shown schematically in Figure 1-9.
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DIRECT TRANSMITTANCE
MEASURED ON DK-2
SPECTROPHOTOMETER

Figure 1-9 Ray diagrams of spectrophotometer and spectroreflectometer [10]

Direct transmittance was measured by positioning a photodetector behind the sample being
illuminated, using a limiting aperture to restrict the light incident on the photodetector to
within 1° normal to the sample. The output from the photodetector was compared with that
from a reference beam operating concurrently, with the ratio of the two giving the percentage
transmittance. The total transmittance, however, was measured using an integrating sphere
placed behind the sample under test, with a large aperture that allowed light up to 170° from
the sample to enter it. The light incident on the sphere wall was imaged by a photodetector,
providing a reading of the direct and forward scattered light. Figures 1-10a) and b) illustrate

the result of these measurements when conducted on the cornea and the lens, respectively.

As can be seen, the cornea will transmit wavelengths from 300 to 2500nm, with the total
transmittance being greater than 80% between 400 and 1400nm. The two reductions in
corneal transmittance visible at 1400 and 1900nm are due to water absorption bands present
at these wavelengths. The effect of water absorption bands were visible in the transmission
curves for every part of every eye that was tested. Unlike the cornea, the lens shows a much

narrower band of transmission, between 400 and 1400nm. This is partly due to an absorption
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band present at ~350nm and partly due to the reduction in transmission of shorter

wavelengths of light as eyes age. Short wavelength OCT would be possible on both sections.
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Figure 1-10 Transmittance for a) cornea and b) lens varying wavelength [10]

1.7 Short Wavelength Applications

The cornea consists of the epithelium, endothelium, and stroma, which morphologically are

separated into five layers:

e Squamous epithelium, 50pum thick
e Bowman's layer, 10um thick

e Collagenous stroma, 500um thick
e Descemet's membrane, 8-10um

e Endothelium, 4-6pum thick

Figure 1-11 shows an OCT image of the cornea, with these five layers labelled. As some

layers of the cornea are less than 10um thick, sub-1pum resolution is needed [11].
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Figure 1-11 OCT image of the cornea highlighting the layer structure [38]

From Equation 1-2, it can be determined that increasing the bandwidth would have an effect
the axial resolution, but not as much as the lowering central wavelength. This is confirmed
theoretically by Drexler [05] when resolution as a function of bandwidth for two SLEDs
with 800 and 1300nm wavelengths is examined. It is shown that for an 800nm source with
a bandwidth of 180nm, resolution of 1.6um could be achieved. However, with the same
bandwidth a source emitting at 1300nm would have a resolution of 4.1um. Experimentally,
Cucu et al., [37] were able to achieve 3um resolution with a SLED emitting at 890nm and a
bandwidth of 150nm. For 400nm wavelengths, 3um resolution is achieved with ~20nm
bandwidth and sub-1um resolution is achieved at 50nm bandwidth, demonstrating a clear

advantage in lowering the central wavelength.

With 405nm the standard for Blu-Ray and other high density storage media, initial work
could be carried out using these commercially available devices, with a view to using more
bespoke devices operating at wavelengths below 400nm to further increase the system
resolution. For a device operating at 405nm with 50nm bandwidth, sub-1pm resolution can
be achieved. As discussed in section 1.9, GaN SLEDs emitting at ~400nm have been
reported with bandwidths up to ~5nm as most research involving these devices is focused
on high power applications such as pico-projection. An increase in bandwidth by 5-15nm
would bring the resolution in line with longer wavelengths and enable short wavelength

devices to be considered in OCT applications. This highlights the need for short wavelength,
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broad bandwidth devices and is further discussed in sections 1.8 and 1.9. Such devices will
be the focus of this research, with a comprehensive literature review to determine the current

state of the art carried in section 1.9.

As the criteria to produce a high quality SLED is very similar to that to produce a high
quality laser and, most importantly, high quality crystal is required in order to provide high
gain; this means that the history of GaN SLEDs is intrinsically linked to the history of GaN

lasers.

1.8 Short Wavelength Diode Lasers - Gallium Nitride

Light emitting GaN devices were first discussed in literature in 1971 [39], when Pankove et
al., reported blue [40] and green [41] LEDs, and Dingle et al. [42] reported stimulated
emission, although research into GaN and its two crystal structures dates back to 1938 [43].
Work on GaN in the 1970s stemmed from the Radio Corporation of America's (RCA) desire
to produce televisions that utilised LED technology. To accomplish this, red, green, and blue
LEDs were required to produce a full-colour image. This presented a problem as the blue
LEDs available at the time were made from silicon carbide (SiC), a II-VI indirect bandgap
material unsuitable due to its low brightness and low reliability [44]. In May 1968, James
Tietjen, the then director of materials research at RCA, charged Herbert Maruska with the
task of producing blue LEDs using GaN, a III-V direct bandgap material [45]. Using halide
vapour phase epitaxy (HVPE), the method by which Maruska had previously been growing
gallium arsenide phosphide (GaAsP) LEDs, attempts were made to grow GaN. Gaseous
gallium chloride (GaCl) and ammonia (NH3) were fed in to the HVPE reactor and mixed

above the substrate material.

Sapphire was chosen as the substrate as it is unreactive with ammonia, and parallel research
in RCA labs meant that there was an abundance of sapphire wafers available. After some

initial problems with growth temperature [46], the first single crystal films were grown [47].
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It was then discerned that two factors limited the production of light emitting devices:

e Production of p-type doped GaN
e Growth of high quality material

Zinc (Zn), magnesium (Mg), mercury (Hg), silicon (Si), and germanium (Ge) were
investigated as potential dopants, but success was limited. Zn and Mg increased the
resistivity, p, to more than 1x10’Qm™, in addition to being present as deep acceptors. Hg
was not incorporated in large enough concentrations to dope the material effectively, and
although Si was incorporated as a shallow acceptor, the material remained n-type. Only Ge
produced p-type GaN, but reproduction and uniformity were not able to be achieved. Unable
to produce p-type GaN, Pankove et al., fabricated Zn doped i-N, or metal insulator
semiconductor (MIS), diodes [39-41] that emitted 475nm blue and 530nm green light,
respectively. The difference in wavelength was determined by the Zn vapour pressure, which
controlled the concentration of Zn in the intrinsic region, with higher pressure giving green
light and lower pressure giving blue. However, these devices required a potential difference

of 60-100V and the green LED was reportedly highly sensitive to changes in temperature.

In 1972, Mg was re-examined as a potential dopant as Maruska et al., attempted to obtain
shorter wavelengths. [48,49]. Luminescence at 425nm was achieved through Mg doping, but
this required a bias of 160V. By changing the contacts to an Ohmic indium (In) amalgam as
depicted in Figure 1-12 and annealing for 60 seconds at 400°C, this bias reduced to 10-20V
with a comparable performance to the Zn doped MIS diodes [50,51]. Work by Ilegems and
Dingle [52] confirmed Mg was a suitable dopant, however Ilegems and Montgomery
claimed p-type GaN was unlikely to be achieved with the standard of crystal growth
currently available [53]. Maruska et al., and Pankove ef al., investigated the mechanism of
light emission in the MIS diodes, attributing the luminescence to impact ionisation localised
at cathode [54-56]. Due to the low efficiency of the devices, with the highest external
quantum efficiency (EQE) achieved in the Mg doped devices being 0.005%, the project was
terminated by RCA in 1974 [57,58].
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Figure 1-12 Schematic diagram of a Mg-doped metal insulator semiconductor GaN diode

The development of metal organic vapour phase epitaxy (MOVPE) [59,60] and molecular
beam epitaxy (MBE) [61] brought about improvements in growth quality and helped to
reignite interest in GaN, with Yoshida et al., growing GaN by MBE in 1982 [62]. It was
shown that by first growing a layer of aluminium nitride (AIN) on sapphire prior to GaN the
Hall mobility and luminescence were greatly improved, with the Hall mobility rising from
~200cm?/Vs [44] to 500cm?/Vs at 77K [62,63] as well as the Hall mobility becoming
independent of the film thickness. Although discussed in earlier literature, this was the first
time the 13.9% lattice mismatch and difference in thermal expansion coefficients between

GaN and sapphire were investigated as some of the causes of lower crystal quality [62].

These findings were first confirmed by Amano et al., [63] when GaN films with AIN buffer
layers were grown using MOVPE, then by Hiramatsu ef al., [64] and Murakami et al., [65]
as the AIN buffer layer growth mechanisms were researched further. Figure 1-13 shows a
cross sectional sketch of one of these GaN films, with AIN growing in high density series of

columns from the sapphire substrate.
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Figure 1-13 Cross-sectional diagram of GaN with an AIN buffer layer - Adapted from [64]

This is due to its crystallisation at the high GaN growth temperatures of ~1000°C and lattice
mismatch of ~13% with sapphire. Once the desired deposition has been reached, GaN is
grown on top of the AIN buffer layer. This forms a layer with a high number of faults,
labelled below as the faulted zone. After ~50nm the GaN crystals increase in size, forming
progressively larger trapezoid structures on top of the original columns in an area of fewer
faults termed the semi sound zone. Finally, the trapezoids coalesce after ~150nm in the sound

zone, resulting in high quality GaN growth with drastically lower defect densities.

By placing the main reactant gas flow in parallel to the substrate surface and a secondary gas
flow of nitrogen (N2) and hydrogen (Hz) perpendicular to the main gas flow to direct the
reactant gas on to the substrate, Shuji Nakamura was able to grow GaN films on sapphire
substrates using a GaN buffer layer instead of the AIN buffer layer [66]. This modification
to the MOVPE reactor design, called the two-flow system [67], increased the Hall mobility
to 1500cm?/Vs at 77K and reduced the carrier concentration to 8x10'%/cm? from 5x10'%/cm?>.
The effect of varying the buffer layer thickness from 10-120nm was also investigated by
Nakamura, with 20nm offering the lowest carrier concentration and therefore producing the

fewest n-type impurities.

These advances in crystal growth techniques produced the highest quality GaN to date
[64,66], but production of p-type material had still not been achieved, restricting GaN to use

22



in MIS diodes [54]. However, when Zn doped GaN was examined under an electron
microscope by Amano et al., [68] they observed that its luminescence significantly
increased. The luminescent intensity of the Zn doped material was then investigated for
varying electron beam (EB) irradiation times at both 12K and room temperature (RT), with
the results compared to those obtained under the same conditions for un-doped GaN. It was
shown that luminescent intensity only increased under irradiation with Zn doped GaN,
increasing with EB irradiation time and temperature. Terming the technique low energy
electron beam irradiation (LEEBI), Amano et al., [69] were able to use this method to
increase the luminescence in Zn and Mg doped GaN, using the latter to produce the first
GaN p-n junction LED, emitting in the ultraviolet (UV) portion of the spectrum at 370nm.
This LED exhibited a much lower resistance than the MIS GaN LED devices described
previously, showing a forward voltage ~6V at 2mA [54], as well as much improved emission
intensity. Utilising the same technique, Nakamura et al. reported visible LEDs operating at
430nm [70,71] and 411nm [72] soon after, with peak output powers of 42uW [70,71] and
90uW [72], 6-12 times greater than the commercial SiC LEDs available at the time, and
EQEs of 0.15-0.18%, 36 times greater than that achieved by Maruska et al. in 1974 [54].
The forward voltage had also been lowered to 4V at 20mA, with this improvement attributed
to the lower resistivity, 2Qcm, in the GaN buffer layer [66], compared with 12Qcm in the
AIN buffer layer [65].

However, one of the drawbacks of LEEBI is that only the surface of the material and a thin
layer beneath it becomes p-type, as the incident electrons do not penetrate very far into the
sample, ~0.8um at 15kV. It was discovered that thermal annealing in an N> environment
produced the same reduction in resistivity and production of p-type GaN as LEEBI, but for
the entire depth of the sample [73]. Further research showed that the sample resistivity
reached a maximum value of 10°Qcm when it was thermally annealed in NH3 and a
minimum value of 2Qcm when thermally annealed in N>, with these processes being
reversible [74]. This demonstrated that the NH3 was causing the high resistivity exhibited in
p-type GaN. Although various hypotheses were considered with regards to the reasons
behind this, it was concluded the dissociation of NHj3 into its constituent parts passivated the
surface of the substrate in a similar manner to that seen on silicon [75]. During growth, these
hydrogen atoms diffuse from the substrate surface into the GaN material, passivating the

donors by bonding to the defects and passivating the acceptors by forming neutral ZnH and
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MgH complexes. Whereas in the N2 environment, there is no hydrogen with which the
acceptors can form neutral complexes, or, in the case where the sample has already been
exposed to an NH3 environment, the increased temperature releases hydrogen from the

neutral complexes, lowering the resistivity by reversing the passivation of acceptors [73].

The techniques to improve GaN crystal quality discussed earlier in this report were applied
to the growth of indium gallium nitride (InGaN), which was grown between p-type and n-
type GaN to produce the first double-heterostructure (DH) blue LED with the schematic
shown in Figure 1-14a) [76-78]. DH devices provide a means of carrier confinement
important for high power, high efficiency semiconductor optical devices, particularly lasers
and SLEDs. The DH LED exhibited an output power of 125uW at 20mA, around three times
greater than the output power of the homostructure GaN LED [71] with an EQE of 0.22%.
It was also more than twice the power and EQE of a similar zinc selenide (ZnSe) DH LED,
a [I-VI direct bandgap semiconductor material being investigated as an alternative to GaN

[79-81] that Xie et al., reported output powers of 60uW at 20mA and an EQE of 0.1% [80].
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Sapphire Substrate Sapphire Substrate
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Figure 1-14 Cross-section of GaN double heterostructure (a) LED and (b) laser

Nakamura et al., [72,82,83] investigated different growth conditions, different dopants, and
dopant levels, particularly for the InGaN layer; reporting changes in emission wavelength
and improvements in output power and EQE. This culminated in the disclosure of blue DH

LEDs with SmW output powers at 450nm and green DH LEDs with 3mW output powers at
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520nm, with EQEs 0f 9.1% and 6.3%, respectively [83], making commercial production and
applications viable for III-V nitride LEDs. Focus then shifted from spontaneous to stimulated
emission devices, as groups worked to produce a GaN DH device. Stimulated emission in
GaN by pulsed current injection was achieved in 1995 for the first time by Akasaki et al.,
[85] with GaN laser diodes then demonstrated by Nakamura et al., in 1996 with etched [77]
and cleaved facets [86]. The schematic structure of the laser diode is shown in Figure 1-14b),
which had a threshold current of 1.7A, threshold current density of 4kAcm™, central
wavelength of 417nm, 1.6nm bandwidth and output power of 215mW at 2.3A. This led to
ridge-geometry devices [87] and continuous wave (CW) operation at 233K [88] and 300K,
room temperature [89], with device lifetimes improved from 27 hours to 10,000 hours [90-

93].

With thin film GaN research mature enough to repeatedly grow reliable single quantum well
(SQW) and multiple quantum well (MQW) devices, there was a greater focus on developing
lattice matched native GaN substrates to replace sapphire [93] and SiC [94]. This offered the
potential advantages of defect densities lower than 1035¢cm™ and reducing or removing the
bowing observed due to the stress from the lattice mismatch [58,95]. The main methods of
producing GaN substrates are HVPE [96-98], high pressure, high temperature (HPHT) [99-
102], and ammonothermal [103,104]; although lesser used methods such as sublimation
[105] and sodium (Na) flux [106] have also been demonstrated. HVPE was discussed earlier

in this section, as well as various approaches to improve crystal quality [46,47,63,66,107].

To obtain a pure GaN substrate, growth is conducted using the aforementioned techniques
on a foreign substrate to produce a thick GaN layer, which is then delaminated by mechanical
polishing and lapping [97,108], heat treatment [109] or laser induced lift off [110]. High
growth rates make this an attractive option, and with the development of dislocation
elimination by the epitaxial growth with inverse pyramidal pits (DEEP), threading
dislocations can be reduced to 103cm™ [95]. However, the GaN is often still bowed as the
stress from growth on a foreign substrate is not removed after delamination. HPHT takes
advantage of an increased input nitrogen pressure, ~15kbar, to reduce both the melting point
and temperature at which Ga dissociates from its precursors, ~1780K [100-102]. Whilst
offering defect densities of 10%cm™, crystal growth is slow with maximum diameters limited
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to an inch or less. [111]. Ammonothermal growth uses an autoclave which has two distinct
sections operating under two different temperatures to grown GaN on native seeds. GaN is
dissolved in one high temperature section, travelling by convection to a second, lower
temperature, section of the autoclave where it crystallises [103,104]. With dislocation
densities reported of 10°cm?, this is comparable to HVPE but with lower growth
temperatures of 780-800K. However, the growth rate is still low and HVPE the more mature

technique. [112,113].

1.9 Gallium Nitride SLEDs

With a large percentage of the total research into nitride light emitters spent investigating
methods to improve device lifetime and reduce the central wavelength [90-93], limited effort
was made to fabricate other optoelectronic devices based on nitrides, so the first GaN SLED
was not reported until 2009 by Feltin et al., [29]. The SLED operates in the same manner as
the GaAs, InP and non-GaN SLEDs described in section 1.4, however optical feedback is
removed through the use of tilted facets only, no AR coatings or bent waveguides [18-28].
With a central wavelength of 420nm and a bandwidth of ~5nm, a peak output power of
100mW at 630mA was demonstrated under pulsed operation [29]. These characteristics were
improved upon the following year, with CW operation achieved thanks to improved thermal
management, and ripple reduction due the to the use of AR coating on the facets [30]. The

bandwidth, however, remained at ~5nm, a result matched by Holc ez al., [31].

Figure 1-15a) shows a similar GaN SLED design used by the previous groups [29-31]. By
modifying the shape of the waveguide from linear to the tapered design in Figure 1-15b), as
well as separating it from the facet by a distance of Sum, Ohno et al., were able to achieve
optical output powers of up to 200mW [32]. The tapered waveguide design minimises the
propagation loss, as well as reducing the optical density at the front facet, and the separation
of the waveguide from the front facet reduces reflectivity to 10, 200mW optical output

power was also obtained by Kafar et al., [33] with a so-called j shape waveguide, of which
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half is curved and half is linear [34,35]. This is one of the several ways identified in section

1.3 of suppressing lasing [36].
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Figure 1-15 Schematic diagram of (a) GaN SLED and (b) 200mW GaN SLED [32]

Described in the introduction to this report and in sections 1.6, 1.7, and 1.8, the resolution to
image the individual layers of the cornea using OCT is sub-1um. For a 400nm light source,

this would require a bandwidth of ~50nm.

1.10 Gaps in Knowledge

As discussed throughout this chapter, limited work has been conducted on OCT using short
wavelength broadband sources such as GaN SLEDs, with the majority of research looking
at high-power applications such as pico-projection. As such, there has been limited work on
the use of SLEDs incorporating biased absorber sections to suppress lasing and offer spectral

bandwidth control. Finally, multi-section GaN SLEDs have yet to be investigated.
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Chapter Two - FIB Modified Commercial Laser
Diodes: Concept Proof

2.1 Introduction to Chapter

As discussed in Chapter One sections 1.8 and 1.9, gallium nitride (GaN) material and devices
have seen rapid development since their first disclosure in 1971 [01-29] and are now readily
commercially available [30]. With a high quality crystal and substrate, narrower bandwidths,
greater output powers, and improved reliability and robustness were demonstrated [16-

19,28,29,31,32].

Such milestones in the history of GaN laser devices, with the first viable light emitting diode
reported in 1991 [15] and laser in 1996 [18], paved the way for marked and rapid progress
in superluminescent light emitting diodes (SLEDs). However, the focus thus far has largely
been on achieving ever-increasing output powers for pico-projection applications [33-35],
which only require very modest bandwidths to ensure high powers. Work has therefore
included high reflection coatings [36] and thermal management techniques [37], which are
necessary as the output power increases, while bandwidths remain ~5nm [33-39]. Limited
research has been conducted in methods to enhance the bandwidth beyond this level, or
indeed to explore the possibility of short wavelength devices being used for optical

coherence tomography (OCT) applications [40-44].

Demand for greater axial resolution in OCT systems has resulted in the feasibility of
wavelengths outside of the traditional 800 and 1300nm windows [41-44] being investigated,
with limited 400nm sources leading to super-continuum lasers and non-linear fibre-based
light sources [45] being used to access shorter wavelengths. However, both light sources

require complex supplementary systems before they can be used for OCT [45-47]. If the
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bandwidth of GaN SLEDs could be extended to ~10nm at moderate output powers, it would
offer opportunities for more efficient short-wavelength OCT systems, as well as multi-
source systems [48] as alternatives to super-continuum lasers and non-linear fibre-based
light sources [45-47]. Techniques for broadening the emission spectrum have been discussed
in Chapter One and shown successfully in other material systems like gallium arsenide
(GaAs) and indium phosphide (InP) [49-59]. Although there have been attempts to transfer
these techniques to GaN devices, this has mainly been accomplished through the use of
angled facets [34,36] and curved waveguides [60,61], with the potential for absorber sections
in GaN SLEDs not yet fully realised. Absorber sections are those optically connected but

electrically separate from the section of the device being used for light emission [36].

2.2 Outline of Chapter

In this chapter, the feasibility of an absorber section within a GaN SLED is investigated.
Commercially available laser diodes are modified using a focused ion beam (FIB) system,
and a passive, or open-circuit (O/C), absorber is created towards the rear of the device. This
demonstrates the transferability of this technique from GaAs and InP devices to GaN, and

that it reliably produces a SLED.

Section 2.3 describes the experimental setup and examines its suitability for conducting short
wavelength measurements. Section 2.4 characterises several commercially available 405nm
GaN laser diodes, demonstrating their performance below, approaching, and above lasing
threshold, highlighting the uniformity of key parameters, and agreeing the results with
device datasheets. Section 2.5 repeats elements of the characterisation carried out in section
2.4 following the use of a FIB system to modify a number of the laser diodes to produce
SLEDs, to ensure minimal damage to the devices. The differences in device behaviours are
analysed, and the feasibility of an absorber section within a GaN SLED is investigated.
Section 2.6 introduces the point spread function (PSF), discussing its merit as a measure of
resolution, and comparing values produced using this method to those calculated using first

principles and theory. The PSF is then measured for the GaN SLED, with the PSF providing
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the expected maximum resolution achievable should the device be deployed in an OCT
system, with resolutions between ~4.5um and ~11um reported. Section 2.7 describes the
construction and operation of an OCT experimental setup, or an interferometer, confirming
the PSF can be accurately determined from the emission spectrum. The interferometer is

then used to demonstrate OCT metrology measurements with a GaN SLED for the first time.

This forms part of the work published in my IEEE Journal of Selected Topics in Quantum

Electronics paper.

2.3 Design of Experimental Setup

With the focus prior to this work on longer wavelength devices in the infrared part of the
spectrum, an experimental setup capable of testing short wavelength devices such as GaN
was not available when this work began. As such, setting up a short wavelength spectrometer
with a suitable resolution to perform measurements; designing a system to obtain output
power, current density, and voltage curves in the visible spectrum; and selecting current
sources able to provide currents at the higher voltages required for wide bandgap material,

were required prior to experimental work being carried out.

An experimental setup was constructed to permit standard characterisation of light emitting
devices [62]. Figure 2-1a) shows a schematic of the Spex 1704 [63] spectrometer used to
measure emission spectra from such devices. The device under test (DUT) is placed some
distance from the entrance slit of the spectrometer, behind a pair of lenses. The first,
Collimating Lens, collimates the diverging light emitted by the DUT; and the second,
Focusing Lens 1, focuses the collimated light such that only a spot is incident on the entrance
slit of the spectrometer. As it propagates along the length of the spectrometer the light
diverges, ideally filling the first of two mirrors, Mirror 1, which reflects the light back along
the length of the spectrometer onto the diffraction grating, where it is diffracted into its

constituent wavelengths.
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Figure 2-1 Emission spectra experimental setup a) schematic and b) ray diagram

The diffracted light then propagates to the second mirror, Mirror 2, where it is reflected onto
the exit slit of the spectrometer. Before it is incident on the photodetector the light passes

through a final lens, Focusing Lens 2, focusing the light so the sensor is optimally filled.
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Figure 2-1b) shows a ray diagram [64] depicting how the light propagates from the DUT and
through the spectrometer in Figure 2-1a) before it is incident on the photodetector. To
calibrate the diffraction grating, a mercury argon lamp [65] was used in place of the DUT as
it emits many strong spectral lines between 253-922nm at defined, precise wavelengths.
Using a Labview program to interface with the spectrometer and the detector, the diffraction
grating was swept between 250-1000nm and the spectrum recorded. The emission spectrum
and associated maxima were compared to the expected wavelengths in the manual; with the
grating alignment adjusted and this process repeated until the measured spectra was in good

agreement with the expected values, within 1nm in the 400nm region.

With a focal length of 1m, a maximum resolution of 0.1 angstroms, 4, or 0.01nm is offered
[63,66]. For shorter wavelengths, higher resolution is important due to narrower longitudinal
mode spacing, particularly for gain measurements. The mode separation can be calculated

using Equation 2-1:

2
A =20 Equation 2-1
2nL

where Ao is the central wavelength of the light emission, n is the refractive index of the
material, and L is the cavity length [67,68]. Table 2-1 shows the effect of increasing 4 on the
mode spacing and therefore the required resolution for four cavity lengths, 800, 1600, 2400,
and 3200um, with a refractive index of 2.5 [69]. A typical cavity length for a commercial
semiconductor laser is 800um [30,70-72], which would require a resolution of 0.040nm at
400nm wavelengths. The resolution limit of the Spex 1704 is not reached until a cavity

length of 3200um, where the required resolution is 0.010nm at 400nm wavelengths.

The commercial laser diodes discussed in this chapter have a cavity length of 800pum, and
the devices fabricated as part of this research discussed in Chapters Three and Four have
cavity lengths ranging from ~2400-3000um, meaning the resolution offered by the Spex
1704 will be sufficient.
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Central Mode Spacing Mode Spacing Mode Spacing Mode Spacing
Wavelength | 800um Cavity 1600um Cavity | 2400pum Cavity | 3200um Cavity
(nm) Length (nm) Length (nm) Length (nm) Length (nm)
400 0.040 0.020 0.013 0.010
500 0.063 0.031 0.020 0.016
600 0.090 0.045 0.029 0.023
700 0.123 0.061 0.039 0.031
800 0.160 0.080 0.051 0.040
900 0.203 0.101 0.065 0.051
1000 0.250 0.125 0.080 0.063

Table 2-1 Mode Spacing for Varying Wavelengths at Four Different Cavity Lengths

2.4 Characterisation of Commercial GaN Laser Diodes

Figure 2-2a) and b) depict scanning electron microscope (SEM) images of a commercially

available GaN laser diode, Nichia NDV4316 [30], from the front and above, respectively.

Several of these 2um wide, 800um long, commercial laser diodes were purchased to allow

characterisation of devices with defined behaviours.

2000pm

a)

1000pm

b)

Figure 2-2 Scanning electron microscope images of one of the commercial laser diodes

from the a) front and b) above
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Figure 2-3a) plots emission spectra as a function of wavelength for different levels of
continuous wave (CW) injected current, 0.6, 1.3, 1.9, and 2.5kA/cm?, applied to the device
which has a threshold of ~2.2kA/cm?. This ensured that for all current densities the observed
emission spectra were broad, smooth, and continuous. Figure 2-3b) plots the emission
spectra from Figure 2-3a), normalised. As the current density is increased, the full width at
half maximum (FWHM), or bandwidth, of the device decreases, and the central wavelength,

Ao, undergoes a moderate blueshift. All measurements in this chapter were conducted CW.
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Figure 2-3 GaN laser diode a) emission spectra for various applied current densities b)
normalised emission spectra for various applied current densities c) optical output power

for injected current density and d) voltage for injected current density
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Figure 2-3c) plots optical output power as a function of current density for five similar
devices. As expected, as the current density increases optical output power also increases,
with super-linearity observed both below lasing threshold and above. Figure 2-3d) plots
voltage as a function of current density for the 5 similar devices in Figure 2-3c). This gives
an average series resistance of ~45Q, which is comparable with the value calculated from
the datasheet of ~37€Q) [30]. The variance is attributed to higher resistance between the
elements in the constructed experimental setup. To ensure self-heating was minimised, a
thermoelectric cooler (TEC) and thermistor were mounted beneath the DUT, with a heatsink

to help dissipate excess heat. The desired temperature was set at 20°C for all measurements.
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Figure 2-4 GaN laser diode a) emission spectra for various applied current densities b)
normalised emission spectra for various applied current densities c) optical output power

for injected current density and d) voltage for injected current density
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Figure 2-4a) plots emission spectra as a function of wavelength for different levels of
injected current applied to the device approaching, 1.9kA/cm?, and above, 2.5, 2.8, 3.0, and
3.2kA/cm?, lasing threshold. Figure 2-4b) plots the emission spectra from Figure 2-4a),
normalised. As the current density is increased above threshold, the FWHM of the device
decreases rapidly and the central wavelength, 49, undergoes a further, more minor, blueshift.
Figure 2-4c) plots optical output power as a function of current density. As seen earlier in
Figure 2-3c), as the current density increases optical output power also increases, with super-
linearity observed continuing to ~10kA/cm?. Figure 2-4d) plots voltage as a function of

current density for a device from Figure 2-3d), over an extended range.

2.5 Commercial GaN Laser Diode Contact Segmentation

Figure 2-5a) shows a schematic of a FIB system. At the top of the column there is a liquid
metal ion source (LMIS) of gallium, held in a reservoir with a tungsten needle at the base
[73]. LMIS are favourable for use within FIB systems due to their high current density ion
beam with small energy spread [74-76], as well as options to use sources such as gallium,
indium, bismuth, silicon, or gold [73,77]. However, plasma etching tools that utilise noble
gas ions are beginning to displace the incumbent. Under vacuum, the gallium is heated,
causing liquid gallium to flow along the tungsten needle and collect at its tip. Gallium ions
are extracted from the tip of the needle by applying a very high voltage, which also
accelerates them through the system at up to 50keV [73]; with systems more often operated
between 20-30keV [74]. The beam shape is controlled by a series of electrostatic lenses,

octopoles, and apertures, that focus it onto the sample [73].

Figure 2-5b) depicts a magnified view of the FIB and the sample, illustrating the position of
the SEM often incorporated into FIB systems. As the gallium ions incident on the sample
displace material, known as sputtering, the SEM is used preferentially to image and align
the sample to reduce damage, particularly to sensitive samples. Once the sample is correctly
aligned it is tilted to 52°, placing it perpendicular to the FIB. When the beam current is low,

only a small amount of material is sputtered, permitting imaging of insulating samples that
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could not easily be carried out in an SEM [78, 79]. As the beam current increases, the amount

of sputtered material also increases, allowing the precision milling of a sample [73-78].
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Figure 2-5 Focused ion beam a) schematic and b) magnified view

Figure 2-6a) shows an SEM image of several GaN SLEDs discussed in Chapters Three and
Four. Their lengths are ~2400-3000um, with ridge widths of 5, 10, 15, and 50um. Figure 2-
6b) depicts a magnified SEM image of one of the GaN SLEDs shown in Figure 2-6a) taken
while the device was inside the FIB system. Rather than a 50um etch through the p+ layer

as used by Greenwood et al. [53], the FIB was instead used to segment the top contact of the
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device. In order to minimise the level of damage inflicted upon the device during the milling

process, a number of test mills were carried out on adjacent devices.

The optimal settings were a 30kV accelerating voltage and a 93pA the beam current, with a
mill depth of 74.97nm. These parameters removed the top contact without causing any
visible damage to the waveguide beneath, and maintained a low probability of gallium ion
implantation, yet allowed the milling to be completed in good time. As the area of the device
exposed to the FIB was only ~40um wide, compared to the ~350pum wide device, a series of
35um mills were carried out consecutively across the device, eventually producing two

electrically isolated but optically connected sections. Figure 2-6a) shows one such 35um

—_—

mill.

i

1000pm 20um

a) b)
Figure 2-6 Scanning electron microscope images of a) a number of GaN SLEDs and b) the
ridge and top contact of a GaN SLED during the focused ion beam milling process

Figure 2-7a) and b) show SEM images of a GaN laser diode after the FIB was used to mill
the top contact, creating a passive absorber section. In order to minimise the level of damage
imposed upon the device during the milling process, a number of test mills were carried out
on areas of the top contact some distance from the waveguide. This created two electrically
isolated but optically connected sections, separating the device into ~2/3 and ~1/3

respectively, the forwardmost section is ~550um and the rear section is ~250um.
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Figure 2-7 Scanning electron microscope images of a commercial laser diode after the

creation of an absorber section from the a) front and b) above

Figure 2-8a) plots optical output power as a function of current density when applied to the
front 2/3 of the device and the rear 1/3 is passive, or O/C. Super-linearity is observed at

current densities above ~2.8kA/cm?, with the lasing threshold increased from to ~7.4kA/cm?.
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Figure 2-8 GaN laser diode following the segmentation of the top contact with the front
2/3 driven and the rear 1/3 O/C a) optical output power for injected current density and b)

normalised emission spectra for various applied current densities

Figure 2-8b) plots emission spectra as a function of wavelength for different levels of

injected current density. For current densities 1.9, 2.8, 3.7, and 5.6kA/cm?, the observed
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emission spectra are broad, smooth, and continuous, with no visible lasing peak;
demonstrating that with the inclusion of the O/C absorber, a SLED has been produced. As
the current density is increased and approaches 7.4kA/cm?, gain within the SLED overcomes
the loss introduced by the absorber and lasing occurs. The device is no longer behaving as a

SLED, and the desired smooth, continuous spectrum has been lost.

Figure 2-9a) plots the FWHM of the SLED produced using the FIB as a function of applied
current density. As expected, as current density increases, the emission spectra narrow from
~10.0nm to ~5.2nm. Figure 2-9b) plots predicted axial resolution as a function of current
density, calculated using Equation 1-2 with the 49 values from Figure 2-8b), and the FWHM
values from Figure 2-9a). As axial resolution is inversely proportional to the FWHM of the
source, as the FWHM decreases, the magnitude of the axial resolution increases from

~7.3um to ~14.3um, reducing the maximum predicted achievable resolution.
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Figure 2-9 GaN laser diode following the segmentation of the top contact with the front
2/3 driven and the rear 1/3 O/C a) full width at half maximum for applied current density

and b) predicted axial resolution for applied current density
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2.6 Point Spread Function

Whilst the predicted axial resolution obtained using Equation 1-2 provides a value that can
be used for benchmarking, only three points of the curve are utilised in the calculation, 49
and the two sides of the FWHM. This means that in the event the emission spectra exhibit a
non-Gaussian shape, the magnitude of the predicted axial resolution is either under or
overestimated [80]. Another method of predicting the axial resolution of an optical system
is to obtain the PSF of the light source. The PSF expresses the response of an optical system
to a light source [81] and is achieved by performing a Fourier transform [82,83] on the
entirety of the emission spectrum, thereby taking any non-Gaussian behaviour into account
and offering a more accurate value for axial resolution [80,81]. Figure 2-10a) plots the PSF
obtained using the inverse fast Fourier transform (IFFT) function in OriginLab [84], from
the emission spectra of the device shown in Figure 2-8a) and b) as a function of displacement

for different values of current density, all of which were below threshold.
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Figure 2-10 GaN laser diode following the segmentation of the top contact with the front
2/3 driven and the rear 1/3 O/C a) normalised point spread function for various applied

current densities and b) predicted axial resolution for applied current density

The predicted axial resolution is determined by taking the half width at half maximum

(HWHM) of the PSF. Discussed in further detail in section 2.7, this is due to the emitted
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light propagating twice the distance through the sample before being incident on the detector.
Figure 2-10b) plots the predicted axial resolution, taken from Figure 2-10a), as a function of

current density. As expected, the magnitude of the predicted axial resolution increases as

current density increases.
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Figure 2-11 GaN laser diode following the segmentation of the top contact with the front

Axial Resolution (um)
.

Axial Resolution (pm)
©

2/3 driven and the rear 1/3 O/C predicted axial resolution for applied current density a) as
calculated and b) with values calculated using Equation 1-2 divided by N2

Figure 2-11a) plots the predicted axial resolution from Figure 2-9b), calculated using
Equation 1-2, on the same axes as the predicted axial resolution plotted in Figure 2-10b),
extracted from the PSF HWHM. This highlights the possible difference that can be observed
between the two methods when measuring a non-Gaussian light source. Ackay et al., identify
that the approximated shape of the power spectral density (PSD) of the light source, Gaussian
or Lorentzian, determines the coherence length and therefore the calculated resolution [80].
While Gaussian is the most commonly approximation used and gives Equation 1-2, if the

PSD is assumed to be Lorentzian, Equation 1-2 becomes:

2
l. = /% X j—; Equation 2-2
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where /. is the coherence length, or axial resolution, 4y is the central wavelength of the light
emission, and 44 is the FWHM. Dividing the values calculated using Equation 1-2 by V2
converts them from a Gaussian approximation to a Lorentzian approximation shown in
Equation 2-1. Figure 2-11b) plots the adjusted predicted axial resolution from Figure 2-9b)
and the predicted axial resolution extracted from the PSF HWHM in Figure 2-10b) as a

function of current density. The PSD of the device is more Lorentzian than Gaussian.

2.7 Optical Coherence Tomography

To measure the actual resolution and allow for comparison with the two methods discussed
above, an OCT experimental setup was constructed. Figure 2-12a) depicts a schematic of
the OCT setup. The DUT is placed some distance from the beam splitter, behind a lens. This
lens, Collimating Lens, collimates the diverging light emitted by the DUT before it is
incident on the beam splitter, a semi-reflective surface that reflects half of the light, termed
beam b;, towards a mirror, Mirror 1, and transmits the other half of the light, termed beam
b>, towards a second mirror, Mirror 2. Mirror 1 is fixed in place, with Mirror 2 mounted on
a lateral translation stage, allowing the distance between Mirror 2 and the beam splitter to

be varied.

When b; and b; are reflected from Mirror I and Mirror 2 they propagate towards the beam
splitter once more, where they are transmitted and reflected, respectively, towards the
photodetector. Prior to the recombined light reflected from Mirror I and Mirror 2 being
incident on the sensor of the photodetector, it passes through a focusing lens included to
ensure that the sensor is optimally filled. The distances b; and b; travel along the OCT setup,
or their path lengths, are determined by the positions of Mirror 1 and Mirror 2, respectively.
If both mirrors are equidistant from the beam splitter, then the path length of b; will be equal
to the path length of b, or their path length difference will be zero as b; and b; are in phase.
If, when b; and b2 recombine, their path length difference is zero, there will be a maximum
of interference that should be detected by the photodetector. The positional resolution of the

stepper motor on the translation stage was found to be similar to the period of oscillations in
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the interferogram, resulting in only a small fraction of the data contained within the
interferogram being detected and extracted. A sweeping, or free-running, Mirror 2 was

therefore adopted to obtain the full interferogram.

Mirror 2

Detector Focusing Lenses Beam Splitter Mirror 1

Collimating Lenses

<
Device Under Tes
,///

@ HeNe Laser

a)
Detector
Focusing
Lenses
Device
Under Collimating Beam

Test vy, Lenses Splitter Mirror 2

Mirror 1

b)
Figure 2-12 Optical coherence tomography experimental setup a) schematic and b) ray

diagram
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A helium neon (HeNe) laser was placed alongside the DUT, with steps taken to ensure the
emitted light travelled the same path through the OCT setup as the light emitted from the
DUT before it was incident on a second photodetector. By counting the number of cycles
recorded by the HeNe laser photodetector during each measurement sweep, the distance
travelled by light emitted from the HeNe laser can be accurately calculated. Superimposing
the output from the DUT photodetector onto the output from the HeNe photodetector, the
distance travelled by the light emitted from the DUT can be accurately calculated also.
However, it is important to note that for every unit of distance Mirror 2 moves away from
the beam splitter, the light must travel two units of distance, as it will first propagate one
unit of distance to the new position of Mirror 2 and then propagate back to the original
position of Mirror 2 after being reflected on Mirror 2 [80-83,85]. Hence why, for the PSFs
plotted in Figure 2-10a), the predicted axial resolution is the HWHM and not the FWHM.
Figure 2-12b) shows a ray diagram depicting how the light propagates from the DUT and
through the OCT setup in Figure 2-12a) before it is incident on the photodetector.

Figure 2-13a), b), and c) plots normalised interferograms as a function of displacement for
the device shown in Figure 2-8a) and b) for applied current densities of 1.8, 3.6, and
6.3kA/cm?, respectively. When the distance calculations were performed with the output of
the HeNe photodetector, they also adjusted for difference in distance that the light emitted
from both the HeNe laser and DUT travelled compared to how far Mirror 2 moved. Hence
the FWHM from Figure 2-10a), b), and c¢) gives the actual axial resolution of the DUT, which
was found to be 7.2, 7.6 and 9.1um, respectively. As observed in Figures 2-9b), 2-10b), and
2-11a) and b), as current density increases, the magnitude of the axial resolution increases
in line with the expected narrowing of device emission. These values of axial resolution are
in good agreement with those obtained using the PSFs shown in Figure 2-10a), which can
be obtained quickly, repeatedly, and reliably from emission spectra without the need for a

second experimental setup to be constructed or a second measurement to be carried out.

As such, any further axial resolution values will be determined from the emission spectra

and subsequent PSF.
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Figure 2-13 GaN laser diode following the segmentation of the top contact with the front
2/3 driven and the rear 1/3 O/C normalised interferograms for a) 1.8kA/cm?, b) 3.6kA/cm’

and c) 6.3kA/cm’
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Mirror 1 was then replaced with a microscope slide with a known, nominal thickness of
1100um before Mirror 2 was swept through its range of motion again. Figure 2-14 plots the
normalised resulting interferogram as a function of displacement. When light is incident on
the surface of the glass slide nearest to the DUT, a portion is reflected, similar to the situation
before Mirror 1 was removed. This produces the interference pattern to the left of the
interferogram. The remainder of the light is transmitted through the glass slide until it is
incident on the surface furthest from the DUT, where again a portion is reflected, producing
the interference pattern to the right of the interferogram. The difference between these two
maxima of interference is 1719um, which when divided by the refractive index of the slide
of 1.518, gives a thickness of ~1132pum measured using OCT. Figure 2-14 demonstrates the

interferometer is capable of performing an A-scan [40-48].
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Figure 2-14 GaN laser diode following the segmentation of the top contact with the front
2/3 driven and the rear 1/3 O/C normalised interferograms with the inclusion of a glass

microscope slide in place of Mirror 1

2.8 Summary

In this chapter, the feasibility of an absorber section within a GaN SLED was investigated.

Commercially available laser diodes were modified using a FIB system, and an O/C absorber
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was created towards the rear of the device. This demonstrated the transferability of this

technique from GaAs and InP devices to GaN, and that it reliably produced a SLED.

Section 2.3 described the experimental setup and examined its suitability for conducting
short wavelength measurements. Section 2.4 characterised several commercially available
405nm GaN laser diodes, demonstrated their performance below, approaching, and above
lasing threshold, highlighted the uniformity of key parameters, and agreed the results with
device datasheets. Section 2.5 repeated elements of the characterisation carried out in section
2.4 following the use of a FIB system to modify a number of the laser diodes to produce
SLEDs, confirming minimal damage to the devices. The differences in device behaviours
were analysed, and the feasibility of an absorber section within a GaN SLED was
investigated. Section 2.6 introduced the PSF, discussed its merit as a measure of resolution,
and compared values produced using this method to those calculated using first principles
and theory. The PSF was then measured for the GaN SLED, with the PSF providing the
expected maximum resolution achievable should the device be deployed in an OCT system,
with resolutions between ~4.5um and ~1lpm reported. Section 2.7 described the
construction and operation of an OCT experimental setup, or an interferometer, which
confirmed that the PSF can be accurately determined from the emission spectrum. The
interferometer was then used to demonstrate OCT metrology measurements with a GaN

SLED for the first time.

2.9 Further Work

Having demonstrated proof of concept and a novel application for GaN SLEDs, the next step
in the development process would be to attempt to increase the optical output power, and
explore the imposition of different bias conditions on the absorber section; in particular,
short-circuit operation. As output power is related to waveguide length [36,50,60,85-87]
longer SLEDs should give rise to higher powers. Fabricating bespoke GaN SLEDs would
allow control over the length of the waveguide and ensure suitable access to the absorber to

connect it to ground.
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Chapter Three - The Effect of Absorbers on
GaN SLED Performance

3.1 Introduction to Chapter

Conventional and gallium nitride (GaN) superluminescent light emitting diodes (SLEDs)
[01,02] are introduced in Chapter One, which describes and explains the key differences in

their design, operation, and performance compared to laser diodes [03].

Since they were first disclosed in 1973 by Lee et al., [01] SLEDs were quickly identified as
suitable light sources for use in fibre optic gyroscopes (FOGs) [04,05], pico-projection
[06,07], and optical coherence tomography (OCT) applications. Even though GaN SLEDs
were not reported by Feltin et al., [02] until 2009 due to the complexities around growing
and doping GaN as discussed in section 1.8 in Chapter One; considerable effort has been
spent on rapidly improving their performance to bring it in line with conventional SLEDs.
Techniques such as applying anti-reflection (AR) coatings [08], using angled facets or
waveguides [09], using bent, or j shape, waveguides [10], absorber sections [11], windows
[12], or a combination of these techniques [08-12], have been demonstrated to be methods

of suppressing optical feedback readily transferrable to GaN SLEDs [02,03,06,07,13-17].

Although applications for SLEDs include FOGs and OCT, the main impetus for GaN SLEDs
has been for pico-projection [06,07]. This is due to SLEDs addressing the shortcomings
observed when either lasers or light emitting diodes (LEDs) were used for pico-projection.
Lasers emit at practically a singular wavelength, meaning that when the emitted light is
incident on the surface being used to display the projected image, constructive and
destructive interference occurs due to the time coherence of the light [18]. This interference

manifests itself as fluctuations of image brightness and is termed speckle. As speckle is
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inversely proportional to the spectral bandwidth of the light source, image quality and clarity
improves as bandwidth broadens [06]. LEDs, while offering broad bandwidth, have low
power densities which is perceived by the consumer as low brightness, and low directionality
[18]. With GaN SLEDs offering high power densities and high directionality coupled with
modest (~5nm) bandwidths [06,07], they were quickly adopted for use in pico-projectors
with research focusing almost exclusively on ever-increasing output powers [13,17], with

200mW [16,19], 250mW [20], and 350mW [21] achieved in only a few years.

In the pursuit of high output powers, the techniques of suppressing optical feedback [08-12]
were limited to preventing lasing, rather than increasing the full width at half maximum
(FWHM), or bandwidth, of the emission. As such, whenever device designs and geometries
are discussed, those featuring absorber sections are often dismissed in favour of tilted or bent
waveguides [22]. This has led to mature device designs, such as those with bent waveguides,
being repurposed in attempts to broaden emission bandwidth. One such example is disclosed
by Kafar et al., who patterned the substrate so the indium content decreased along the SLED

waveguide broadening the emission from 3.4nm in the reference device to 6.1nm [23].

The use of absorber sections within GaN SLEDs is still in its infancy, and could hold the
key to both enhanced FWHMs and the wider use of the devices in applications such as OCT.

3.2 Outline of Chapter

In this chapter, the role of an absorber section within GaN SLEDs is explored further. A
series of GaN laser diodes around three times longer than the commercially available laser
diodes discussed in Chapter Two were fabricated in the University of Sheftield’s National
Centre for III-V Technologies. Producing bespoke devices allows for control over the length
and width of the waveguide, facet orientations, and accessibility of absorber sections. Once
characterised, absorber sections are created using a focused ion beam (FIB) system, with an

option to operate them open-circuit (O/C) or short-circuit (S/C).
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Section 3.3 describes the fabrication process performed to produce the GaN laser diodes and
SLEDs from a 2 quantum well (QW) GaN substrate. Section 3.4 characterises GaN laser
diodes and investigates the effect of increasing ridge width. Section 3.5 repeats elements of
the characterisation carried out in section 3.4 following the use of a FIB system to convert
the laser diodes into SLEDs, to ensure minimal damage was inflicted upon the devices.
Section 3.6 examines the scenario when the absorber section of the SLED is operated in O/C,
and section 3.7 when the absorber is operated in S/C. Section 3.8 reintroduces the point

spread function (PSF) and extracts the predicted resolution of the devices.

This forms part of the work published in my IEEE Journal of Selected Topics in Quantum

Electronics paper.

3.3 Fabrication Steps for Gallium Nitride SLEDs

A metalorganic chemical vapour deposition (MOCVD) system was used to grow 430nm
indium gallium nitride (InGaN) InGaN/GaN-based SLED structures on a 2-inch freestanding
c-plane GaN substrate with a dislocation density in the range of 1-5x10%cm?. The epilayer
stack consists of 1um silicon (Si)-doped n-GaN (nq = 3x10'%/cm?), a 1um cladding layer of
Si-doped aluminium gallium nitride (AlGaN) Alo07GaoosN (ng = 1x10'%/cm?), an active
region of two 4.5nm Inop.12Gao ssN/GaN QWs, separated by an 11.5nm GaN barrier, a 20nm
electron blocking layer of magnesium (Mg)-doped Alo2GaosN (ng = 1x10'"/cm?), 110nm
Mg-doped GaN, a 0.5um cladding layer of Mg-doped Alg.0sGaoo4N (ng = 1x10'"/cm?®), and
50nm Mg-doped p-GaN.

The devices were fabricated using standard photolithography, and the ridge waveguides
were etched below the active region using a plasma-enhanced chemical vapour deposition
(PECVD), silicon dioxide (SiO2) mask, and inductively coupled plasma reactive-ion etch

(ICP-RIE) process. 300nm SiO> was deposited as an insulating layer by PECVD, and nickel
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gold (Ni/Au) and titanium gold (Ti/Au) Ohmic contacts were deposited on the p-GaN and

n-GaN layers, respectively.

Photolithography is a process that uses opaque and transparent masks, a photosensitive
chemical, ‘photoresist’, and ultraviolet light to pattern the wafer with geometric shapes, so
that after deposition material can be removed from areas it is not required at up to micron
resolutions. Photoresist can be either positive or negative. Positive photoresist means that
the photochemical reaction that occurs when the polymer it comprises of is exposed to light,
results in the photoresist becoming soluble with the photoresist developer. Areas that have
been exposed to light prior to the application of the developer will be removed preferentially
compared to those that have not. Negative photoresist is the opposite to positive photoresist,

meaning when it is exposed to light it is no longer soluble with the photoresist developer.

The first step of the process is to cleave and clean the wafer. As a result of the wurtzite
structure of GaN, discussed in more detail in Chapter One, the substrate is unlikely to cleave
at 90°, or in straight lines. Cleaning is performed using acetone, n-butyl acetate, and
isopropyl alcohol (IPA) as part of a three-stage clean. This is followed by a 30 second oxygen
(O2) plasma ash, after which the wafer is soaked in a 1:1 ratio of hydrochloric acid and water
for 1 minute; before being rinsed thoroughly with deionised water and dried with a nitrogen
gun. These steps remove any dirt and dust particles from the surface of the wafer, as well as
any oxide layers, which could otherwise interfere with the quality of deposition and

ultimately affect device performance.
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Figure 3-1a) depicts a 3D schematic of the GaN wafer following the cleave and clean, with
Figure 3-1b) the view from the side and Figure 3-1c) the birds-eye view. The figures
throughout this section show the fabrication process as if it were being carried out for 1

device for simplicity.
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Figure 3-1 Schematic of gallium nitride wafer following cleave and clean a) 3D view, b)

side view and c) birds-eye view

The second step of the fabrication process is to perform the p-contact photolithography.

BPRS 200, a positive photoresist, is applied to the wafer using a dropper, before the wafer
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is placed onto a spinner for 30 seconds to obtain a smooth, uniform coating as shown in

Figures 3-2a), b), and c).
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Figure 3-2 Schematic of gallium nitride wafer following deposition and spin of BPRS 200

a) 3D view, b) side view and c) birds-eye view

To create a section for the p-contact deposition, an opaque mask with a narrow, transparent,
central strip is aligned above the wafer before the ultraviolet light source within the mask

aligner is illuminated. The wafer is then immersed in photoresist developer, causing the now
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soluble central strip of photoresist to dissolve, exposing a narrow section of the wafer on to
which the p-contact can be deposited, as shown in Figures 3-3a), b), and ¢). This is followed
by another 30 second O plasma ash to remove any residual photoresist or developer from

the wafer.
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Figure 3-3 Schematic of gallium nitride wafer following exposure and development of

BPRS 200 a) 3D view, b) side view and c) birds-eye view
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Before the p-contact deposition, the wafer is again soaked in a 1:1 ratio of hydrochloric acid
and water for 1 minute; before being rinsed thoroughly with deionised water and dried with
a nitrogen gun. Snm of nickel and 10nm of gold are then deposited onto the wafer, as shown
in Figures 3-4a), b), and c), using either a sputterer or a thermal evaporator. The Ni is

deposited to help act as an adhesive between the GaN wafer and the Au.
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Figure 3-4 Schematic of gallium nitride wafer following deposition of nickel and gold a)

3D view, b) side view and c) birds-eye view
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Following metallisation, the remaining photoresist, and Ni and Au not forming part of the
p-contact, are removed using acetone before the wafer is given another three-stage clean as
described earlier. The p-contact is then annealed for 5 minutes at 500°C in a rapid thermal
annealer (RTA) with an oxygen nitrogen gas mix to ensure good adhesion to the wafer.
Figures 3-5a), b), and c) show the wafer once the p-contact has been deposited and the

photoresist removed.
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Figure 3-5 Schematic of gallium nitride wafer following deposition of nickel, gold, and

removal of photoresist a) 3D view, b) side view and c) birds-eye view
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The next step in the fabrication process is to prepare the wafer for etching the ridge and other
features. This is performed by using PECVD to deposit 300nm of SiO> onto the wafer, as
shown in Figures 3-6a), b), and ¢). This dielectric effectively acts as a hard ‘mask’, protecting

the semiconductor from the etching tools that will be used to define the ridge.
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Figure 3-6 Schematic of gallium nitride wafer following deposition of silicon dioxide a) 3D

view, b) side view and c) birds-eye view
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SPR 350, a photoresist designed for use on dielectrics such as SiO> and for etching
applications, is applied to the wafer using a dropper, before the wafer is placed onto a spinner

for 30 seconds to obtain a smooth, uniform coating as shown in Figures 3-7a), b), and c).
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Figure 3-7 Schematic of gallium nitride wafer following deposition and spin of SPR 350 a)

3D view, b) side view and c) birds-eye view
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As with the section for the p-contact definition, an opaque mask with narrow, transparent
strips is aligned above the wafer, this time creating parallel lines either side of the p-contact
and another narrow strip for the n-contact; as illustrated in Figures 3-8a), b), and ¢). The SPR
350 is exposed and developed in the same manner as the BPRS 200, followed by a 1-minute
O plasma ash. To set the photoresist, it is hard baked for 1 minute at 100°C.
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Figure 3-8 Schematic of gallium nitride wafer following exposure and development of SPR
350 a) 3D view, b) side view and c) birds-eye view
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To define the ridge and expose the n-type material to the n-contact deposition, an ICP etching
system is used to dry etch through the active layer at a rate of ~180nm per minute, as shown
in Figures 3-9a), b), and c). The SiO> layer erodes at a slower rate than the photoresist
resulting in the definition of the ridge and n-contact regions. This is followed by a 1-minute

oxygen O3 plasma ash.
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Figure 3-9 Schematic of gallium nitride wafer following dry etch a) 3D view, b) side view

and c) birds-eye view
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Any remaining photoresist is removed using acetone before the hard mask is removed using
hydrofluoric (HF) acid and the wafer is given another three-stage clean as described earlier.

The result is depicted in Figures 3-10a), b), and c).
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Figure 3-10 Schematic of gallium nitride wafer following removal of SPR 350 and silicon

dioxide a) 3D view, b) side view and c) birds-eye view
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With the ridge defined, the next step is to create insulated p and n-contact windows. The

PECVD is again used to deposit 300nm of SiO», as shown in Figures 3-11a), b), and c).
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Figure 3-11 Schematic of gallium nitride wafer following deposition of silicon dioxide a)

3D view, b) side view and c) birds-eye view
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BPRS 200 is applied to the wafer using a dropper, before the wafer is placed onto a spinner
for 30 seconds to obtain a smooth, uniform coating as shown in Figures 3-12a), b), and c).

As this etch will be shallower than before, BPRS 200 is used instead of SPR 350.
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Figure 3-12 Schematic of gallium nitride wafer following deposition and spin of BPRS 200

a) 3D view, b) side view and c) birds-eye view
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As with the sections for the p-contact definition and the ridge definition, an opaque mask
with narrow, transparent strips is aligned above the wafer, this time creating rectangles above
the p-contact and where the n-contact will be to the side of the p-contact; as illustrated in
Figures 3-13a), b), and c). The BPRS 200 is exposed and developed in the same manner
before, followed by a 1-minute O> plasma ash. Again, the photoresist is hard baked for 1
minute at 100°C so it sets prior to the dry etch.
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Figure 3-13 Schematic of gallium nitride wafer following exposure and development of
BPRS 200 a) 3D view, b) side view and c) birds-eye view
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ICP is used again to dry etch through the SiO» layer at a rate of ~180nm per minute, as shown
in Figures 3-14a), b), and c). This is followed by a 1-minute O, plasma ash. As with p-
contact deposition, the wafer is soaked in a 1:1 ratio of hydrochloric acid and water, but this
time for 30 seconds; before being rinsed thoroughly with deionised water and dried with a

nitrogen gun.
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Figure 3-14 Schematic of gallium nitride wafer following dry etch a) 3D view, b) side view

and c) birds-eye view
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20nm of Ti and 200nm of Au are then deposited onto the wafer using either a sputterer or a
thermal evaporator to form the n-contact and bond pads. The Ti is deposited to help act as
an adhesive between the GaN wafer and the Au. The remaining photoresist, and Ti and Au
not forming part of the n-contacts and bond pads, are removed using acetone before the wafer
is given another three-stage clean as described earlier. The result is depicted in Figures 3-

15a), b), and c).
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Figure 3-15 Schematic of gallium nitride wafer following deposition of titanium, gold, and
removal of BPRS 200 a) 3D view, b) side view and c) birds-eye view
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Finally, the substrate is thinned, followed by a 1-minute O> plasma ash and a three-stage
clean. The wafer is then soaked again in a 1:1 ratio of hydrochloric acid and water for 30
seconds; before being rinsed thoroughly with deionised water and dried with a nitrogen gun.
20nm of Ti and 200nm of Au are then deposited onto the backside of the wafer using either
a sputterer or a thermal evaporator to form a rear n-contact. As before, the Ti is deposited to
help act as an adhesive between the GaN wafer and the Au. The final device schematics are

illustrated in Figures 3-16a), b), and c).
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Figure 3-16 Schematic of gallium nitride wafer following thinning of substrate and

deposition of titanium and gold a) 3D view, b) side view and c) birds-eye view
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3.4 Characterisation of Fabricated GaN Laser Diodes

Figure 3-17a) shows a scanning electron microscope (SEM) image of a number of GaN laser
diodes fabricated as part of this research. Their lengths range from ~2400-3000um, with
widths of 5, 10, 15, and 50um. Three devices are labelled in terms of their ridge width, as
they will be the main devices characterised and discussed in this chapter. Figure 3-17b)
shows a magnified SEM image of one of the GaN lasers shown in Figure 3-17a) zoomed in

on the front facet, ridge, and top contact.
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Figure 3-17 Scanning electron microscope images of a) a number of GaN laser diodes and

b) the front facet, ridge and top contact

As introduced in Chapter One section 1.3, gain is related to the length of the laser waveguide
by Equation 1-1, which can be rearranged to form Equation 3-1 assuming the absorption

coefficient, a, is approximately constant:

R R,e%9tnlg=2xL — 1 Equation 3-1

where R; and R; are the mirror reflectivities, L is the length of the gain medium, and gs is

the threshold gain [24]. Also described in Chapter One section 1.3 is the necessity that a
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resonant cavity is formed within the waveguide of a laser diode in order for lasing to occur.
SLED design reduces the feedback required to form the resonant cavity such that the only
gain, and by extension output power, produced is from a single pass along the waveguide.

This is expressed in Equation 3-2:

Gg = e[r (gonig-a)t] _ e[%_ml‘] Equation 3-2

where Gy is the single pass gain, /" is the confinement factor, gy is the gain coefficient,
~7680cm™ for GaN [25], #; is the internal quantum efficiency, J is the injection current
density, d is the active layer thickness, a remains the absorption coefficient, L is the length
of the gain medium, « is the effective stripe width, and / is the injection current. The output
power is approximately equal to the spontaneous emission power, Ps, multiplied by Gs [09].
It is therefore expected that by fabricating around three times longer devices in comparison
to the commercially available laser diodes from Chapter One, it is expected gain will be

increased, in addition to more on-chip real estate being available for absorber sections.

Figure 3-18a) (inset) shows a schematic of the Sum wide GaN device labelled ‘5 in Figure
3-17a), which is ~2600um long and features a Sum wide ridge. The front facet is
perpendicular to the waveguide and no anti-reflection coatings were used. This device is a
SLED rather than a laser diode due to the angled rear facet, included to suppress lasing by
reducing feedback. Methods of feedback suppression are compared and discussed in Chapter
One section 1.3. Figure 3-18b) plots voltage as a function of current density, giving a series
resistance of ~19Q. Figure 3-18c) plots optical output power as a function of current density.
As the injected current density increases optical output power also increases, except super-
linearity is observed prior to the lasing threshold, confirming the device is indeed a SLED
and neither an LED nor a laser diode. Figure 3-18d) plots emission spectra as a function of
wavelength for different levels of injected current applied to the device. For low current
densities, such as 1.9, 3.8, and 5.7kA/cm?, the observed emission spectra are broad, smooth,
and continuous. As the current density is increased and approaches 7.6kA/cm?, gain within

the SLED overcomes loss and lasing occurs at ~425nm.
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Figure 3-18 5um GaN SLED a) schematic b) voltage for injected current density c) optical
output power for injected current density and d) emission spectra for various applied

current densities

As the fabricated GaN devices were bespoke, with little known about their characteristics,
performance, reliability, and reproducibility, the decision was made to operate the devices
pulsed rather than continuous wave (CW) as in Chapter Two. When determining the width
of the pulse and its duty cycle or period, a compromise must be made between very short
pulses and low duty cycle to minimise self-heating effects, and the overshoot and ringing
becoming a significant proportion of the pulse width. The current source [26] was connected
to an oscilloscope and the output observed over a range of pulse widths, duty cycles, and
currents. The optimum drive settings were found to be 10us pulse widths with a 2.5% duty
cycle, and were used for all measurements in this chapter and in Chapter Four, except for

voltage as a function of current density, which were obtained CW.
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Figure 3-19a) (inset) shows a schematic of the 10pum wide GaN laser diode labelled ‘10’ in
Figure 3-17a), which is ~2700um long and features a 10um wide ridge. The front and rear
facets are perpendicular to the waveguide and no anti-reflection coatings were used. Figure

3-19b) plots voltage as a function of current density, giving a series resistance of ~12Q).
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Figure 3-19 10um GaN laser diode a) schematic b) voltage for injected current density c)
optical output power for injected current density and d) emission spectra for various

applied current densities

Figure 3-19c) plots optical output power as a function of current density. As with the Spm
SLED, as the current density increases optical output power also increases, with super-
linearity observed. Figure 3-19d) plots emission spectra as a function of wavelength for

different levels of injected current applied to the device. For current densities, up to
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~7kA/cm?, the observed emission spectra are broad, smooth, and continuous. As the current

density is increased above 7kA/cm? a lasing peak ~423nm is visible, broader than that

observed in Figure 3-18d), suggesting there could be mode hopping within this device [24].

Figure 3-20a) (inset) shows a schematic of the 15um wide GaN laser diode labelled ‘15’ in

Figure 3-17a), which is ~2700um long and features a 15um wide ridge. The front and rear

facets are perpendicular to the waveguide and no anti-reflection coatings were used. Figure

3-20b) plots voltage as a function of current density, giving a series resistance of ~14€).
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Figure 3-20 15um GaN laser diode a) schematic b) voltage for injected current density c)

optical output power for injected current density and d) emission spectra for various

applied current densities
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Figure 3-20c) plots optical output power as a function of current density. As with the Spm
and 10um devices discussed so far, as the current density increases optical output power also
increases, with super-linearity observed, and a large increase in output power above
7kA/cm?. Figure 3-20d) plots emission spectra as a function of wavelength for different
levels of injected current applied to the device. Unlike the other devices discussed in this
chapter, there was no lasing peak observed for any applied current density, the observed
emission spectra were all broad, smooth, and continuous. This is attributed to the larger ridge
width causing increased absorption and lateral modes, and had it been possible to increase
the output of the current source any further, it is expected that a lasing peak would have been

seen for current densities not much greater than 7.6kA/cm?.

From Equation 3-2, as well as increasing the length of the waveguide, increasing its width
should also give rise to SLEDs with higher powers [09]. However, limitations of the current
source [26] in supplying currents greater than 3A, equivalent to current densities above
7.6kA/cm? through the 15um wide ridge; coupled with the significant self-heating effect
when applying such high currents to a device without further thermal management
considerations than those discussed in Chapter Two section 2.4 and earlier in this section,

meant only the Spum and 10pum ridge width devices were investigated further.

3.5 Post FIB Modification

Figure 3-21a) (inset) shows a schematic of the 5Spum wide SLED following segmentation of
the top contact using a FIB system. The operation of a FIB system and contact segmentation
details are described and discussed in Chapter Two section 2.5. Separated into two sections,
optically connected but electrically isolated, of ~2/3 and ~1/3 of the device length
respectively, the forwardmost section is ~1750pm long and the rear section is ~850um, with
an isolation of SMQ achieved between them. To discern whether the device performance
had been adversely affected by the FIB process, both sections were connected to the same
current source and driven as one. Figure 3-21b) plots voltage as a function of current density

for the front 2/3 only, the rear 1/3 only, and both sections together.
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As discussed in section 3.4, concerns regarding whether the device would undergo too much
self-heating following the FIB process meant these measurements were conducted to ~1/3
of the level in Figure 3-18b), as the device was operated CW. However, for the range in
which the measurements overlap with those obtained before segmentation, the resistances
when current is injected into either only the rear 1/3, or both sections at once, are higher;

while the resistance when current is injected into only the front 2/3 is lower.
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Figure 3-21 5um GaN SLED following the first segmentation of the top contact with both
sections driven together as one a) schematic b) voltage for injected current density c)
optical output power for injected current density and d) emission spectra for various

applied current densities
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The reduction in resistance in the front 2/3 could be due to gallium ion implantation during
the FIB process, self-annealing while obtaining measurements of the spectra at high current
densities, or a combination of both. The higher resistance is attributed to the reduced area

for the current to flow through as the top contact is smaller.

Figure 3-21c¢) plots optical output power as a function of current density, with the curve
shape in good agreement with the one displayed in Figure 3-18c). However, the output power
for the same current density is ~100mW higher. There are a couple of potential reasons for
the increase in output power; the first being improved alignment with the power meter, but
this seems very unlikely to account for such an increase. The second potential reason is the
difference in resistances for each section as described above, meaning more current could
be injected into the rear of the device than the front 2/3. Increased current density in the rear
1/3 could result in this section optically pumping the front 2/3, which, if the front 2/3
becomes transparent, could operate as a ~1750um long semiconductor optical amplifier [27].
This is considered more likely to produce the observed increase in power after segmentation.
Figure 3-21d) plots emission spectra as a function of wavelength for different levels of
injected current applied to the device. As with Figure 3-18d), for low current densities such
as 1.9, 3.8, and 5.7kA/cm?, the observed emission spectra are broad, smooth, and continuous.
The notable difference is for 7.6kA/cm?, where although spectral ripple can be seen in Figure
3-5d), implying that the threshold is being approached, there is a distinct lack of the lasing
peak seen in Figure 3-18d). This suggests that in the process of segmenting the top contact,
the FIB milling process has slightly increased the lasing threshold, offering a greater range

of SLED operation.

Figure 3-22a) shows a schematic of the 10um wide GaN laser diode following the first
segmentation of the top contact using the FIB system. Also separated into 2 sections ~2/3
and ~1/3 respectively, the forwardmost section is ~1800um and the rear section is ~900pum,
with an isolation of >1kQ achieved between them. As above, both sections were connected
to the same current source and driven as though they were one device. Figure 3-22b) plots
optical output power as a function of current density, and the curve is in good agreement

with that plotted in Figure 3-19c).
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Figure 3-22 10um GaN SLED following segmentation of the top contact with both sections

driven together as one a) schematic b) optical output power for injected current density

and c) emission spectra for various applied current densities

This suggests that although the lasing threshold may have been increased slightly by the FIB
process, the device performance is otherwise unaffected. As with the Sum wide SLED, a
notable increase in output power is observed and is attributed to the same mechanism
described earlier. Figure 3-22c) plots emission spectra as a function of wavelength for
different levels of injected current applied to the device. All of the observed emission spectra
are broad, smooth, and continuous, with no lasing peak visible as there was at 7.6kA/cm? in
Figure 3-19d); although the ripple at the peak of 7.6kA/cm? suggests for current densities

above this magnitude, lasing would occur.
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3.6 Open-Circuit GaN SLED
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Figure 3-23 Sum GaN SLED following segmentation of the top contact with the front 2/3

driven and the rear 1/3 O/C a) schematic b) optical output power for injected current

density and c) emission spectra for various applied current densities

Figure 3-23a) shows a schematic of the Sum GaN SLED following the segmentation of the
top contact using the FIB system and inclusion of an absorber. Current was injected into the
front 2/3, with the rear 1/3 operated passively, or O/C. Figure 3-23b) plots optical output
power as a function of current density. Super-linearity is observed, with similar performance
when both sections were driven as one, as well as before segmentation was carried out.

Figure 3-23c) plots emission spectra as a function of wavelength for different levels of
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injected current. At 7.6kA/cm? a lasing peak at ~425nm is visible, showing that the gain has

overcome loss, and the device is no longer behaving as a SLED.
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Figure 3-24 10um GaN SLED following segmentation of the top contact with the front 2/3
driven and the rear 1/3 O/C a) schematic b) optical output power for injected current

density and c) emission spectra for various applied current densities

Figure 3-24a) shows a schematic of the 10um GaN SLED following the segmentation of the
top contact using the FIB system and inclusion of an absorber. The front 2/3 were driven,
with the rear 1/3 O/C. Figure 3-24b) plots optical output power as a function of current
density, again with super-linearity observed as when both sections were driven together and
before segmentation was carried out. Figure 3-24c¢) plots emission spectra as a function of
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wavelength for different levels of injected current. As above in Figure 3-23c), at 7.2kA/cm?
a lasing peak at ~425nm is visible. This slight reduction in threshold is also attributed to self-
heating within the device, and influence from the absorber as backward travelling light

pumps it into transparency.

Figure 3-25a) plots the bandwidth of the emission spectra as a function of injected current
density for the Spum GaN SLED when both sections are active, and when only the front 2/3
are active and the rear 1/3 is O/C. At low current densities, the bandwidth when both sections
are active is equal to when the rear 1/3 is O/C and acting as an absorber. However, as the
current density increases, the bandwidth when both sections are active reduces at a faster

rate than when the rear 1/3 is O/C, demonstrating that the absorber is operating as

anticipated.
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Figure 3-25 GaN SLEDs full width at half maximum values for injected current density

when both sections are driven and when the rear section is O/C a) Sum and b) 10um

Figure 3-25b) plots the bandwidth of the emission spectra as a function of injected current
density for the 10um GaN SLED when both sections are active, and when only the front 2/3
are active and the rear 1/3 is O/C. The bandwidths in both cases display a similar trend to
those for the Sum GaN SLED for current densities approaching 6kA/cm?, initially equal with

smaller bandwidths observed for the same current densities when both sections are active.
98



As current densities increase above 6kA/cm?, the bandwidths become equal again before the
bandwidth where the rear 1/3 is O/C reduces to ~7nm. This rapid reduction in bandwidth is
aresult of the SLED experiencing “burn through” [08] and starting to lase, confirmed by the
lasing peak visible in Figure 3-24c) for 7.2kA/cm?. “Burn through” is discussed in Chapter

One section 1.4.

3.7 Short-Circuit GaN SLED
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Figure 3-26 5um GaN SLED following segmentation of the top contact with the front 2/3
driven and the rear 1/3 S/C a) schematic b) optical output power for injected current

density and c) emission spectra for various applied current densities
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Figure 3-26a) shows a schematic of the 5um GaN SLED following the segmentation of the
top contact using the FIB system and inclusion of an absorber. Current was injected into the
front 2/3, with the rear 1/3 connected to ground, or S/C. Figure 3-26b) plots optical output
power as a function of current density. Super-linearity is observed, and performance is
similar to when both sections being driven as one, the front 2/3 were driven while the rear
1/3 was O/C, as well as before segmentation was carried out. Figure 3-26¢) plots emission
spectra as a function of wavelength for different levels of injected current. As with the rear
1/3 O/C, at 7.6kA/cm? a lasing peak at ~425nm is visible, showing that the gain has

overcome loss, and the device is no longer behaving as a SLED.
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Figure 3-27 10um GaN SLED following segmentation of the top contact with the front 2/3
driven and the rear 1/3 S/C a) schematic b) optical output power for injected current

density and c) emission spectra for various applied current densities
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Figure 3-27a) shows a schematic of the 10um GaN SLED following the segmentation of the
top contact using the FIB system and inclusion of an absorber. The front 2/3 were driven,
with the rear 1/3 connected to ground, or S/C. Figure 3-27b) plots optical output power as a
function of current density. Super-linearity is again observed, but at lower current densities
there is an impact on output power. This is attributed to the increased width of the absorber

section slowing its saturation and therefore increasing its effectiveness.

As discussed in Chapter One section 1.4, by connecting the absorber to ground, it helps to
prevent the accumulation of carriers within the absorber, increasing loss and delaying “burn
through” [11]. Figure 3-27¢) plots emission spectra as a function of wavelength for different
levels of injected current. Unlike Figure 3-24c), no lasing peak is present for any injected

current density, with that applied >50% greater than before the contact was segmented.
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Figure 3-28 GaN SLEDs full width at half maximum values for injected current density
when both sections are driven, when the rear section is O/C, and when the rear section is

S/C a) Sum and b) 10um

Figure 3-28a) plots the bandwidth of the emission spectra as a function of injected current
density for the Sum GaN SLED when both sections are active, when only the front 2/3 are
active and the rear 1/3 is O/C, and when only the front 2/3 are active and the rear 1/3 is S/C.
For all the applied current densities, except for when the rear 1/3 is O/C and experiences
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“burn though” at 7.2kA/cm? [08], all values of bandwidth are in good agreement with one
another. Figure 3-28b) plots the bandwidth of the emission spectra as a function of injected
current density for the 10um GaN SLED when both sections are active, when only the front
2/3 are active and the rear 1/3 is O/C, and when only the front 2/3 are active and the rear 1/3
is S/C. Although all the bandwidths have similar values between 4kA/cm? and 7kA/cm?; as
the current density increases in the cases where both sections are driven and when the rear
1/3 is O/C, there is a continuous reduction in bandwidth resulting in lasing, whereas when

the rear 1/3 is S/C the bandwidth initially reduces, but then appears to saturate at ~1 1nm.
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Figure 3-29 GaN SLEDs central wavelength for injected current density when both
sections are driven, when the rear section is O/C, and when the rear section is S/C a) Sum

and b) 10um

Figure 3-29a) plots the central wavelength of the emission spectra as a function of injected
current density for the Sum GaN SLED when both sections are active, when only the front
2/3 are active and the rear 1/3 is O/C, and when only the front 2/3 are active and the rear 1/3
i1s O/C. For all the applied current densities, the behaviours of the central wavelength of the
emission appears to be in good agreement, undergoing an average of a ~7nm blueshift due
to state filling [14,16]. Figure 3-29b) plots the central wavelength of the emission spectra as
a function of injected current density for the 10um GaN SLED when both sections are active,
when only the front 2/3 are active and the rear section is O/C, and when only the front 2/3
are active and the rear section is S/C. Until 6kA/cm? the central wavelengths all follow the
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same trend, a ~5nm blueshift; for current densities above this threshold when the rear is S/C,

the central wavelength is ‘pinned’ at ~429nm.

3.8 Point Spread Function
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Figure 3-30 Point spread function calculated from the emission spectrum in the condition

a) with the front 2/3 driven rear 1/3 O/C and b) with the front 2/3 driven rear 1/3 S/C

Figure 3-30a) plots the PSF calculated from the emission spectra as a function of
displacement for the 10um GaN SLED when only the front 2/3 are active and the rear 1/3 is

O/C for different values of current density. The merits of the PSF measurement and the
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method of its calculation are discussed in Chapter Two section 2.7. Figure 3-30b) plots the
PSF calculated from the emission spectra as a function of displacement for the 10um GaN
SLED when only the front 2/3 are active and the rear 1/3 is S/C for different values of current
density. As in Figure 2-10a) the half width at half maximum of the PSF gives the axial
resolution of the system. For both cases, as the current density increases, predicted axial
resolution decreases. The reduction in predicted axial resolution occurs more slowly when
the rear 1/3 is S/C, and in a similar manner to the FWHM in Figure 3-27c) and Figure 3-
28b), appears to saturate at ~5.5um.

Figures 3-31a-¢) plot the PSF calculated from emission spectra as a function of displacement
for the 10um GaN SLED when the front 2/3 are active and the rear is O/C, and when the
front 2/3 are active and the rear 1/3 is S/C for injected current densities between 1.4kA/cm?
and 7.2kA/cm?. Figure 3-31f) plots the axial resolution as a function of current density.
Figure 3-31a) plots the PSF calculated from emission spectra as a function of displacement
for the 10um GaN SLED when the front 2/3 are active and the rear is O/C, and when the
front 2/3 are active and the rear 1/3 is S/C with an injected current of 1.4kA/cm?. Figure 3-
31b) plots the PSF calculated from emission spectra as a function of displacement for the
10um GaN SLED when the front 2/3 are active and the rear is O/C, and when the front 2/3
are active and the rear 1/3 is S/C with an injected current of 2.9kA/cm?. Figure 3-31c¢) plots
the PSF calculated from emission spectra as a function of displacement for the 10um GaN
SLED when the front 2/3 are active and the rear is O/C, and when the front 2/3 are active
and the rear 1/3 is S/C with an injected current of 4.3kA/cm?. Figure 3-31d) plots the PSF
calculated from emission spectra as a function of displacement for the 10um GaN SLED
when the front 2/3 are active and the rear is O/C, and when the front 2/3 are active and the
rear 1/3 is S/C with an injected current of 5.7kA/cm?. Figure 3-31e) plots the PSF calculated
from emission spectra as a function of displacement for the 10um GaN SLED when the front
2/3 are active and the rear is O/C, and when the front 2/3 are active and the rear 1/3 is S/C
with an injected current of 7.2kA/cm?. Figure 3-31f) plots the axial resolution as a function
of current density for the 10um GaN SLED when only the front 2/3 are active and the rear
1/3 is O/C, and the front 2/3 are active and the rear 1/3 is S/C. At low current density
(1.4kA/cm?), the axial resolution is the same for the O/C and S/C cases. However, as current
density increases, there is a rapid diversion with a improved axial resolution maintained with
the rear 1/3 S/C.
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Figure 3-31 Point spread function calculated from the emission spectrum in the condition
with the front 2/3 driven rear 1/3 O/C compared with the front 2/3 driven rear 1/3 S/C a)
at 1.4kA/cm? b) at 2.9kA/cm’ c) at 4.3kA/cm’ d) at 5.7kA/cm? e) at 7.2kA/cm? and f) axial

resolution for injected current density
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3.9 Summary

In this chapter, the role of an absorber section within GaN SLEDs was explored further. A
series of GaN laser diodes around three times longer than the commercially available laser
diodes discussed in Chapter Two were fabricated in the University of Sheftield’s National
Centre for III-V Technologies. Producing bespoke devices allowed for control over the
length and width of the waveguide, facet orientations, and accessibility of absorber sections.
Once characterised, absorber sections were created using a FIB system, with an option to

operate them O/C or short-circuit S/C.

Section 3.3 described the fabrication process performed to produce the GaN laser diodes and
SLEDs from a 2 QW GaN substrate. Section 3.4 characterised GaN laser diodes and
investigated the effect of increasing ridge width. Section 3.5 repeated elements of the
characterisation carried out in section 3.4 following the use of a FIB system to convert the
laser diodes into SLEDs, to ensure minimal damage was inflicted upon the devices. Section
3.6 examined the scenario when the absorber section of the SLED is operated in O/C, and
section 3.7 when the absorber is operated in S/C. Section 3.8 reintroduced the PSF and

extracted the predicted resolution of the devices.

3.10 Further Work

With the bias conditions of absorber sections now investigated for GaN, another area of
interest is whether a multi-section SLED with three or more sections could be developed,
and if the imposition of different magnitude current densities to the different sections of the
SLED could help to engineer the device bandwidth. Such work has been successfully
demonstrated using gallium arsenide and other material systems, but has yet to be conducted

using GaN [28,29].

106



Throughout this chapter, devices with ridge widths of Sum and 10pm were investigated,
although an initial characterisation was carried out on a 15um wide ridge. This was due to
the current source being unable to supply currents above 3A, equivalent to current densities
above 7.6kA/cm? through the 15um wide ridge, or voltages above 10V [26]. As discussed
and from Equation 3-2, as well as increasing the length of the waveguide, increasing its
width should also give rise to SLEDs with higher powers [09] if the effect of self-heating
can be overcome. With a larger active area, more absorption and spontaneous emission

should take place, which could give rise to a wider bandwidth.

Described in section 3.3, which details the fabrication method used for the devices in
Chapters Three and Four, the SLEDs were etched through the active region. Shallower
etching which terminates above the active region offers lower loss, and therefore higher gain,
but lowers the amount of spontaneous emission captured by the waveguide. As discussed in
Chapter One sections 1.3, 1.4, and 1.9, SLED operation relies on amplified spontaneous
emission, designed to have a high single, or at most a double, pass through the waveguide
[30]. However, a shallow-etched SLED offers a lower reflectivity, thereby reducing the

optical feedback, and making this approach worthy of examination.
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Chapter Four - Multi-Contact GaN SLEDs for
Bandwidth Enhancement

4.1 Introduction to Chapter

Multi-section gallium arsenide (GaAs) [01-03] and indium phosphide (InP) [04,05]
superluminescent light emitting diodes (SLEDs) have been shown to exhibit enhanced
performance in lower power, broader bandwidth applications, such as optical coherence
topography (OCT) [06-08] and optical coherence microscopy (OCM) [09-11], compared to
single contact devices [12,13]. Often, the term multi-section is used to refer to when the
active section is coupled to a single absorber section, or a window, for the purpose of
increasing the SLED lasing threshold, Ju, by reducing feedback within the device [01-05].
Chapter One introduced the concept of optical feedback and discussed various techniques

that can be used to reduce it.

However, it has been demonstrated that by fabricating a multi-section device consisting of
many independently driven sections, it is possible to control the spectral shape of the
emission. Figure 4-1a) shows a schematic of the multi-section quantum dot (QD) SLED
based on GaAs reported by Judson et al., [14,15]. It features a 10mm long, 7um wide ridge
where the top contact has been segmented into ten, Imm long isolated sections, S;-Si0. This
was achieved by carrying out a 50pum etch of the p+ layer, resulting in isolation of ~2kQ
between sections whilst maintaining optical connectivity along the ridge. The front section,
S, was fabricated such that the waveguide was curved. This increases loss slightly within
this section of the waveguide and reduces the amount of light reflected from the front facet
that can be recoupled into the waveguide, whilst attempting to minimise the chip real estate
allocated to it. The rear section, S;9, was designed as an absorber section, fabricated such
that the waveguide gradually broadened from 7um to 300um and featured a tilted, deep-
etched rear facet to prevent any backward propagating light from being reflected and making

a double-pass through the waveguide [16]. This was left open-circuit (O/C).
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Figure 4-1 GaAs multi-section quantum dot SLED a) schematic and b) emission spectra

for various applied current densities — Adapted from [14]

Figure 4-1b) plots normalised emission spectra as a function of wavelength for different
levels of injected current applied to each of the sections in the GaAs QD SLED shown in
Figure 4-1a). Increasing the current density increases the optical output power of the device
and the emission spectrum is increasingly dominated by the excited states of the QDs. If the
current density is decreased, the optical output power decreases and the emission spectrum
becomes dominated by the ground states of the QDs. Figure 4-1b) demonstrates that for a
multi-section SLED it is possible to manipulate the shape of the device emission spectra
through the selection of appropriate current densities and where they are applied along the
device. This is particularly advantageous when designing a device for OCT applications, as
non-uniform emission spectra, with shapes similar to those given by the black or red lines in
Figure 4-1b), could give rise to ghost images [17]. Thus far, development of gallium nitride
(GaN) SLEDs has included angled facets [18-20], curved, or j shape, waveguides [21-24],
and simple multi-section designs with O/C absorbers [25,26]; with limited work towards

GaN multi-section SLEDs similar to the design depicted in Figure 4-1a).
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Unlike GaAs and InP devices, c-plane (0001) GaN-based devices exhibit spontaneous and
piezoelectric polarisation effects at internal interfaces causing strong electric fields in
quantum wells (QWs), even at zero bias [27]. Additionally, for p-i-n structures, a forward
bias increases the electric field increases the electric field in QWs due to field-sharing [28-
30]. The calculated band diagrams of 2 indium gallium nitride (InGaN) InGaN/GaN-based

QWs under zero and forward bias are plotted in Figure 4-2.
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Figure 4-2 Schematic band diagrams of InGaN/GaN-based quantum wells under zero and
forward bias at 300K — Courtesy of Professor Yukihiro Harada, University of Kobe [31]

Energy levels were calculated using the single-band Shrodinger equation for the conduction
band and six-band k.p theory for the valence band. Fundamental transition energies of the
InGaN-based QWs are 2.97eV (n-side QW) and 2.94eV (p-side QW»), respectively, at zero
bias. These transition energies blueshift by ~0.01eV at a forward bias of 3.4V due to the

reduction in the electric field.

4.2 Outline of Chapter

In this chapter, the effect of operating three section GaN SLEDs is investigated for what is
believed to be for the first time, with a particular focus on the impact three sections have the
spectral shape. The Sum GaN SLED with the angled rear facet characterised throughout

Chapter Three was further modified using a focused ion beam (FIB) system; producing three
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equal length, optically connected but electrically isolated, sections which could be driven

independently of one another, and with an option to operate them O/C or short-circuit (S/C).

Section 4.3 repeats the characterisation of the Sum GaN SLED after the use of a FIB system
to modify the device to produce three sections, with the front 1/3 driven and the rear 2/3
O/C. Section 4.4 repeats elements of the characterisation carried out in section 4.3 with the
front 2/3 driven and the rear 1/3 O/C. Section 4.5 repeats elements of the characterisation
carried out in sections 4.3 and 4.4 with the front 2/3 driven and the rear 1/3 S/C. Section 4.6
investigates the effect each case has on the central wavelength of the emission spectra and
the associated bandwidth. Section 4.7 examines the effect varying the current density to each
section has on the SLED bandwidth. Section 4.8 introduces the Rayleigh criterion and

discusses the resolution limit of the SLED tested.

This forms the work published in my Applied Physics Letter.

4.3 Multi-Section GaN SLED

Figure 4-3a) (inset) shows a schematic of the Sum GaN SLED discussed in Chapter Three
and fabricated using the process described in Chapter Three section 3.3, following the use
of the FIB system to segment the contact for a second time. Now separated into three sections
each ~850um long, an isolation of 1.25kQ was achieved between the middle 1/3 and rear
1/3 sections; with an isolation of SMQ between the front 1/3 and middle 1/3 sections, as
disclosed in Chapter Three. The FIB system and contact segmentation details are described
in Chapter Two section 2.5. As shown in Figure 4-3a), only the front 1/3 was driven, with
the middle 1/3 and rear 1/3 remaining O/C. Figure 4-3b) plots voltage as a function of current
density for each section and the device before the contact was segmented with the FIB
system. Concerns regarding whether the device would undergo too much self-heating
following the FIB process meant these measurements were conducted to ~200A/cm?, ~1/2

of the level than before segmentation. However, for the range in which the measurements
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overlap with those obtained before segmentation they demonstrate a good fit, as they do

amongst themselves, suggesting that each section has similar electrical characteristics.
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Figure 4-3 Sum GaN SLED following the second segmentation of the top contact with the
front 1/3 driven and the rear 2/3 O/C a) schematic b) voltage for injected current density
¢) optical output power for injected current density and d) emission spectra for various

applied current densities

Figure 4-3c¢) plots optical output power as a function of current density, with super-linearity
observed confirming that the device is still a SLED. Figure 4-3d) plots emission spectra as
a function of wavelength for different levels of injected current applied to the device. For

the full range of current densities, 1.9, 3.8, 5.7, 7.6, and 9.6kA/cm?, the observed emission
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spectra are broad, smooth, and continuous, with no visible lasing peak; but spectral ripple
can be seen at the peak of the spectra, indicating the presence of optical gain, confirming the
assertion that the device is superluminescent. This result is expected, as even with the
application of higher current densities, 2/3 of the device is now in loss, and lasing was not
observed after the first segmentation of the top contact when the full length of the device

was driven as one.

4.4 Open-Circuit Multi-Section GaN SLED

S0

60

Power (mW)

0 2000 4000 6000 8000 10000
Current Density (A/cm?)
a) b)
11 — 1.9 kA/cm?
— 3.8 kA/cm?
0.8 4 — 5.7 kA/em?

7.6 kA/cm?

0.6 1

=
1

1

)

Normalised Intensity (a.u.)

]

0 - T T T T T

400 410 420 430 440 450 460 470
Wavelength (nm)
c)

Figure 4-4 5Sum GaN SLED following the second segmentation of the top contact with the

front 2/3 driven and the rear 1/3 O/C a) schematic b) optical output power for injected

current density and c) emission spectra for various applied current densities
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Figure 4-4a) shows a schematic of the Sum GaN SLED following the second segmentation
of the top contact using the FIB system. The front 2/3 was driven from the same current
source, with the rear 1/3 remaining O/C. Figure 4-4b) plots optical output power as a function
of current density. Super-linearity is observed as in Figure 4-3c) but is more pronounced for
the current densities applied. The higher powers, and enhanced super-linearity are attributed
to the doubling of length of the gain region, confirming that which was discussed with the
introduction of Equations 3-1 and 3-2 [02,32]. Figure 4-4c) plots emission spectra as a
function of wavelength for different levels of injected current applied to the device. For the
full range of current densities, 1.9, 3.8, 5.7, 7.6, and 9.6kA/cm?, the observed emission
spectra are broad, smooth, and continuous, with no visible lasing peak; but spectral ripple
can be seen at the peak of the spectra confirming the assertion that the device is

superluminescent.

4.5 Short-Circuit Multi-Section GaN SLED

Figure 4-5a) shows a schematic of the Sum GaN SLED following the second segmentation
of the top contact using the FIB system. The front 2/3 was driven using the same current
source, with the rear 1/3 operated S/C via a connection to ground. Figure 4-5b) plots optical
output power as a function of current density. Although super-linearity is still observed as
seen in Figure 4-4b), it is much less pronounced and the magnitude of the optical output
power of the device has also reduced. This is because by providing a path to ground, carriers
are prevented from accumulating in the absorber section and contributing to gain [05,33,34].
Figure 4-5c) plots emission spectra as a function of wavelength for different levels of
injected current applied to the device. Although the emission spectra are still broad, smooth,
and continuous, such as those in Figures 4-3d) and 4-4c¢), operating the absorber in S/C has
a noticeable effect on the longer wavelength portion of the spectrum. In Figures 4-3d) and
4-4c), as the current density increases, the central wavelength, 49, undergoes a prominent
blue-shift, with the wavelengths longer than 4y blue-shifting by a similar amount, whilst the
wavelengths shorter than 4y remained fixed. As can be seen in Figure 4-5¢), as the current
density increases, 49 and the wavelengths greater than Ap remain largely fixed. This is

attributed to backward propagating light being absorbed in the absorber before spontaneous
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emission into the amplifier section, termed “recycling”, resulting in a broader spectrum of

light being amplified.
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Figure 4-5 5um GaN SLED following the second segmentation of the top contact with the
front 2/3 driven and the rear 1/3 S/C a) schematic b) optical output power for injected

current density and c) emission spectra for various applied current densities

4.6 Bandwidth Discussion

Figure 4-6a) plots the central wavelength of the emission spectra as a function of injected

current density for the Sum GaN SLED when only the front 1/3 is active and the rear 2/3 are
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O/C, when only the front 2/3 are active and the rear 1/3 is O/C, and when only the front 2/3
are active and the rear 1/3 is S/C. When the front 2/3 are active, the behaviours of the central
wavelength of the emission are in good agreement with those in Figure 3-29a) in Chapter
Three between 2kA/cm? and 6kA/cm?, with the same ~4nm blueshift observed. Between
6kA/cm? and 8kA/cm? the relatively large ~4nm blueshift exhibited in Figure 3-29a) is now
a more moderate ~1nm. This is attributed to minor damage inflicted on the waveguide during
the second modification using the FIB system preventing some light being coupled between

the two sections.
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Figure 4-6 Sum GaN SLED when the front 1/3 is driven with rear 2/3 O/C, the front 2/3 is
driven with rear 1/3 O/C, and the front 2/3 is driven with rear 1/3 S/C a) central
wavelength for injected current density and b) full width at half maximum for injected

current density

When the front 1/3 is active and the rear 2/3 are O/C, at 2kA/cm?, the central wavelength is
at a comparatively long wavelength, 434nm, before reducing to 430nm as the current density
is increased. Although the mechanism behind the shift in the central wavelength is due to a
combination of state filling [20,26], and the spontaneous and piezoelectric polarisation
effects at internal interfaces discussed in section 4.1 [27-30], this behaviour highlights one
of the advantages of a multi-section GaN device — the ability to vary the central wavelength
of the emission spectra from section to section. Figure 4-6b) plots the bandwidth of the

emission spectra as a function of injected current density for the Spum GaN SLED when only
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the front 1/3 is active and the rear 2/3 are O/C, when only the front 2/3 are active and the
rear 1/3 is O/C, and when only the front 2/3 are active and the rear 1/3 is S/C. For all the
applied current densities, the trends of the three bandwidth curves are in good agreement
with one another, but there is an enhancement in the cases where the rear 1/3 is S/C, and

when only the front 1/3 is active.

When the rear 1/3 is S/C, at low current densities the FWHM is a similar magnitude to when
the rear 1/3 is O/C, but as the current density increases the magnitude reduces at a slower
rate. This is because with the absorber operated in S/C the accumulation of carriers in the
absorber occurs at a slower rate, as is discussed in Chapter One section 1.4. When only the
front 1/3 is active, at low current densities it offers the greatest bandwidth, approaching
18nm; but as current density increases, this quickly reduces to the same magnitude as when

the rear 1/3 is S/C and at 8kA/cm? offers a smaller FWHM.

4.7 Varying Current in Sections

Figure 4-7a) shows a schematic of the Sum GaN SLED following the second segmentation
of the top contact using the FIB system. The front 1/3 was driven with current density ‘a’
and the middle 1/3 was driven with current density ‘b’, with the rear 1/3 O/C. Figure 4-7b)
plots the FWHM as a function of optical output power. Figure 4-7c) plots emission spectra
as a function of wavelength for different levels of injected current applied to the device. The
values of ‘a’ and ‘b’ are multiples of ~1.9kA/cm?, with the sum of the coefficients of ‘a’ and
‘b’ equal to 4. If the condition where the coefficients of ‘a’ and ‘b’ are both equal to 2 is
considered, an emission bandwidth of ~1Inm and optical output power of ~4.2mW is
observed. As the coefficient of ‘b’ is increased, the emission bandwidth narrows to ~10nm
while the optical output power increases to ~11.9mW. As the coefficient of ‘a’ is increased,
the emission bandwidth broadens to ~15.8nm while the optical output power decreases to
~0.9mW. This suggests that for enhanced emission bandwidth the coefficient of ‘a’ is the
dominant factor, and the coefficient of ‘b’ should remain comparatively low. This is contrary
to the work of Judson et al., where the sections closest to the emission facet were at highest

current densities [14,15].
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Figure 4-7 Sum GaN SLED following the second segmentation of the top contact with the
front 2/3 driven at current densities ‘a’ and ‘b’, respectively, and the rear 1/3 O/C a)
schematic b) full width at half maximum values for optical output power and c) emission

spectra for various applied current densities

Figure 4-8a) shows a schematic of the Sum GaN SLED following the second segmentation
of the top contact using the FIB system. The front 1/3 was driven with current density ‘a’
and the middle 1/3 was driven with current density ‘b’, with the rear 1/3 S/C. Figure 4-8b)
plots the FWHM as a function of optical output power. Figure 4-8c) plots emission spectra
as a function of wavelength for different levels of injected current applied to the device, from
which the bandwidth values were extracted. As in Figure 4-7b) and Figure 4-7c), the values
of ‘a’ and ‘b’ are multiples of ~1.9kA/cm?; however, the sum of their coefficients is no

longer 4, and the coefficient of ‘b’ is kept at 1.
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Figure 4-8 Sum GaN SLED following the second segmentation of the top contact with the
front 2/3 driven at current densities ‘a’ and ‘b’, respectively, and the rear 1/3 O/C a)
schematic b) full width at half maximum values for optical output power and c) emission

spectra for various applied current densities

If the condition where the coefficients of ‘a’ and ‘b’ are both equal to 1 is considered, an
emission bandwidth of ~12.6nm and optical output power of ~1.5mW is observed. If the
coefficient of ‘a’ is increased to 2, the emission bandwidth broadens to ~16nm while the
optical output power decreases to ~1.4mW. If the coefficient of ‘a’ is increased to 3, the
emission bandwidth narrows slightly to ~15.8nm while the optical output power decreases
to ~0.9mW. If the coefficient of “a’ is further increased to 4, the emission bandwidth narrows

to ~13.7nm while the optical output power decreases to ~0.6mW.
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Having now determined an optimal drive scheme for the active elements, the beneficial

effects of S/C over S/C absorbers described in Chapter Three section 3.6 are employed.
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Figure 4-9 5Sum GaN SLED following the second segmentation of the top contact with the
front 2/3 driven at current densities ‘a’ and ‘b’, respectively, and the rear 1/3 S/C a)
schematic b) full width at half maximum values for optical output power and c) emission

spectra for various applied current densities

Figure 4-9a) shows a schematic of the Sum GaN SLED following the second segmentation
of the top contact using the FIB system. Following the same experimental procedures as
described for Figure 4-8a)-c), but with a S/C absorber, Figures 4-9a)-c) are obtained. If the

condition where the coefficients of ‘a’ and ‘b’ are both equal to 1 is considered, an emission
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bandwidth of ~14nm and optical output power of ~1.8mW is observed. If the coefficient of
‘a’ is increased to 2, the emission bandwidth broadens to ~16nm while the optical output
power decreases to ~1.2mW. If the coefficient of ‘a’ is increased to 3, the emission
bandwidth broadens further to ~20nm while the optical output power decreases to ~0.7mW.
If the coefficient of ‘a’ is further increased to 4, the emission bandwidth returns to ~14nm

while the optical output power decreases further to ~0.6mW.

For OCT imaging, a broad emission bandwidth is essential for high resolution images with
only a moderate optical output power required [06-09,35], as discussed in Chapter One
sections 1.5 and 1.6. As such, the condition where the coefficient of ‘a’ is equal to 3 could

be used to conduct measurements.

4.8 Rayleigh Criterion
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Figure 4-10 Point spread function a) calculated from the emission spectrum in the 3a/lb

condition with the rear 1/3 S/C and b) translated to incorporate the Rayleigh criterion

Figure 4-10a) plots the PSF calculated from the emission spectrum shown in Figure 4-9¢)
for the condition 3a/lb. As discussed in Chapter Two section 2.5, the PSF is a widely
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accepted method of determining the resolution of an optical emitter [28,35-38], with the
axial resolution equal to value of the half width at half maximum of the PSF. For the PSF
shown in Figure 4-10a) this is ~3.3um. However, this value of gives the maximum axial
resolution a specific optical emitter can achieve, not the maximum axial resolution that can
be expected within an OCT system. To discern this value, the Rayleigh criterion must be
considered [36]. Figure 4-10b) plots the PSF from Figure 4-10a) twice, translating the
duplicate (dashed) along the x-axis until the sum of the duplicate and the original displays a
dip of 26.3% between the two peaks. For Figure 4-10b) the axial resolution once the

Rayleigh criterion is satisfied is ~6.7pum.

4.9 Summary

In this chapter, the effect of operating a GaN SLED with three sections was investigated,
with a particular focus on the impact three sections have on the spectral shape. The Sum
GaN SLED with the angled rear facet characterised throughout Chapter Three was further
modified using a FIB system; producing three equal length, optically connected but
electrically isolated, sections which were driven independently of one another, and with an

option to operate them O/C or S/C if no current is injected into them.

Section 4.3 repeated the characterisation of the Spum GaN SLED after the use of a FIB system
to modify the device to produce three sections, with the front 1/3 driven and the rear 2/3
O/C. Section 4.4 repeated elements of the characterisation carried out in section 4.3 with the
front 2/3 driven and the rear 1/3 O/C. Section 4.5 repeated elements of the characterisation
carried out in sections 4.3 and 4.4 with the front 2/3 driven and the rear 1/3 S/C. Section 4.6
investigated the effect each case has on the central wavelength of the emission spectra and
the associated bandwidth. This is carried out using the same current density, and so is akin
to changing the active length of a single-contact SLED. Section 4.7 examined the effect
varying the current density applied to each section had on the SLED bandwidth. A ~2nm
enhancement of the FWHM was obtained using asymmetric drive currents to the active

elements, with a further ~4nm enhancement when using a S/C absorber section as compared
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to O/C, demonstrating a ~6nm total bandwidth enhancement. Section 4.8 introduced the

Rayleigh criterion and discussed the resolution limit of the SLED tested.

4.10 Further Work

Simulation of a SLED output power and spectrum requires a knowledge and understanding
of a broad range of material and device parameters, such as the gain and spontaneous
emission spectra as a function of current, both as a function of temperature. For IIl-nitride
materials like GaN, the effect of the in-built piezoelectric fields [27,28,30], also needs to be
considered. Although some simulation of GaN SLEDs has been reported by Matuschek et
al., their model was seemingly produced alongside experimentation of well-understood
devices, which informed their model of some of the aforementioned parameters [39]. The
devices analysed in Chapter Two section 2.3 could be used to provide some of these
parameters, for example the optical output power as a function of current density, as those
devices tested were all shown to have a similar performance in good agreement with their

datasheet [40].

However, some parameters required for the simulation are not as easily measured. As the
aim would be to accurately model a multi-section GaN SLED, the self-heating effects with
drive current would need to be known, both within each section and longitudinally along the
waveguide. With the inhomogeneity of the QW needing to be accommodated this cannot be
done ab initio and could not be simply extracted from the model. If the adopted approach
was to measure the self-heating effects experimentally and then use the results to inform the
simulation, as the number of sections increases the setup becomes ever more complex. Each
section of the SLED would need access for a temperature probe, while also providing enough

isolation from the adjacent temperature probes to prevent any influence on the reading.

One possible simplification is that the Hakki-Paoli method of gain measurement allows the
cavity temperature change to be calculated [41], but this cannot be applied longitudinally to

determine the temperature of sections when they are being independently driven at different
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current densities. Additionally, with the wide span of current densities required to perform
these measurements, the Hakki-Paoli method would be unlikely to be appropriate across the
whole range. For low current densities, the segmented contact method of gain measurement
should be considered [42]; however, at higher current densities, Hakki-Paoli would be the
preferred method to use [41]. The divergent device types required for characterisation, and
additional spatial thermal characterisation of the device makes the collection of a suitable

dataset time consuming.

All these factors make simulation of the multi-section SLED highly challenging, and almost
require an experimental approach in tandem with simulation for success [39].

If an empirical approach is required, a finer set of drive conditions is essential, with more
active contacts allowing for greater tunability. Machine learning could then be adopted to
discover the optimal drive conditions for the device. An aspect not explored to date is the

effect of using a reverse bias on the absorber section, and this is worthy of further work.
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Chapter Five - Summary and Further Work

5.1 Summary

As discussed in Chapter Three section 3.10, devices with ridge widths of Sum and 10um
were investigated throughout Chapter Three, although an initial characterisation was carried
out on a 15um wide ridge. This was due to the current source being unable to supply currents
above 3A, equivalent to current densities above 7.6kA/cm? through the 15um wide ridge, or
voltages above 10V [01]. As discussed and from Equation 3-2, as well as increasing the
length of the waveguide, increasing its width should also give rise to superluminescent light
emitting diodes (SLEDs) with higher powers [02] if the effect of self-heating can be
overcome. With a larger active area, more absorption and spontaneous emission should take

place, which could give rise to a wider bandwidth.

Described further in Chapter Three section 3.3, which details the fabrication method used
for the devices in Chapters Three and Four, the SLEDs were etched through the active
region. Shallower etching which terminates above the active region offers lower loss, and
therefore higher gain, but lowers the amount of spontaneous emission captured by the
waveguide. As discussed in Chapter One sections 1.3, 1.4, and 1.9, SLED operation relies
on amplified spontaneous emission, designed to have a high single, or at most a double, pass
through the waveguide [03]. However, a shallow-etched SLED offers a lower reflectivity,

thereby reducing the optical feedback, and making this approach worthy of examination.

As discussed in Chapter Four section 4.10, simulation of a SLED output power and spectrum
requires a knowledge and understanding of a broad range of material and device parameters,
such as the gain and spontaneous emission spectra as a function of current, both as a function
of temperature. For I1I-nitride materials like gallium nitride (GaN), the effect of the in-built

piezoelectric fields [04-06], also needs to be considered. Although some simulation of GaN
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SLEDs has been reported by Matuschek et al., their model was seemingly produced
alongside experimentation of well-understood devices, which informed their model of some
of the aforementioned parameters [07]. The devices analysed in Chapter Two section 2.3
could be used to provide some of these parameters, for example the optical output power as
a function of current density, as those devices tested were all shown to have a similar

performance in good agreement with their datasheet [08].

However, some parameters required for the simulation are not as easily measured. As the
aim would be to accurately model a multi-section GaN SLED, the self-heating effects with
drive current would need to be known, both within each section and longitudinally along the
waveguide. With the inhomogeneity of the quantum well (QW) needing to be accommodated
this cannot be done ab initio and could not be simply extracted from the model. If the adopted
approach was to measure the self-heating effects experimentally and then use the results to
inform the simulation, as the number of sections increases the setup becomes ever more
complex. Each section of the SLED would need access for a temperature probe, while also
providing enough isolation from the adjacent temperature probes to prevent any influence

on the reading.

One possible simplification is that the Hakki-Paoli method of gain measurement allows the
cavity temperature change to be calculated [09], but this cannot be applied longitudinally to
determine the temperature of sections when they are being independently driven at different
current densities. Additionally, with the wide span of current densities required to perform
these measurements, the Hakki-Paoli method would be unlikely to be appropriate across the
whole range. For low current densities, the segmented contact method of gain measurement
should be considered [10]; however, at higher current densities, Hakki-Paoli would be the
preferred method to use [09]. The divergent device types required for characterisation, and
additional spatial thermal characterisation of the device makes the collection of a suitable

dataset time consuming.

All these factors make simulation of the multi-section SLED highly challenging, and almost

require an experimental approach in tandem with simulation for success [07].
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If an empirical approach is required, a finer set of drive conditions is essential, with more
active contacts allowing for greater tunability. Machine learning could then be adopted to
discover the optimal drive conditions for the device. An aspect not explored to date is the

effect of using a reverse bias on the absorber section, and this is worthy of further work.

5.2 Further Work

With the vision of achieving a 1 um axial resolution, a ~50nm spectral bandwidth is required.
Throughout this thesis, research has been deliberately limited to device design alone. This
means there has not been any modification of, or considerable investigation into, changes to
the epitaxy. Implementing understanding gained through this work — biased absorber, ridge
width and depth modifications, more contacts, finer tuning of contacts efc., — is not expected
to make a further two-fold increase in spectral bandwidth. At the conclusion of my work, I

feel it now timely to consider including such development work in future research.

Dorsaz et al., disclose the merits of removing the aluminium gallium nitride (AlGaN) layers
[11], and Lee et al., report on the deposition of metal nanoparticles which create localised
surface plasmons, leading to enhanced device performance [12]. For blue devices both
approaches have been shown to increase efficiency. The doping process during the growth
stage could also be examined, with a view to producing QWs that operate at different
wavelengths [13]. Continuing this line of inquiry, quantum dots (QDs) could be
incorporated, either in place of the QWs or in conjunction with them [14] — doing so could
help to broaden device bandwidths if the emission originating from each QW was optimally
selected so as to encourage constructive interference on the overall emission from the SLED.
Sarzynski et al., have demonstrated promising results by varying the indium content in
devices in the growth plane, in addition to the growth direction as is more well-known. This
was achieved through adjusting the substrate angle during deposition and selective
patterning and a ~5nm shift in central wavelength was observed. Selective area growth,
where QW thickness and composition can be modulated, for example indium and/or

aluminium content, should allow ~100nm of tuning [15].
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One or more of these techniques could be used in tandem with the continued development
and improvement of SLED device designs to enhance the bandwidth. Chapter Four discussed
the prospective advantages for GaN SLEDs if multi-section device designs demonstrated on
gallium arsenide can be realised [16,17]. For example, Ohno et al., has shown the benefit of
using a flared, or trumpet, waveguide as a way of reducing gain saturation and increasing
optical output power at the front of the GaN SLED [18], but another application could be
towards the rear of the SLED to collect spontaneous emission for it to be amplified along
the waveguide [19]. GaN SLEDs with curved waveguides have been previously reported,
but this design is typically employed to reduce optical feedback for higher power
applications [20-25], as are tilted waveguides [24,26,27]. Use of curved or tilted waveguides,
either along the entire waveguide or at the front of SLEDs, angles the emission and increases
the difficulty coupling to devices and optical fibres. However, inclusion midway along the
waveguide or in the penultimate section could overcome this disadvantage while preventing

the establishment of optical modes [28].

That device temperature fluctuates as a function of current density has been discussed in
Chapter Four section 4.10 and reiterated in this chapter in section 5.1, however this poses
difficulties in the thermal management of the device. Another option is to integrate heaters
along the SLED, that can be tuned in a similar manner to the current densities of each section

to optimise bandwidth.
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