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Abstract

Self pulsed quantum dot lasers are proposed as a means to generate broadband
emission in the 1050 nm region for optical coherence tomography applications.
Existing quantum dot materials which are not intentionally designed for broad-
band emission are examined. Devices for self pulsation are configured with sy it
contacts. When operated without a saturable absorber the laser emrits a number »f
discrete narrow (1 nm) modes, which merge to form a broad ccntinuous lasiug
spectrum (10 nm) on application of the saturable absorber.

Under a continuous drive current, a single mode ridge waveguide laser was
operated at 15 °C such that a spectral width of ~ 10 nm at FWHM centred at 1050
nm with an average output power of 7.5 mW was achieved. The measur:d
gain/loss spectra have been used in a rate equation modal to explain the spectial
broadening that has been obtained and to show that the broadened spectra are
consistent with the modulated carrier density expected under Q-switched ope; 1-
tion. The mechanism and the operational principle of self pulsation quantum dot
lasers have been studied. A comparison with a quantum well material shows that
the realisation of self pulsation and the spectrum broadening induced by the self
pulsation are closely related to the specific gain spectra of the quantum dot ma 2-
rials. A self pulsed quantum well laser only emits light with a bandwidth of 2 5
nm. Experimental result and simulation show that a bandwidth of ~ 30 nm may e
obtained from the existing quantum dot material. If self pulsation can be per-
formed using an intentionally designed quantum dot material for broadband emis-
sion, even broader bandwidth may be obtained. This provides a simple technique
for generation of fast broadband laser emission not only for OCT but also for

other applications.
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Chapter 1 Introduction and background

1.1 Introduction

The work in this thesis examines self pulsating quantum dot edge emitting
laser diodes as a broadband light source for optical coherence tomography (OCT).
The work started with analysing the requirements of light sources for state- of- art
OCT. This was followed by investigating the optical properties of samples fabri-
cated from different dot materials. I propose that quantum dot materials will have
some advantages relative to quantum well materials. The selected dot material has
been fabricated into multi-section stripe and ridge structures to realise
self-pulsation. Self-pulsation in both structures has been achieved. The effect of
spectrum broadening due to self-pulsation has been studied. The modal gain, mo-
dal absorption spectra of ridge waveguide laser structures have been measured and
these parameters have been used in a rate equation model for simulating self pul-
sation. Results indicate that the self-pulsing quantum dot laser diodes can be used
to generate broadband laser light sources for OCT applications. The cooling sys-
tem for continuous current operation and the coupling issues from laser diode to a
single mode fibre and to an existing OCT system have also been solved. Further-
more, the commercial super luminescent diode (SLD) and the European commis-

sion’s project SLD devices have been examined.

1.2 Thesis structure

The rest of this chapter provides a general description of OCT and discusses
key technological parameters of state-of-art ultra high resolution ophthalmic OCT.

It also describes some basic semiconductor physics and the rational of the project.
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Chapter two describes a variety of experimental methods and setups developed in
this project. The measured optical properties including emission spectra, optical
power of different samples and the modal gain/loss spectra of the examined de-
vices are presented in chapter three. Chapter four uses experimental results to
discuss and explain the effect of self pulsation on the broadening of the lasing
spectrum. It also presents a rate equation model to simulate the self pulsation and
explain the spectra broadening effect. Furthermore, it discusses the function of
different parameters for self pulsed quantum dot lasers. Chapter five shows ex-
perimental results measured for a commercial SLD and a SLD chip developed
within the framework of a European project (NANOUB). Finally, the thesis ends
with a conclusion in chapter six, which also points out the future work which

would add to the insight gained from this thesis.

1.3 Optical coherence tomography

Medical imaging technologies are crucial for modern medicine, because they
can significantly improve early diagnosis and effective treatment of a disease.
Since its invention in 1990, optical coherence tomography (OCT) [1.1, 1.2, 1.3]
attracted many research groups’ as well as industry’s interests and underwent
rapid technology development. OCT enables non-invasive, high-resolution,
cross-sectional as well as three-dimensional imaging of living internal tissue mi-
crostructure in a variety of medical fields. The technique was first employed for
ophthalmic application, but in combination with endoscopy [1.4] it enables broad
usages in the medical field such as cardiology [1.5], gastrointestinal tract diseases
[1.6, 1.7] and others. It is also used for dental care [1.8] (investigation of teeth
cavities) and dermatology [1.9] (diagnosis of skin cancer). Hence, OCT has be-
come a prominent biomedical tissue imaging technique because it also offers

critical advantages over other medical imaging systems, e.g. it offers micrometer
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resolution and millimetre penetration depth, which makes it suitable for high
resolution morphological tissue imaging. Medical ultrasonography and magnetic
resonance imaging (MRI) [1.10] have inferior resolution; confocal microscopy
[1.11] lacks millimetre penetration depth. Unlike technologies such as MRI or
X-ray computed tomography (CT) [1.12] OCT can be engineered into a compact,
portable, and relatively inexpensive instrument, allowing cost-effective screening
and wide clinical accessibility. Instead of using X-ray radiation, OCT uses light in
the wavelength region ranging from 400 to 1700 nm which has much a reduced
potential hazard to human health. This enables OCT to perform non-invasive im-
aging as well as monitoring of disease progression or real time investigation of the
dynamic response to therapeutic agents. One major drawback of OCT as com-
pared to full-body imaging techniques is its limited penetration depth into
non-transparent biological tissue. The maximum OCT imaging depth in most tis-
sues (other than the eye) is limited by optical attenuation and scattering to ap-
proximately 1 to 2 mm [1.1]. The eye is essentially transparent, transmitting light
with only minimal optical attenuation and scattering and provides easy optical
access to the anterior segment as well as the retina. Hence, ophthalmic OCT is the
largest application. For different OCT applications, the wavelength applied and
the technique demands may be various because of the different absorbing and
scattering properties of the tissues.

OCT is an optical analogue to ultrasound. Instead of sound waves, a special
broad band light source in combination with low coherence interferometry [1.13]
is used in OCT. Therefore OCT imaging can be performed without the need for
direct contact with the tissue, and therefore increases the patient’s comfort. The
light non-invasively probes the investigated tissue to visualise its structure with
high resolution. A broadband source in combination with a Michelson interfer-

ometer is used to locate the sites of light reflections within the tissue and two or
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three dimensional images of the investigated tissue can be acquired. The principle
of OCT is based on low coherence interferometry. Light emitted by the source is
split into two arms (see figure 1.1) —a sample arm (containing the item of interest)
and a reference arm (usually a mirror). The combination of reflected light from
the sample and the reference gives rise to an interference pattern if light from both
paths have travelled approximately the same optical distance (a difference less

than a coherence length) and low coherent, i.e. polychromatic light is used.

Coherent Source
Low-Coherence

Light Source
Measurement
Mirror
Measurement mirror position (d)
Photo-
detector
Low-Coherence Source
Coherence ..
Length Ic
Sample
Michelson
Interferometer

Measurement mirror position (d)

Figure 1.1 Low-Coherence Interferometry

Initially, OCT instruments were operated in the so called time domain. There
are two basic scan procedures in time domain OCT: the (one-dimensional) axial
scan (see figure 1.2), also referred to as depth scan or A-scan, it is performed by
moving the reference mirror. The (two-dimensional) lateral scan (B-scan, see fig-
ure 1.2) is either performed by moving the sample or by scanning the probe beam
illuminating the sample. Combining these scans in the third dimension, a 3-D im-

age can be obtained.
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Backscatter Intensity Lateral Scanning (B scan) *

Figure 1.2 Time domain OCT, A scan and B scan

Lateral OCT resolution is governed by the focal spot size (as in conventional
microscopy). Axial OCT resolution is mainly determined by the coherence length
of the light source (rather than the depth of field, as in microscopy) and it is de-

fined as [1.2]:

Az=/ « 0.44
AA (I1.1)

where A is the centre wavelength and A4X is the bandwidth of the light source
(full-width-at-half-maximum assuming a Gaussian distribution). Therefore, the
specifications of the light source mainly determine the visualisation performance
of OCT. Based on the same principle, two sets of the OCT system have been de-
veloped, free-space optics based OCT [1.14, 1.15] and fibre optics based OCT
[1.3]. The speed of time-domain OCT is limited by the mechanical movements of
the reference mirror and system sensitivity that make them unsuitable for in vivo
3-D (retinal) imaging. In recent years, frequency domain OCT (FD-OCT) [1.16,

1.17, 1.18], also referred to as spectral or Fourier domain OCT, has proven to
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combine high speed and ultrahigh resolution imaging [1.19, 1.20]. In the fre-
quency domain OCT, only the lateral OCT scan has to be performed since the to-
tal A-scan information is detected by measuring modulations of the source spec-
trum using a spectrometer. This significantly reduces the imaging time and in-
creases OCT efficiency/sensitivity. The axial information (time domain
data/information) is provided by an inverse Fourier Transform (FT) of the spec-
trum of the backscattered light [1.2]. The spectrum of the backscattered light am-
plitude is obtained using a spectrometer. A sketch of a state-of-the-art frequency

domain OCT system is shown in Figure 1.3.

1050 nm
light source
grating
i reference
InGaAs
camera
050 nm spectrometer
mpatient module
digital signal acquisition
processor computer

Figure 1.3 Schematics ofthe 1050 nm frequency domain OCT system [1.21]

The broadband source is interfaced to a fibre-optic interferometer where the
first arm is sent to an adjustable reference mirror in a free-space portion including
dispersion compensation and an attenuator. The patient model consists of colli-
mation and focusing optics and a 2-D scanner. On its way back, the light from the
sample arm is recombined with the reference light, producing a spectral interfer-
ence pattern that is sent to an all-reflective imaging spectrometer with a reflective
planar grating. The signal is detected by the InGaAs camera and post processed by

a digital signal processor (DSP). The DSP controls the mechanical scanning sys-
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tem in the patient module, while the image is presented on a personal computer.
There are some parameters which can affect the quality of imaging regarding
resolution and penetration. Adaptive optics or digital imaging processing may im-
prove lateral OCT image resolution (see figure 1.2) but the light source applied is
the fundamental factor for improving OCT imaging quality in terms of axial reso-
lution and contrast. As described, the axial resolution (see figure 1.2) is deter-
mined by the coherence length of the light source. The coherence length is in-
versely proportional to the spectral bandwidth of the light source. therefore in or-
der to obtain a high axial OCT resolution we need a broadband light source. The
penetration depth is determined by the centre wavelength of the light source and is
also related to the power of the light source. These factors are discussed in the
following section. The noise of the light source is also an important parameter to

have optimum dynamic range in OCT tomograms.

1.4 Rationale of 1050 nm OCT

Until now, three generations of commercial OCT systems have been devel-
oped and successfully used in several clinical studies [1.22, 1.23, 1.24]. So far
clinical ophthalmic OCT has been performed in the 800 nm region because the
eye is essentially transparent in this region. OCT penetration is mostly limited by
water absorption of structures such as the cornea, lens, and vitreous — the first two

intraocular elements focus light onto the retina (see figure 1.4).
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Cornea
AES+Vitreous
Retina
RPE
C
Choriod + Blood
Sclera
(a)
600 800 1000 1200 1400 1600
04 - 0.4
0.3: 0.3 6
0.2 . 0.2 1
0 0.0
T T T
600 800 1000 1200 1400 1600
Wavelength (nm)
(b)

Figure 1.4 (a) simple eye model, (b) water absorption spectrum [1.25]

The absorption of intraocular media features two usable regions (see figure
1.4 (b)), separated by a water absorption peak at ~ 970 nm; the lower wavelength
region covers the visible and the near-range infrared up to ~ 950 nm. The second
window is narrower and restricted to ~ 100 nm ofbandwidth centred at ~ 1050 nm.
Clinical ophthalmic OCT, operating at a wavelength of ~ 800 nm, is optimally
suitable to resolve all main intraretinal layers and small morphological changes
within these layers, however the penetration depth beyond the retina is limited by
the highly absorbing and scattering retinal pigment epithelium (RPE), resulting
mainly in visualizing the retina and superficial parts of the choriocapil-
laris/choriod. The absorbing and scattering of RPE decreases monotonically with

increasing wavelength [1.25]; the attenuation of light is also limited by water ab-
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sorption in the eye, that has a local minimum at ~ 1060 nm (pa ~ 0.015 mm™" at A

= 1060 nm, as compared to pa ~ 0.0023 mm™ at A = 800 nm) [1.26], meaning that
power losses due to water absorption will be greater at ~1060 nm than at ~ SQO
nm. However, according to the ANSI (American National Standards Institute)
standard [1.27] as well as the similar ICNIRP-guidelines [1.28] (International
Commission for Nonionizing Radiation Protection), the maximum permissible
light exposure in the eye increases with wavelength. Therefore the loss might be
compensated by applying up to 5 times more power. Actually, by using higher
incident power at longer wavelengths the sensitivity of ophthalmic OCT has been
improved [1.29]. Moreover, water dispersion equals zero at ~ 1000 nm [1.30]. At
this wavelength the OCT sample signal broadening with penetration depth is neg-
ligible and therefore the axial resolution stays approximately constant over rea-
sonable depth. It can be assumed that in vivo OCT imaging at 1050 nm wave-
length rather than 800 nm should improve the visualization of morphological fea-
tures beneath the RPE as well as layers of the choroids. Several 1050 nm OCT
results have already shown deeper penetration into the tissue [1.21, 1.25, 1.29].
This might significantly improve the early diagnosing and treatments of retinal

diseases that are the worldwide leading causes for blindness.

1.5 State of the art OCT light sources at 1050 nm

As discussed, the performance of OCT imaging is mainly governed by the
light source applied. OCT light sources can be characterized mainly by central
wavelength, bandwidth and power. In addition, optical noise, spectral shape,
power stability, user friendliness as well as compactness are all critical parameters.
Several different types of light source have been used for OCT applications so far

including: solid state lasers, photonic crystal fibre (PCF) based super continuum
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generation light sources, amplified spontaneous emission (ASE) fibre lasers, and
super luminescent diodes (SLDs). Solid state titanium sapphire lasers have suc-
cessfully enabled ultrahigh resolution of OCT. Operating at ~ 800 nm; a high ax-
ial resolution of up to ~ 3 um in vivo has been achieved [1.31, 1.32]. The draw-
back of this kind of laser is the requirement of an expensive pump laser, making
the whole light source bulky and expensive. Recently, PCF based super contin-
uum generation has shown spectral broadening due to nonlinear optical effects
[1.33]. Using a Ti:sapphire laser to pump PCF, B. Povazay et al [1.29] has gener-
ated a super continuum spanning from 400 to 1200 nm. The smooth Gaussian
shaped spectrum with 325 nm bandwidth at full width at half maximum (FWHM)
centred at 700 nm with 10 mW average output power could be used for OCT.
However, this kind of external broadening often results in significant power fluc-
tuations, spectral modulations and excess noise (in addition to the noise of the
pump source) [1.34]. Super continuum generation often produces intensity noise
of many tens of decibels above the pump noise [1.35], which introduces difficul-
ties for OCT imaging. Furthermore, the setup is large, complicated and expensive,
making it inadequate for practical OCT. NP photonics' offers Ytterbium-doped
fibre ASE broadband light sources in the wavelength range of 1000 nm to 1100
nm. OCT experiments using this kind of light source have shown enhanced pene-
tration depth [1.21, 1.25]. The drawback of this source is that it is expensive and
still bulky to interface it to a compact OCT system. SLDs have the advantages of
being inexpensive, compact and easy to operate. Hence, several OCT studies have
been performed with SLD sources [1.36, 1.37]. The reported results are obtained
by using an SLD in the ~ 800 - 900 nm region, or in the 1300 nm region. Using
SLDs for the 1050 nm OCT region remains relatively unexplored. This is mainly

due to the limited number of available SLD sources with proper specifications for

' http://www.npphotonics.com
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OCT. However, Superlum Diodes Ltd? provides SLDs centred at 1060 nm with a
bandwidth at FWHM of 35 nm and 30 mW single mode fibre output. Qphotonics
LLC? offers SLD centred at 1050 nm with a bandwidth (FWHM) of 60 nm and
free space output power of 5 mW, while also offering a fibre coupled SLD with
output from a fibre pigtail of 1.5 mW. Other major light source suppliers NP
Photonics, Multiwave®, Exalos’and Inphenix6 do not offer SLDs working in the
1050 nm region. The drawbacks of these SLD sources are their low power output
and insufficient bandwidth. Recently, scientists have shown that quantum dots
(QDs) enable semiconductor diode lasers to emit a broad spectrum of light [1.38,
1.39]. Hence, this work focuses on studying and fabricating a broadband laser di-

ode at ~ 1050 nm for OCT applications.

1.6 Laser diode basics and quantum dots

In this section, the basic principles of laser diode and quantum dots are in-
troduced. The optical transitions that take place in a general two level system are

first discussed.

1.6.1 Optical transitions

There are three possible optical transitions that can occur between two en-
ergy states. These are absorption, spontaneous emission and stimulated emission
(see figure 1.5). In an absorption event an electron is initially occupying a lower

energy state (E1), and an incoming photon with an energy equal to the band gap

(hv)is ‘absorbed’ by the electron, causing the electron to undergo a transition

* http://www.superlumdiodes.com

> http://www.qphotonics.com

* http://www.multiwavephotonics.com
5 http://www.exalos.com

® http://www.inphenix.com
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to a higher energy state (E2). Similarly a spontaneous emission event occurs when
an electron with higher energy (E2) spontaneously “falls” to the lower energy
level (E1) releasing a photon in the process. The energy of this photon is again
equal to the energy difference between the two states, where:

E,-E =hv (1.2)
A stimulated emission event occurs when an incoming photon (with energy equal
to the difference between the two states) perturbs an electron in the upper state
(E2). This results in the electron falling down to the lower state (E1) releasing an-

other photon in the process. As well as having the same energy as the first photon

the second photon is coherent with the first (has the same polarization, phase and

direction).
E2 E2 ; E2
\%
hv hv N iV
N> N> N4
Vg
E1 E1 E1
Absorption Spontaneous emission Stimulate emission

Figure 1.5 optical transitions in 2 level system

The rate of the transitions in a two level system is described using Einstein

coefficients [1.40]. The downwards transition rate due to spontaneous emission is

proportional to the number density of electrons in this state N, and the Einstein

coefficient A4,,:

Rspon = A21N2

(1.3)

The upward transition rate due to absorption is proportional to the number density

of electrons in this state N,, the Einstein coefficient B,, and to the density of

photons in the optical field with energy equal to the difference between the two
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states P(hv).

Ry = BN\ P(hv) (1.4)
The downward transition rate due to stimulated emission is proportion to the
number density of electrons in this state N, , the Einstein coefficient B,, and the

photon density.

R, =B, N,P(hv) (1.5)

stim

Under equilibrium conditions the upward and downwards transition rates must

balance so,
Rabs = Rspon + Rstim (16)
B,,N,P(hv)= A4, N, + B, N,P(hv) (1.7)
where B, = B, (1.8)
4, =57 (h) B (1.9)
21 h3c3 21 .

The unit of 4,, is related to the spontaneous lifetime of a transition by:

Ay =— (1.10)
T

For a system containing closely spaced states, the behaviour of the system as
a whole is related to the properties of the particles within the system and can be
determined using statistical physics. The number of particles per unit volume with
energy between E and E +AE in each energy states depends upon the density of
available energy states (number of energy states per unit volume in the interval

AE) and the probability that a particle is in the energy state E.
n(E)AE = p(E) f(E)AE (1.11)

In semiconductors, electrons are Ffermions with half integer spin which obey the
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Pauli exclusion principle, the probability an electron occupying a state of energy
E can be described by a Fermi-Dirac distribution for the conduction and valence

bands as:

f.= = (1.12)

f = (1.13)

o)
+ex Eis
X

where k is the Boltzmann constant, T is the temperature. E,, E, are the quasi

Fermi levels for the electrons in the conduction and valence bands respectively.

E., E, represents an energy state in the conduction or valence band. Thus, in

semiconductors, the rates for absorption, spontaneous emission, and stimulated

emission are described by:

Rabs = Bl2predfv(1—fc)P(hv) (1'14)
Rspon =A21predfc(l_fv) (115)
Rsum =321predfc(l—fv)P(hv) (1'16)

Here the availability of electron/hole pairs is given by the reduced density of
states [1.41] of the material with the occupation probability of electrons in the
conduction and valence bands. A comparison of the stimulated emission and ab-
sorption, once the occupation probabilities have been substituted for, gives the

expression in equation (1.17):

R AE, —(E, - E,)
— = — 1.17
R Xp( kT ) (117

abs
This expression demonstrates that the stimulated emission rate will exceed the

absorption rate in a semiconductor when:
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AE, >E -E 2E, (1.18)
where AE, is the quasi-Fermi level separation. This means that for optical gain

to occur in a semiconductor laser, the quasi-Fermi level separation must be greater
than the photon energy of interest, or at least equal to the band gap of the material.

This can be realized by forward biasing a p-n junction.

1.6.2 Laser diode threshold gain

As an acronym, LASER stands for Light Amplification by Stimulated
Emission of Radiation. For this to occur, stimulated emission must dominate over
absorption and spontaneous emission. This can be achieved by optical pumping or
electronic pumping. In laser diodes, electrons in the active layer are excited elec-
trically into non-equilibrium higher energy states by injecting the carriers through
a p-n junction. The electrons can then relax back into an equilibrium state releas-
ing a photon through spontaneous emission. The end facets of laser diode chips
consist of partially reflecting mirrors formed by an air/semiconductor interface.
This forms a laser cavity (see figure 1.6) and as the photon travels back and forth
within the cavity it grows in intensity due to stimulated emission. Finally, the di-

ode starts to lase.

Light out /| I, ] Light out
> YW s o~
(Rl,).e(C-x
R, L, R.l;
r
mirror mirror

Figure 1.6 Laser round trip condition
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Laser action can be sustained when the round-trip amplification replaces
light lost from the laser cavity. The gain required to achieve this threshold is given

by:

(1.19)

Where a, is the intrinsic scattering loss ofthe cavity and the second term in the

equation are the mirror losses. Lc is the cavity length; R\ and R-2 are the intensity

reflectivity ofthe two mirrors.

1.6.3 Quantum dots and density of states

Quantum dots are materials with dimensions of the order of nanometres.
There are mainly two kinds of quantum dots: colloidal quantum dots and self as-
sembled quantum dots. Colloidal quantum dots are semiconductor nanocrystals,
dispersed in a solvent, with the size of 2-10 nanometres. Self-assembled quantum

dots are typically between 10 and 50 nm in size.

Quantum dots

Wetting layer

Substrate

Figure 1.7 Self-assembled quantum dots

The selfassembled quantum dots used in this work were grown by molecular
beam epitaxial growth methods [1.42] (other methods like Metal Organic Vapor

Phase Epitaxial Growth [1.43, 1.44] can also be used). When a material (e.g. In-
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GaAs) is grown on a substrate to which it is not lattice matched (e.g. GaAs), the
material initially forms a thin film, known as the wetting layer, the resulting strain
then produces coherently strained islands on top of the wetting layer (See figure
1.7). This growth mode is known as Stranski-Krastanov growth mode [1.45, 1.46].
The properties of the islands formed including size, shape, density, uniformity are
all very sensitive to the growth conditions and can lead to difficulties in trying to
obtain reproducible structures.

The density of states (DOS) of a system describes the number of states at
each energy level that are available to be occupied. The function depends on the
size of the crystal. When the size of the crystal is reduced to a nanometer scale in
one direction and the crystal is surrounded by other crystals acting as potential
barriers, the freedom of electron movement is lost in that direction. It is well
known that quantum dots system has quantized density of states function. This
results from the small size of dot, which confines the movement of conduction
band electrons and valence band holes in all three spatial directions. Figure 1.8
demonstrates how the reduced size of the confinement system affects the densfty

of states.
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Bulk Quantum wire

Nwij: Areal density

Energy Energy

Quantum well Quantum dot

Nd: Volume density

0o8|

Energy Energy

Figure 1.8 Schematic of quantum nano-structures and their density of states [1.47]

Electrons in bulk move freely in all three directions. Electrons in the quan-
tum well move in the x-y plane; those in the quantum wire move in the x direction;
and those in the quantum dot are completely localized. The density of states func-
tions can be derived as [1.47]:

Bulk: p (E2)7]/\ A nT)~2E~2 [,sV~'m3] (1.20)
h

[eV-"m~3] (1.21)
7thiLyy, .
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: N, J 1 R -
Wire: D(E) = Z [eV'm™]  (1.22)
T ,,y,.,,/E E,

Dots: D(E)=2N, » 8(E-E,-E, —E,) [eV 'm™] (1.23)

nx,ny,nz

where, m" is the effective mass; #h is the Planck’s constant divided by 2r,

Ly, is the quantum-well thickness. ®(x) is the step function (©(x)=1for
x20 and 0 for x<0). N, is the number of quantum wires divided by the

quantum-wire region area in the y-z plane, namely the area density of the quantum

wires. N, is the volume density of quantum dots. £, E, ,and E,, are the

quantized energies in each direction:

h: norx

E, = ma (‘E) (1.24)
ny 2W(Ly) (1.25)
( Ty (1.25)

Eve 2m* Lz

,» . =1,2,3 ..., Lx, Ly, Lz are the dimensions describing well

where n,, n
width, wire area or dot size respectively.

The density of states function for bulk has a parabolic shape, the density of
states for quantum well is step like, and the density of quantum dots is a series of
delta functions. Many of the predicted improvements in performance in quantum
dots systems originate from the three dimensional confinement of carriers. These

discrete energy levels are similar to the energy levels within an atom. The ideal

dots will have well separated energy levels so only the ground state is populated
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(See figure 1.9).

tf

Figure 1.9 Energy diagram ofan ideal dot [1.48]

The recombination only occurs between a single pair of discrete states. This
requires every dot to have identical size, composition through out the whole en-
semble. Thus, dots having same energy states can provide narrow spectral emis-
sion lines and reduced threshold current. However, real self-assembled dots often
have different size (see figure 1.7), shape and composition due to the growth
method itself. This leads to the broadening of the spectral line/gain band width
which is considered one of the main “problems” for developing single mode QD
laser diode. This however makes the broadband laser (as distinct from the conven-
tional high coherent narrow line width laser) a suitable application for QD laser

diodes.
1.6.4 Broadening in quantum dots

The self-assembly process leads to typical dot densities of 1010-10ncm~2,

with dimensions 5 nm high and base dimensions 20 nm x 20 nm [1.49]. Accord-

ing to this, a 2 mm long ridge waveguide laser (ridge width 2 pm) with one dot

layer will contain 4x105- 4x106 quantum dots. There are fluctuations in the



[
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size, shape, composition and distribution. These could arise from fluctuations in
surface roughness, surface temperature or the ion concentrations within the
growth chamber [1.50]. As a result, there is a variation in the energy level con-
figuration throughout the ensemble. This leads to an inhomogeneous broadening
of the gain spectrum and the spectral line width typically > 20meV [1.49]. The
inhomogeneous broadening can be described by a Gaussian function in energy
over the ensemble.

Another type of broadening is the homogeneous broadening from each dot
itself. This broadening comes from the uncertainty in the energy of the confined
electron and interaction of the confined state with the high frequency lattice vibra-
tions [1.51]. This type of broadening is normally described by a Lorentzian func-
tion. The broadening in InGaAs QDs has been estimated to be 6meV at 300K
[1.52]. Figure 1.10 illustrates the spectral broadening caused by Inhomogeneoﬁs

and homogeneous broadening.

Inhomogeneous broadening
A Gaussian envelop

Emission

. Homogeneous broadening
~, Lorentzian packet

v

E

Figure 1.10 Illustration of inhomogeneous and homogeneous broadening in QDs

Recently, quantum dot lasers with a 75 nm broad spectrum of emission have
been reported [1.39]. This is achieved by means of intentional inhomogenecus

broadening of the quantum dot energy levels.
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1.7 Description and rationale of self pulsation QD

laser

Self-pulsation is a technique by which a laser can be forced to produce a
pulsed output beam. The technique allows the production of light pulses with ex-
tremely high peak power, much higher as compared to the same laser when oper-
ating in a continuous wave mode. The pulsed operation can be used to generate
broadband emission. The spectral increase can be thought of in terms of Fourier
functions. Any signal with a very short time span but an oscillating nature, such as
a pulse of light, will have many frequency components when Fourier transformed.
If the pulse duration can be made very small, the bandwidth of the laser pulsf:s
will be sufficiently broad. Self-pulsation can be realised by introducing a saturable
absorber in the cavity of laser diodes. In this way, one could perform Q-switching

and/or mode-locking.

1.7.1 Introduction to Q-switching and mode-locking

Q-switching and mode locking are two techniques in optics by which a laser
can be made to produce pulses of light. Q-switching is obtained by altering the
quality factor (Q-factor) of the laser cavity. Mode locking can be obtained by fix-

ing the phase relationship between the modes of the laser’s resonant cavity.
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1. high initial 2. pump to builds up a
cavity loss large inversion
loss loss
gai
time ti?ne
3. Cavity loss 4. “giant pulse”
Is suddenly laser action
“switched” takes place
To low value
loss loss
gain gain
time time

Figure 1.11 Laser Q-switching, step-by-step [1.51]

Figure 1.11 illustrates the steps in the Q-switching technique. The losses of
the laser cavity initially are kept at a high level (low Q-factor), thus allowing a
laser pumping process to build up a much larger than the usual population inver-
sion inside a laser cavity. Once a large inversion has been developed, the losses
are restored to the usual value (switched to high Q-factor). The result is a very
short, intense burst of laser output or “giant pulse” which dumps all the accumu-
lated population inversion in a single short laser pulse. Repetitive Q-switching can
be achieved by repetitively altering the cavity losses. The Q-switching technique
can be applied to different laser systems such as gas, solid state, molecular and
semiconductor lasers.

The losses of the cavity can be altered by either active or passive methods.
The common active methods are: rotating mirror Q-switching, electro-optic
Q-switching, and acousto-optic Q-switching. These methods use different active
modulation mechanism to alter the laser cavity losses (see reference [1.51] for de-

tails). The first experimental Q-switching demonstrations were performed in 1962
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by R.W. Hellwarth and F.J.McClung using actively electrically switched Kerr cell
shutters in a ruby laser [1.53].

The passive method is generally simple and convenient and it requires a
minimum of optical elements inside the laser. A passively Q-switched laser con-
tains a saturable absorber instead of the modulator. The cavity losses are auto-
matically modulated by the saturable absorber. The commonly used saturable ab-
sorbers are: semiconductor saturable absorber mirrors for passive Q-switching or
mode locking of solid-state lasers [1.54], ion-doped crystals for passive
Q-switching of solid-state lasers [1.55], and organic dye for passive Q-switching
[1.56]. |

The output of the laser is not of a single, pure frequency or wavelength. All
lasers produce light over some natural bandwidth of frequencies known as laser
line width [1.57]. The range of frequencies that a laser may operate over is known
as the gain bandwidth. In a laser cavity, the interference between the light itself
generates cavity longitudinal modes. In a CW operated lasers, many of these
modes will oscillate independently, with no fixed phase relationship between each
other. The interference effects tend to average to a near-constant output intensity
(CW output). If the phases of these modes are fixed, instead of constant output
intensity, the modes of the laser will periodically all constructively interfere with
one another, producing train of light pulses. Such a laser is said to be mode-locked
or phase-locked. The larger the number of frequency components involved, the
shorter the duration of the generated pulses can be.

Mode-locking can be obtained by active or passive methods. Active mode
locking uses a variety of intracavity electro-optic or acousto-optic modulators.
Passive mode-locking does not require external signal modulators. The modula-
tion is performed automatically by the saturable absorber element or cell placed

inside the laser cavity. As figure 1.12 shows, the fundamental passive
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mode-locking methods are: slow saturable absorber mode-locking with a dynamic
gain saturation [1.58], fast saturable absorber mode-locking [1.59], and soliton

mode-locking [1.60].

_ loss loss

loss -

1

Figure 1.12 after ref [1.54]. The three fundamental passive mode-locking models: (a) passive
mode-locking with a slow saturable absorber and dynamic gain saturation, (b) fast absorber
mode-locking, and (c) soliton mode-locking

For solid-state laser mode locking mainly operates in the last two models,
because no significant dynamic gain saturation is taking place. One successful
example of mode locking using a faster absorber is the Kerr lens mode-locking
[1.61], where strong self-focusing of the laser beam combined with either a hard
aperture or a “soft” gain aperture is used to produce a self amplitude modulation,

i.e., an equivalent fast saturable absorber [1.54].

1.7.2 Self-pulsation in semiconductor lasers

Self pulsation was seen in many types of gain-guided semiconductor lasers in
the early laser development. It occurred after sufficient ageing or even under cer-
tain operating conditions [1.62], and was considered a nuisance. Controlled
self-pulsation has however found use in CD laser sources to make the laser insen-
sitive to optical feedback [1.63]. The mechanism of self pulsation is equivalent to
passive Q switching. The self-regenerative process results from the optical feed-

back provided by the saturable absorber integrated within the laser device. As
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discussed above, this configuration may also be used to passively mode lock the
laser device. In either case, the laser will emit short pulses of light. Light pulses
will have many frequency (wavelength) components when Fourier transformed. If
the bandwidth of the laser pulse is sufficiently broad we can make the pulse dura-
tion very small. The saturable absorber can be integrated with the semiconductor
laser in several different ways. The use of epitaxial absorbing layers in AlGalnP
has been proposed [1.64], and the split-contact devices, where one section of the
device is used as a saturable absorber, have become an attractive method for at-
taining self pulsation [1.65] [1.66] in semiconductor lasers. Devices based on QD
structures are becoming of interest in the generation of ultra fast pulses, because
of the spectral broadening associated with the distribution of dot sizes [1.67]
[1.68]. These structures also exhibit ultrafast carrier dynamics [1.69] [1.70]. The
presence of both fast carrier dynamics and broadband gain in QD structures fa-
cilitates the QD structure as a broadband gain medium and as a fast saturable ab-
sorber that allows the generation of broadband ultra short pulses. Recently,
self-pulsation due to Q-switching and mode locking have both been demonstrated
in quantum dot lasers using split-contact (or multi-section) design [1.66] [1.71].

In this work, multi section quantum dot lasers which have emission around 1
um have been fabricated and used to realise self pulsation. Self pulsation tech-

nique has used to broaden the emission spectra.

1.8 The aim of the thesis

The aim of the thesis is to study self-assembled quantum dot lasers as a
broadband light source for ~ 1050 nm OCT application and comparing it with
other possible light sources. This includes finding dot material that emits at the ~
1050 nm region with broad bandwidth, realizing and examining self pulsation to

broaden the output bandwidth and study the mechanism of broadening.
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The ideal light source should be centred at ~ 1050 nm with more than 70 nm
bandwidth at FWHM. The power out of a single mode fibre should be at least
5-10 mW with less than 2 dB spectral modulation. The noise of the source should

be lower than -90 dB [1.72].

1.9 Summary

In this chapter a brief introduction of OCT technology has been given. The
importance of 1050 nm OCT and the available light sources at this region have
been discussed. The basic principles of laser diode and quantum dots have been
presented. Self pulsation technique has been introduced and proposed as a means

of generating broadband emission.
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Chapter 2 Experimental techniques

2.1 Introduction

As discussed in chapter 1, the central lasing wavelength is critical for the
OCT application. In this chapter, details of the selected quantum dot materials
which emit at around 1 um region are presented. The examined devices including
stripe lasers, ridge waveguide lasers and multisection devices are introduced. Ex-
perimental setups for measuring such as optical spectra, optical power, modal gain

and etc have been described.

2.2 Material description

All the quantum dot materials studied in this project were InGaAs/GaAs
multi layer quantum dot based structures. These materials were designed for
emissions around the 1 um region. The materials were fabricated by the EPSRC
National Centre for III-V Technologies at Sheffield University. Four different
dot wafer designs have been studied during the project. The materials studied
namely M1961, M1963, M1964 and M1965 are described below.

The active region of wafer M1961 consists of seven layers of InGaAs Quan-

tum dots layers capped with GaAs layers and separated by Al ;5Gag gsAs barriers

(see Table 2.1). The cladding layers are p and n doped Al ;5Ga gsAs. The con-

tact layer is p doped GaAs and the buffer layer is n doped GaAs.
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Repeats | Thickness(A) | Material Dopant
1 3000 GaAs Beryllium
1 12000 Al, Ga, As Beryllium
1 430 Aly5Gag gsAs
70 Al sGay g;As
50 GaAs
x7
21 InGaAs-7ML
50 GaAs
1 500 Al sGay g;As
1 12000 Al, Ga, As Silicon
1 5000 GaAs Silicon

Table 2.1 M1961 quantum dot wafer layer structure

Repeats | Thickness(A) | Material Dopant
1 3000 GaAs Beryllium
1 12000 Al ,Gay ;As Beryllium
I 430 Aly 5GaggsAs
1 70 GaAs
21 InGaAs-7ML
x5
70 GaAs
1 500 Al; ,sGag gAs
1 12000 Al, Ga, ;As Silicon
1 5000 GaAs Silicon

Table 2.2 M1963 quantum dot wafer layer structure
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The active region of wafer M1963 consists of five repeat layers of InGaAs

quantum dot layers capped with GaAs layers (see Table 2.2). These are sand-

wiched by Al,Ga,As barrier. The contact and buffer layer are p and n doped

GaAs. These dot layers are closely stacked InGaAs/GaAs multi layer quantum
dots [2.1]. Each InGaAs dots layer is separated by a thin (7nm) GaAs intermediate
layer. Because the barrier layer between each dot layer is very thin, the upper
layer of dots may self-align just on the lower layer of dots. The perpendicular
alignment of dots is due to the strain fields induced by the lower layer of dots. An
analytical description of the correlated dot formation in the growth direction under
stain fields has been provided by reference [2.2]. The dots will perpendicularly
align when the intermediate GaAs layer thickness is below a critical intermediate
layer thickness (i.e. < 10nm). The alignment of dots in the perpendicular direc-
tion will make it possible to couple the dots electrically in the vertical direction as
the intermediate GaAs thickness is reduced to the extent that the electron wave
functions of the neighbouring dots are overlapped. A schematic of the profiles
of the band gap energy and the corresponding refractive index of the laser made

from this material is shown in figure 2.1.
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Figure 2.1 Schematic of M1963 quantum dot laser

Each quantum dot layer (undoped) is surrounded by a pair of higher band
gap barriers (undoped) to effectively confine injected carriers. The active region is
sandwiched by cladding layers (doped) with a higher band gap energy (smaller
refractive index), resulting in the formation of an optical waveguide. Thus, the
structure is similar to that of conventional double heterostructure lasers.

The wafer M1964 has similar structure to M1963 but the active region con-
tains seven repeat layers of InGaAs quantum dots layers capped with GaAs layers
(see Table 2.3).
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Repeats | Thickness(A) | Material Dopant
1 3000 GaAs Beryllium
1 12000 Al Ga, As Beryllium
1 430 Aly5Gag gsAs
1 70 GaAs
21 InGaAs-7ML
x7
70 GaAs
1 500 Aly 5Gag gsAs
1 12000 Al, Ga, ,As Silicon
1 5000 GaAs Silicon

Table 2.3 M1964 quantum dot wafer layer structure

Repeats Thickness(A) | Material
1 3000 GaAs
1 12000 Al, Gag ,As
1 930 Al 5Gay gsAs
70 Aly5Gay gsAs
x3
21 InGaAs-7ML
1 1000 Aly5Gag gsAs
1 12000 Al, Ga, ,As
1 5000 GaAs

Table 2.4 M1965 quantum dot wafer layer structure
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The active region of wafer M1965 consists of three repeat layers of InGaAs

quantum dots layers capped with Alj 5Gaj gsAs layers (see Table 2.4). These are
sandwiched by AlyGaj_yAs barrier. The contact and buffer layer are p and n

doped GaAs.

2.3 The devices

2.3.1 Stripe laser

The materials have been processed to make stripe laser diodes. The oxide
film is deposited over the material surface, and then the oxide from centre of the
structure is removed to leave a 50 pum stripe of semiconductor to which a metal
contact can be applied. This is achieved by using photoresist and wet etching. Af-
ter that, the photoresist is removed and a Au-Zn layer is thermally evaporated and
then annealed to make the p-type ohmic contact. The ohmic contact is only made
along the 50 pm stripe. The sample is then thinned by lapping and polishing the
piece of semiconductor. Finally, a Au-Ge-Ni-Au metal layer is thermally evapo-
rated and annealed to form the n-type contact. The device processing was per-
formed by the trained staff in the cleanroom at Cardiff University. A schematic

diagram of a typical oxide stripe laser is shown in Figure 2.2.
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Figure 2.2 Schematic of an oxide stripe laser

This type of laser diode is a gain guided device. In the vertical direction,
the generated light is guided by the different refractive index step between the
different layers. In the horizontal direction, the light is controlled by the presence
of gain realized by localized pumping in the 50 pm stripe area. After the fabrica-
tion process, wafers were cleaved to different length chips: 0.5 mm, 1 mm and 2
mm. Chips then were mounted to a header and connected to gold wires to form

practical laser diodes.

2.3.2 Ridge waveguide laser

OCT application requires single transverse mode light source and the
ridge-waveguide geometry is expected to offer better optical and current confine-
ment as well as improved heat dissipation. In order to have single transverse
mode output, we have fabricated ridge-waveguide lasers using material M 1963.
The ridge devices of width 2 pm and height 1.54 pm were fabricated. A sche-

matic diagram of a typical ridge laser is shown in Figure 2.3.
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Figure 2.3 Schematic ofa ridge waveguide laser

A brief description of the fabrication process is provided as follows. The
positive e-beam resist is first spun on to the sample, and then the ridge pattern is
written by electronic beam lithography. The resist of the exposed ridge part is re-
moved by the developer and the unexposed part remains. The sample is then de-
posited with a Ni film, and this is followed by removing the unwanted resist and
Ni. This is achieved by immersing the sample into a bath of hot acetone, so the
resist dissolves and concomitantly the Ni lifted-off. After this process, the Ni is
used as an etching mask for ridge pattern. The ridge is formed by inductively cou-
pled plasma (ICP) etching. This process involves physical ion bombardment and
chemical reactions to remove the unmasked material. A balance ofthese processes
will provide a good (vertical and smooth) sidewall profile. The Ni mask is re-
moved after the etching and an electronically insulating material (Benzocyclobu-
tene) is spun on. The insulating layer is then etched back to expose the top surface
of'the ridge. After that, an Au-Zn layer is thermally evaporated and then annealed
to make the p-type ohmic contact. The ohmic contact is only made along the top
surface ofthe ridge. The sample is then thinned by lapping and polishing the piece
of semiconductor. Finally, an Au-Ge-Ni-Au metal layer is thermally evaporated
and annealed to form the n-type contact. The devices were processed by the

trained staffin the cleanroom at Cardiff University.
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The laser diode shown in figure 2.3 is an index guided device. In the vertical
direction, the generated light is guided by the different refractive index step be-
tween the different layers. In the horizontal direction, the light is guided by the
different refractive index step between the ridge and the electronically insulating
material (Benzocyclobutene which has a refractive index ~ 1.5). After process-

ing, the fabricated sample was cleaved to 0.5 mm, 1 mm and 2 mn} long chips.

2.3.3 The multisection devices

The multisecion device (segmented p-type contact) can be used to measure
modal gain/loss. It can also be configured to perform self pulsation. The
stripe/ridge device can be patterned with segmented p-type contact. This is
achieved by using photolithography/e-beam lithography and wet etching. The
photoresist/e-beam resist is spun on the top surface. The pattern ofthe intersection
breaks are defined in the resist by either using a photomask ofe-beam lithography.
The patterned resist is then used as a wet etching mask. The top contact metal is
etched to form the segmented p-type contact. Finally the residual resist is removed
to leave the top segmented p-type contact clear for wire bonding. The device
processing was performed by the trained staff in the cleanroom at Cardiff Univer-
sity. A schematic diagram of the multisection device for gain/absorption r\neas—

urement is shown in figure 2.4.

Section 2-

Section 1

Figure 2.4 A schematic of a multisection device for gain/loss measurement
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2.4 Light-current measurements

In order to investigate the properties of the laser diode, the Light-Current
(L-I) characteristics have to be investigated. The current-voltage-light (IVL)
measurement is performed using a pulsed driven current to avoid any self heating
effects. The pulses are typically 1 ps in duration and occur at a rate of 5 kHz. For

the pulsed measurement, the data is obtained using the setup shown in figure 2.5.

Pulse generator

Trig out

Current controller

in out
Boxcar integrator
current voltage light
Trig in out in out in out

Device 1 or2

V sense

I sense

Switch box
PC

Figure 2.5 Schematic ofpulsed IVL measurement system

The device is held in place and driven by the current pulse. The emitted light
is detected by a photodiode detector. The current pulses produced by the pulse
generator are passed into a current controller, which is controlled by a computer
allowing the amplitude of the current pulse to be varied. The voltage, current and
light signals are acquired by a PC via the boxcar integrator, which integrates the
signal over a fixed time window using triggered gates. Using this setup, the cur-

rent/voltage and the current/light characteristics of the device can be measured
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under pulsed conditions.

For OCT applications, an ideal device should be operated under continuous
drive current condition. This requires a constant drive current through the device.
The L-I may be different to that obtained using the pulsed condition due to the
heating effect. In order to measure the L-I under continuous drive current, a dif-

ferent setup has been built (See figure 2.6).

Thermistor
CW current
source Laser diode
TEC
Controller
tern]
Ciil
Peltier-
3-Axis p
: ; ower
Water cooling Micro-stage
meter

Figure 2.6 Schematic of CW L-I measurement system

In this setup, the device is driven by a variable constant current source. The
device is mounted on the sub-mount to be constantly cooled. The sub-mount is
cooled by a Peltier (thermal electric cooler: TEC). The hot side of the Peltier is
then cooled by a water cooled heat sink. A thermistor placed close to the device
senses the instantaneous temperature and provides feedback to the TEC controller
and the controller then varies the current applied to the Peltier. Thus, the device
can be operated at a relatively fixed temperature under continuous drive current.
The current is manually changed and the output power is measured by a power

meter.
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2.5 Far field measurement

The far field of the light output of the device was measured by placing the
laser diode at the centre of a rotating stage and the detector ~ 10 cm from the laser.

By taking measurement at each angle, an intensity profile vs angle can be plotted.

2.6 Spectra measurements

The lasing spectra of the device were measured using an Ando AQ6317 op-
tical spectrum analyzer. For the wide area (50 pm stripe) device, the output light

can be directly coupled into a multi-mode fibre (see figure 2.7).

CW or pulsed

current source Multimode fibre
TEC with connector on
Controller
temi Tture
cui
Tilt & Yaw Optical
Spectrum
. . Analyzer
3-Axis (xyz) 3-Axis (xyz
Water cooling Micro-stage Micro-stage

Figure 2.7 Schematic of spectra measurement for wide area device

The cooling setup described above allows the device to be operated at a set
temperature. The multi-mode fibre is mounted on a 5-directional micro stage
(3-axis plus tilt and yaw).

For the ridge waveguide device, the output light is coupled into the spectrum
analyzer by using a lensed single mode fibre. Because the aperture of the ridge (2
pm) and the single mode fibre core is very small, a microscope was used for cou-

pling. A schematic ofthe setup is shown in figure 2.8.
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Figure 2.8 Schematic of spectra measurement for ridge waveguide device

2.7 Time-resolved spectra measurements

In order to observe the fast pulses of light, we examined the devices with a
streak camera. A streak camera is an instrument for measuring fast variation ofthe
input signal over time. The measurement is realised by transforming the temporal
profile of the input signal into a spatial profile on a detector. A schematic ofa ba-

sic streak camera system is shown in figure 2.9.
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Figure 2.9 Schematic ofa streak camera’s principle

The light enters through a slit and is focused on the photocathode, the corre-
sponding photoelectrons generated by the photocathode are accelerated by the ac-
celerating electrode then pass between the pair of triggered sweep electrodes, the
applied sweep voltage steers the electron paths away from the horizontal direction
at different angles, depending upon their arrival time at the electrodes. The ampli-
fied electrons reach the phosphor screen and form an image oriented in the \llerti-
cal direction according to the arrival time at the sweep electrodes. The earliest
pulse is arranged in the uppermost position and the latest pulse is in the bottom
most portion of the phosphor image. The resulting streak image has location as
one axis and time as another axis.

In order to observe the selfpulsation and the spectral information at the same
time the streak camera is operated in conjunction with a 0.3 m spectrometer that

provides spectral information with a bandwidth of 27 nm. The output of the spec-

trometer is aligned to the input slit ofthe streak camera. This provides wavelength
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information along the slit. A schematic ofthe setup is shown in figure 2.10.
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Figure 2.10 Schematic oftime resolved spectra measurement
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To facilitate this, the lasers are driven pulsed with a current source at a fre-

quency of 5 kHz and a pulse length of 1 ps. This provides an injection regime of

sufficient duration for the carrier-photon dynamics to evolve beyond the transients

induced by the pulse turn-on and to establish repetitive pulsation. The pulse gen-

erator triggers the streak camera system. By using this method, we can observe

the pulsation and optical spectrum at the same time. An example of the measure-
I

ment is shown in figure 2.11. The horizontal axis represents wavelength while the

vertical axis represents time. The relative density is shown by the colour where

blue represents a low intensity while red represents a high intensity of light. The

wavelength resolution is ~ 0.04 nm, and the time resolution is ~ 8 ps in a 5 ns time

window.
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Figure 2.11 Example ofstreak camera image

2.8 Pulse frequency measurement

An electronic spectrum analyzer (FSP30 from Rhode and Schwarz) was used
with a high speed photodetector (model 1437 from New focus) to measure the
frequency ofthe light pulses from the selfpulsed device. The frequency range that
the spectrum analyzer can detect is 9 kHz - 30 GHz. The wavelength the
photodetector can detect is 400 nm - 1650 nm. Because the size of the
photodetector is very small (25 pm diameter), the light output from the selfpulsed
device was aligned to the photodetector using two lenses. By varying the operat-
ing parameters such as the driving current or the temperature, a change of the self

pulsation frequency was recorded.

2.9 The segmented contact method

There are a few methods that can be used for experimentally studying the
gain of a laser diode lasing material. The conventional method described in [2.3]
also known as “threshold current as a function of cavity length” can be performed

quickly to get information about the peak gain/current relationship. However this
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method requires identical mirror losses for different device lengths. It also re-
quires knowledge of the mirror reflectivity of the device in advance. Furthermore,
it can not provide information on the gain spectrum. Another method known as
“Hakki-Paoli method” [2.4] obtains the net modal gain by comparing the longitu-
dinal modes observed in the end emission of a laser structure below threshold.
This method requires very high resolution spectra and it can only measure the
gain spectrum for currents below the threshold. One may also measure the true
spontaneous emission spectrum to calculate the gain spectrum [2.5, 2.6]. However,
this assumes the carriers in the gain medium are in quasi equilibrium defined by
Fermi Dirac statistics. It also requires that the spontaneous emission spectrum is
measured in real units. Single pass techniques have the advantages of being inde-
pendent of round trip amplification or laser action and amplification during
transmission through a known length of the gain medium. Shaklee and Leheny
[2.7] proposed a variable stripe method where different lengths of stripes were
optically pumped. By measuring the single pass amplified spontaneous emission
(ASE) from different lengths of stripes, the gain spectrum may be found. Their
method was extended to allow electrical injection by Oster [2.8]. In this work, a
modified method was used that has been developed in our group: the segmented
contact method [2.9, 2.10] to measure the gain/loss spectrum of the studied mate-
rial.

2.9.1 The principle

As is illustrated in figure 2.12, after a point source spontaneous emission (Ige)

experiences a single pass amplification in a length AL, the intensity at the facet

can be written as:

I(AL) =1 _,exp(GAL) @.1)
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where G is the net modal gain

G

I(A L)

Figure 2.12 Single pass ASE in a gain medium

By integrating over the length “L” of the pumped region, we can obtain the total

ASE observed from the edge:

L

/(£)=1/,,exp(GAL)=A-(exp(GI)-1) 2.2)

Ifwe pump a length of“2L”, we will have:

[(28) =-/~(exp(2G£)-1) (2.3)

By comparing equation (2.2) and (2.3), we will have an analytic solution for both

the net mode gain G and internal spontaneous emission:

o VL) (2.4)
L I(L)
H2L) I'L) 0
,pen=Jl1 - .
frpen=tin I(2L) -

If we substitute the net modal gain G with modal gain Gnod minus internal loss

at,we will have:
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2.9.2 The device

A schematic of a standard segmented contact device (multisection) for
gain/loss measurement is shown in figure 2.4. The device usually is 50 um stripe
(different structure like ridge waveguide can also be used). The top electrical con-
tacts are divided into 300 um long, electronically isolated sections. The first two
sections are used for measurement, while the rest (usually > 600 pm long in total)
are not pumped, so they absorb any light going to the end mirror, thus ensure the
single pass amplification of the light measured. The end facet can also be deliber-
ately damaged to prevént feedback.

The intersection resistance of the multisection device needs to be checked
before the gain/loss measurement. It should not be too small (normally > 100Q)
in order to prevent any current leakage between sections. The I-Vs of section 1
and section 2 need to be the same. The near field of the front mirror emission also
needs to have a uniform distribution and be the same shape when pumping section

1 and section 2.

2.9.3 Modal gain

For a particular polarization (TE or TM), the modal gain can be obtained by
measuring the ASE from section 1 alone and section 1 and section 2 together un-
der the same current density. From equation (2.6), we have:

1 I
G .. -a,.=——1n(——“5—‘2——1j Q.7)
L IASEI

Figure 2.13 shows an example of measured ASE1, ASE12 from a quantum dot
sample used in this work. Figure 2.14 shows the calculated gain for this meas-

urement (measured at 10 mA).
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Figure 2.13 An example of measured ASE, red: ASE12, black: ASEI
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Figure 2.14 An example of measured gain spectrum at 10 mA

2.9.4 Modal loss and internal optical loss

For a particular polarization (TE or TM), the modal loss can be obtained by

measuring the ASE when just the front section is pumped (ASE1) and when the
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second section is pumped (ASE2). The difference between ASE2 and ASEIl is
due to the absorption of the front section. Therefore, by comparing measured

ASE1 to ASE2, the following expression can be obtained for the absorption:

Cmed s _ ASE 2 (2.8)

a,= -pin
| x ASE 1y

where a nad is the modal absorption, a, is the internal waveguide loss and L is

the length of the section. As this is a passive measurement of the modal absorp-
tion in the unpumped section, the spectrum obtained is independent of the current

used to generate the light.

50-,

-50-

< PFen

-100-
-150- Transparncy
-200
975 1000 1025 1050 1075 1100

Wavelength (nm)

Figure 2.15 Measured gain/absorption spectrum red: gain; black: absorption spectrum

The measured net modal gain and net modal loss are plotted together in fig-
ure 2.15. As we can see they have the same value at the long wavelength (low
photon energies), these photon energies are smaller than the band gap energy of

the material and as such experience no gain or absorption. The only loss measured
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here is the internal loss «,, so a value of @, (~ 15c¢m™ for this measurement)
can be determined. The transparency point is defined as the point where the mate-
rial goes from being an absorbing to gain medium (i.e. G, =0). This can be de-
termined from the point where the gain curves cross the value of o, at sh;)rt

wavelength (high energy). From this we can also determine the quasi-Fermi level
separation. If the system is in thermal equilibrium, the transparency point in en-

ergy is the quasi-Fermi level separation.

2.9.5 Spontaneous emission

We can also find the unamplified spontaneous emission in arbitrary units for
a certain polarization from the measurement. As equation (2.5) illustrated, the
unamplified spontaneous emission is:

1. (I I,..°
] =—ll’l ASE12 _1 ASE1
on =7 ( j 7 (2.9)

I ASE1 ASE12 21 ASE1

2.9.6 The setup

The experimental setup used for the measurement consists of a number of
optical components and a system of electronics automatically driving the device
and a photomultiplier tube plus photon counter to record the light emission. A
computer is used to control the apparatus and measure the light signals. A sche-

matic diagram of the setup is shown in figure 2.16.
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Figure 2.16 schematic diagram ofthe setup for gain/loss measurement

The device is mounted on the same sub-mount (mount with Peltier cooler)
described previously. The current pulses produced by the pulse generators are
applied to the different sections of the device through a switch box. The pulse
generators are controlled by a computer allowing the amplitude of the current to
be automatically varied. The current signals are acquired by a PC connected to a
two channel boxcar integrator. The polarized (TE or TM) light output from the
device is focused onto the entrance slit of the monochromator through the lens
and polarizer using moveable stages. The monochromator is controlled by the
PC, so the central output wavelength can be automatically altered during the
measurement. The light from the output slit of the monochromator is collected
by the photomultiplier tube (PMT). The PMT converts an optical signal to an

electrical signal. The output electrical signal is then measured by the triggered
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photon counter and recorded by the computer. The PMT is cooled at a constant
temperature of - 30 °C by a thermoelectric cooler which is itself cooled by a
water cooler. The voltage across the PMT is — 3000 V, provided by a high volt-
age supply.

The first two sections of the multisection device are driven by the two pulsc
generators independently. Before being applied to the device, the output of each
pulse generator is first connected with a Schottky diode to prevent any current
back flow to each other through the intersection resistance. The arrangement of

the current pulse and photon counter gate for gain measurements are shown in

figure 2.17.
Gate A Gate B
100ns 100ns
Current pulse to 1st section 600ns
<— >
Current pulse to 2nd section P 300ns

Figure 2.17 current pulse and photon counter gate for gain measurement

The current pulses are overlapped in time; the current pulse in section 1 is

two times longer than the current pulse in section 2. To measure the ASE from

section 1 only (ASE,), the photon counter gate A is set at the time when only cur-

rent 1 is applied. To measure the ASE from both section 1 and section 2 (ASE17),

the photon counter gate B is set at the time when both current 1 and current 2 are

applied. This arrangement allows the ASE; and ASE,, at a certain wavelength to
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be measured in a very short time span. This means any slight variations in align-

ment, temperature, etc. will be present in both ASE; and ASE,,. Because the gain
expression involves the ratio of the ASE, these inconsistencies will cancel out.
The measurement of gain is therefore more accurate than recording ASE; and

ASE,, separately (as if the ASE; and ASE,, are measured at different time, the

variation may present at some point in ASE; but not ASE,,, and this will cause an

inaccurate gain measurement to be obtained).
The arrangement of the current pulse and photon counter gate for loss meas-

urements are shown in figure 2.18.

Gate A Gate B
100ns 100ns
Current pulse to 1st section 300ns R

Current pulse to 2nd section 300ns

pd Y
~ T

Figure 2.18 current pulse and photon counter gate for loss measurement

The current pulses are not overlapped in time. To measure the ASE from
section 1 only (ASE)), the photon counter gate A is set at the time when only
current 1 is applied. To measure the ASE from section 2 only (ASE,), the photon

counter gate B is set at the time when only current 2 is applied. This arrangement

again allows the ASE, and ASE, at a certain wavelength to be measured in a

very short time span. As discussed above, the loss expression also involves only
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the ratio of the ASE; the measurement of loss is therefore more accurate than

recording ASE, and ASE,, separately.

2.10 Noise measurement

For OCT applications, the noise of the system is very important for the qual-
ity of the acquired image. The noise at the receiver output can result from the
noise of the light source, the vibration of the alignmeht system and the noise of
the detector. To measure the noise of the quantum dot laser device investigated in
this project, the setup described in figure 2.7 or figure 2.8 may be used. The rela-
tive intensity noise (RIN) is defined as [2.11]:

< AP >?
<P >

RIN = (2.10)

where < AP >? isthe mean square optical intensity fluctuation and < P, > is

the average light output power. This can be measured over the whole emission
wavelength range to build a RIN spectrum. The measurement can be obtained by
taking repeated sweeps over the emission wavelength using the optical spectrum
analyzer. Alternatively, the measurement at one wavelength can be repeated many
times before moving to the next wavelength. Details of the RIN measurement can
be found in [2.12]. Although the measured RIN in the setup is the system RIN
(including current variation applied to the device, operating temperature variation,
alignment variation and detector noise), comparison with a commercial ASE light
source still provides valuable information. Results shown for the self pulsed
quantum dot lasers studied in this project have a RIN level of -90 dB compared to
-100 dB for a commercial ASE light source. This small difference may not arise
from our laser device itself but from the electronic noise (variation of the current

pulse), thermal noise (variation in operating temperature) and vibration of the
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alignment in the measurement. The commercial ASE light source was well pack-
aged with a fibre output and therefore may have less electronic noise, therrqal

1
noise and vibration.

2.11 Superluminescent diode measurement

During the project, SLDs provided by Exalos have also been tested. The
measurement setup is similar to the one described in figure 2.8, except the
mounting of the chip and the application of current are different. The SLD chip
was mounted on the sub-mount which has separated pads for the anode and cath-
ode. The chip’s cathode was already mounted with one pad. The chip’s anode was
carefully bonded with another pad on the sub-mount with a 50 pm gold wire. By
using two probe stages and the microscope, the current may be applied. The chip
was fixed on the stage using a vacuum force. A schematic of the cross section
view of these components are shown in figure 2.19. The experimental results for

these devices are shown in chapter 5.

50 u m gold wire

SLD on submount

Adjustable probe stage
Adjustable probe stage

Thermistor
Copper block which is fixed

on the 3 axis stage Vacuum pump through this hole
Peltier

In the copper block to fix the device

Figure 2.19 The mount for the SLD chip
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2.12 NANOUB device measurements

The SLD source from a FP6 European commission project: NANOUB can
also be implemented in the system described in figure 2.8. By carefully configur-
ing the cooling condition and the current applied to the device, the spectra output
of the device was measured and interfaced with an existing OCT system. The

measurement results and the OCT image obtained are presented in Chapter 5.

2.13 Summary

In this chapter, the structures of selected quantum dot materials are discussed.
The fabrication process and the structures of examined devices including stripe
laser, ridge waveguide laser and multisection device are presented. Experiment
setups and methods including optical spectra measurement, optical power meas-
urement, time resolved spectra measurement, noise measurement, modal gain/loss

measurement and etc are described.
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Chapter 3 Optical properties of InGaAs
quantum dot lasers

3.1 Introduction

To find the materials which have the broadband lasing emission at ~ 1050
nm, stripe lasers have been fabricated using the quantum dot materials described
in chapter 2. The light current characterisations and spectra measurements are
shown in section 3.2. Because OCT application requires single transverse mode
light source, ridge waveguide lasers have been fabricated using the selected quan-
tum dot material: M1963. The optical spectra and power measurements of the
ridge waveguide laser are shown in section 3.3. The modal gain/loss spectra for
the ridge wave guide made from wafer M1963 have also been measured and

shown in section 3.4.

3.2 Measurement of stripe Laser

3.2.1 Light-current characterization

The light current (L-I) characterization has been measured at room tempéra—
ture for the fabricated standard stripe laser diodes without segmented contacts. All
devices lase at room temperature. Figure 3.1, 3.2 and 3.3 shows the measured
room temperature light-current curves for devices made from the M1961, M1963
and M1964 wafer respectively under pulsed current. The pulse length is 1 ps a.nd

the pulse rate is 5 kHz.

67
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Figure 3.1 Room temperature L-I measured for stripe laser diode made of M1961 when the

device is drive pulsed: pulse rate 5 kHz, pulse length 1 sis
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Figure 3.2 Room temperature L-I measured for stripe laser diode made of M1963 when the

device is driven pulsed: pulse rate 5 kHz, pulse length 1 jas
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Figure 3.3 Room temperature L-I measured for stripe laser diode made of M1964 when the

device is driven pulsed: pulse rate 5 kHz, pulse length 1ps

The X-axis represents the drive current to the laser diode and the units are in
mA. The Y-axis represents the light output power from the device, and the units
are arbitrary. The threshold current is extracted by identify a region of the curve
where the light intensity increases rapidly and extrapolate back to the point where
the light intensity = 0 (see figure 3.1). At the threshold current the modal gain
matches the losses. Below threshold only spontaneous emission is observed;
above threshold the rate of stimulated emission increases rapidly.

Room temperature, ground state lasing from InGaAs quantum dot het-
erostructures under electrical injection was first demonstrated in 1994 [3.1]. The
threshold current density at room temperature has a value of around 1 kA/cm2.
Since then, several approaches have been investigated to increase the modal gain
in quantum dots devices. These include using wider bandgap materials for the
barrier regions to decrease the leakage of carriers to these layers and using tunnel-
ling injection structures [3.2], which use quantum mechanical tunnelling to inject

carriers from a quantum well directly into the dots. The total number of dots and
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hence the number of states available can also be increased by stacking multiple
quantum dot layers on top of each other [3.3]. The performance can also be im-
proved by growing the dots in a quantum well [3.4, 3.5]. The lowest reported
room temperature threshold current density of an InGaAs quantum dot laser is
10.4 A/cm?[3.6] being a factor of five lower than InGaAs quantum well devices
[3.7,3.8].

In this work, the threshold current density for the 2 mm long device is: 250
A/cm?, 230 A/cm?, and 410 A/cm? for laser made from M1961, M1963 ahd
M1964 respectively. These values are in the similar order to the multi layer InAs
quantum dot lasers investigated by Ian Sandall [3.9] and the tunnel injection lasers

investigated by Adrian George [3.10].

3.2.2 Optical spectra measurements

As discussed in chapter 1, it is important to make sure that the central emis-
sion wavelength is around 1050 nm. After testing the fabricated devices by L-I
measurements, the lasing spectrum of stripe laser device was measured using the
setup described in section 2.6. The measured emission spectrum of a 2 mm stripe
laser device made from the wafer M1965 is shown in figure 3.4. The spectral

resolution of the measurement is 0.1 nm for all subsequent measurements.
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Figure 3.4 Room temperature lasing spectrum of2 mm long stripe laser device made from the

wafer M 1965 when the device is driven pulsed: pulse rate 5 kHz, pulse length Ips

As we can see from the figure, the central lasing wavelength is approxi-
mately 50 nm away from 1050 nm. This shows the material M 1965 is not suitable
for further development of 1050 nm light source.

The lasing spectra under different driving currents for 2 mm device made
from wafers M1963, M1964 and M1961 are shown in figure 3.5, figure 3.6 and
figure 3.7 respectively. The threshold currents for the M 1963, M 1964 and M 19161
device are 230 mA, 410 mA and 250 mA respectively. The cavity mode spacing

for 2 mm long device is ~ 0.07 nm; the resolution is not high enough to see the

individual longitudinal modes.
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Figure 3.5 Room temperature lasing spectra of 2 mm long stripe laser device made from

wafer M 1963 when the device is driven pulsed: pulse rate 5 kHz, pulse length 1 [is
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Figure 3.6 Room temperature lasing spectra of 2 mm long stripe laser device made from

wafer M 1964 when the device is driven pulsed: pulse rate 5 kHz, pulse length 1 [is
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Figure 3.7 Room temperature lasing spectra of 2 mm long stripe laser device made from

wafer M 1961 when the device is driven pulsed: pulse rate 5 kHz, pulse length 1ps

As we can see from the results, devices made from wafers M 1963, M 1964
and M 1961 emit light around the 1050 nm region. They all have a broad lasing
spectrum (> 5 nm at FWHM) compared to conventional quantum well lasers. The
broad lasing spectrum is due to the inhomogeneous broadening as discussed in
chapter 1. The shoulder on the spectra in figure 3.5 could be caused by the multi
transverse modes lasing. At a driving current of 1 A, the lasing spectrum of the
device made from wafer M 1963 has a bandwidth of ~ 6 nm at FWHM, the las@ng
spectrum of the device made from wafer M 1964 has a bandwidth of ~ 5 nrn1 at
FWHM, the lasing spectrum of the device made from wafer M1961 has a band-
width of ~ 6 nm at FWHM. The lasing spectrum of M 1964 is slightly narrower
than that of M 1963. The narrowed emission spectrum of M 1964 may due to the
effect of size averaging during the stacking process (M1964 has seven repeat lay-
ers of dots while M1963 has five layers). Because the thickness ofthe GaAs layer

between the dots layer is very thin (7nm), the upper layer dots are grown on seed

potentials formed by lower layer dots, which results in size averaging in the lateral
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direction [3.11]. Therefore, the inhomogeneous broadening is reduced.
For the device made from wafer M 1961, when the drive current increases,
lasing emission lines appear at different wavelengths. This may be because each

InGaAs dot layer is not electronically coupled with each other since the InGaAs

(dot layer) /GaAs (Well layer) pair is separated by a high energy A1"Ga”As

barrier (see table 3.1). Each layer may lase individually at different wavelengths
[3.12] because layers are not quantum mechanically coupled. Thus, all the dot lay-
ers collectively provide a broad emission spectrum. The lasing spectra for 1 mm
and 0.5 mm devices made from wafer M 1961 are shown in figure 3.8 and figure
3.9. The mode spacing for a 0.5 mm cavity at 1 pm is ~ 0.287 nm, the spectral
resolution (0.1 nm) is high enough to see the individual mode, but we can not see
the separate longitudinal modes in the emission spectra. This is because the multi
transverse modes and multi longitudes modes are merged together. Both emis-
sions have broad bandwidth: ~ 10 nm at FWHM for the 1 mm device and ~ 15 nm

at FWHM for the 0.5 mm device when driven at 1 A.

1020 1030 1040 1050 1060 1070 1080
WavelLength (nm)

Figure 3.8 Room temperature lasing spectra ofa 1 mm long stripe laser device made from

wafer M 1961 when the device is driven pulsed: pulse rate 5 kHz, pulse length 1 ps
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Figure 3.9 Room temperature lasing spectra ofa 0.5 mm long stripe laser device made from

wafer M 1961 when the device is driven pulsed: pulse rate 5 kHz, pulse length Ips

A conventional quantum-well laser generally produces a narrow spectrum
with a spectral width in the subnanometer order for a single-frequency laser to a
few nanometres for multilongitudinal mode lasers [3.13]. Although broadband
semiconductor lasers based on the intersubband quantum-cascade principle have
been demonstrated in the mid-IR regime [3.14], the devices operated effectively
under cryogenic temperatures, and a dramatic reduction in the laser line width and
extremely low wall-plug efficiency resulted for room temperature operation. Re-
cently simultaneous two-state lasing from the ground state and excited state has
been observed from quantum-dot lasers with well separated wavelength emissions
[3.15]. This behaviour is attributed to the incomplete gain clamping and the re-
tarded carrier relaxation process in QDs. Room-temperature broadband lasing
emission covers a bandwidth of~ 40 nm from an InGaAs/GaAs quantum dots la-
ser has been reported in 2006 [3.13]. The broadband emission results from the

superposition of quantized lasing states from highly inhomogeneous dots. Quan-
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tum dot lasers with a 75 nm broad spectrum of emission have been reported by
another group in 2007 [3.16]. A significant overlap and approximate equalization
of the ground-state and the excited state emission bands in the laser’s spectrum is
achieved by means of intentional inhomogeneous broadening of the quantum dot
energy levels.

From the measured results, the devices made from M1961 have broadér
emission than the other wafers. This is due to the M1961 wafer has more inho-
mogeneous broadening than the other structures studied. Comparing to other
structures, each InGaAs (dot layer) /GaAs (Well layer) pair is separated by high

energy Al ,sGa, 4sAs barrier, the intermediate layer is thicker than that used in the

other structures and this may lead the dots to form more independently between

layers, hence more inhomogeneous broadening [3.17].

3.2.3 Power measurements

The room temperature output power of a 0.5 mm long chip made from the
M1961 wafer has been measured by using a laser power meter (model AN12 from
OPHIR). The threshold current for this device is 110 mA. The detector was placed
close to the diode output. The measured light average power over the pulses was
0.48 mW at 600 mA, 0.76 mW at 800 mA and 1.05 mW at 1 A for pulsed opera-
tion. The current pulse width was 500 ns, the frequency was 5 KHz, and so the

duty cycle of the system is 0.25%.
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Figure 3.10 Calculated quasi-CW output power for a 0.5 mm stripe laser diode made from
M1961

The equivalent calculated quasi-CW power (averaged power over the pulses
divided by the duty cycle) is shown in figure 3.10. The output power is in the re-
gion of hundreds mW and this indicates the power is large enough for OCT ap-

plications.

3.3 Ridge waveguide laser

Because the limited amount of quantum dot material M1961 available, only
ridge devices of width 2 pum and height 1.54 um were fabricated using wafer

M1963. After fabrication, the ridge devices were tested as follows.

3.3.1 Light-current characterization

For OCT applications, the ideal device will work under continuous drive cur-
rent operation. The ridge devices were tested under continuous current operation
using the setup described in chapter 2. Results show that the devices lase under

continuous drive current operation. The measured L-I curves for different length
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devices under continuous drive current operation are shown in Figure 3.11. The
X-axis represents the drive current to the device and the unit is in mA. The Y-axis
represents the measured output power from one facet of the ridge laser in real

units, the units are in mW.
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Figure 3.11 L-I characteristics at 15 °C for the ridge-waveguide lasers under continuous drive

current operation

3.3.2 Far field measurement

In order to check the single transverse-mode operation, the far-field patterns
of'the ridge waveguide lasers were measured. Figure 3.12 shows the far field pat-
tern ofboth the horizontal and vertical direction for a 1 mm long ridge waveguide
laser. Gaussian-like transverse mode profiles show fundamental transverse-mode
operation for the ridge waveguide laser. The FWHM of'the vertical field pattern is
~ 50° and the FWHM ofthe horizontal field pattern is ~ 30°. To improve the cou-
pling efficiency from the light output into a single mode fibre, the vertical field

pattern and the horizontal field pattern ideally need to be the same. By enlarging
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the confinement structure, we can decrease the divergence of the beam therefore
narrow the far field pattern. The vertical profile can be narrowed by increasing the
active region thickness. More dot layers will also provide more gain. The hori-

zontal field can also be narrowed by increasing the ridge width.

50-,
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Figure 3.12 Far field patterns for a 1mm long ridge device
3.3.3 Optical spectra measurement

The optical spectra of the ridge laser devices have been measured using the
setup described in chapter 2. The typical spectra for 1 mm and 2 mm device are
shown in figure 3.13 and figure 3.14 respectively. The spectral resolution is 0.1

nm for both measurements.
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Figure 3.13 Lasing spectrum for 1 mm ridge laser operated at 15 °C when driven at a con-
tinuous current of 100 mA
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Figure 3.14 Lasing spectrum for 2 mm ridge laser operated at 15 °C when driven at a con-
tinuous current of 100 mA

As we can see from the results, the lasing wavelength moves toward the
shorter wavelength as the device length is decreased. The lasing spectrum of the 2

mm ridge laser is at longer wavelength and closer to 1050 nm than the lasing
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spectrum of the 1 mm ridge laser. This is because of the increased threshold gain
for the shorter device (see equation 1.19). As shown in the measured gain spectra
(figure 3.15), the peak gain wavelength shifts to shorter wavelength when the
drive current increases. Both lasing spectra are broad but contain multiple peaks.
The lasing spectrum of the 2 mm device covers a range of ~ 25 nm. We could not
see discrete peaks in the lasing spectra of 2 mm stripe device in figure 3.5; this
could be because the multi transverse modes and multi longitudes modes are
merged together for stripe laser. The discrete lasing peaks are groups of modes
originating from the substrate leakage and reflection effect [3.18]. These separated
modes will produce secondary sub peaks in the temporal coherence function,
which can be detrimental to clear image formation in OCT [3.19]. By applying the
self pulsation technique to the device, the discrete modes merge to form a broad
continuous lasing spectrum. The changing of the spectrum is observed instanta-
neously using the streak camera. The experimental results are shown in the next

chapter.

3.4 Gain and loss measurement

The net modal gain, net modal loss and the internal optical loss of the ridge
laser made from wafer M1963 have been measured using the method described in
chapter 2.

The measured net modal gain and net modal loss spectra at 15 °C are shown
in figure 3.15. Colour labels indicted the current applied on a 300 um long ridge
(2 um wide). The results demonstrate the general features of this particular quan-
tum dot system. The gain spectra are broad and continuous over the whole wave-
length range, within which the ground and excited states of the dots cannot be dis-
tinguished. This may be explained by the large amount of inhomogeneous broad-

ening present in the dots ensemble. When there are a large number of dots with
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varying size present in the sample, there will be a large variation in the energy of
the confined states. This variation causes large inhomogeneous broadening which
results in a wide gain spectrum. The shape ofthe gain spectra are flat so the adja-
cent wavelengths see almost same gain as the peak, this contributes to the broad-

band nature of the output of the lasing device made of M 1963. The internal opti-

cal loss was measured to be ~ 15 cm-1. One may also see the effect where the

peak ofthe modal gain moves to shorter wavelength as the drive current increases.
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Figure 3.15 Net modal gain and Net loss measured at 15 °C for the quantum dot material

M1963 t

The peak modal gain as a function of current density is shown in figure 3.16.
The loss values are taken at the 1050 nm. As we can see, the differential change in
absorption region is greater than that in the gain. This is one important require-
ment for making a self pulsing device. The details are discussed in the next chap-

ter.
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Figure 3.16 Peak modal gain as a function of current density at 15 °C for the quantum dot

material (M 1963)

For comparison, the modal gain and modal loss of a quantum well material
which has emission wavelength around 1 pm has also been measured at 15 °C.
The measured net modal gain spectra and the peak modal gain as a function of
current density are shown infigure 3.17 and figure 3.18. The discussion of how

the different gaincurves affect the self pulsation is presented in the next chapter.
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Figure 3.17 Net modal gain/loss spectra measured at 15 °C for the quantum well materia!
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Figure 3.18 Peak modal gain as a function of current density at 15 °C for the quantum well
material

3.5 Summary

Measured lasing spectra of stripe lasers made from different quantum dot
materials show that lasers made from InGaAs dot layers capped with GaAs well

layers have central emission wavelength at ~ 1050 nm and lasers made from In-

GaAs dots layers capped with Al,,;Gayg;As well layers have central emission

wavelength at ~ 1000 nm. Lasers made from multiple uncoupled dot layer (In-

GaAs dots with GaAs/Al, Ga, 4sAs wells) system has a broader emission than the

multiple coupled dot layer system (InGaAs dots with GaAs wells).

Because the limited amount of uncoupled dot layer system (M1961), ridge
waveguide lasers have been fabricated using the coupled dot layer system
(M1963). Experiments results show that the central emission wavelength of the

device can be controlled over a small range (~10 nm) by varying the device length.
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Shorter devices have emission at shorter wavelengths while longer devices have
emission at longer wavelengths. The lasing spectra contain discrete peaks, which
are groups of modes originating from the substrate leakage and reflection effect
[3.18]. The lasing spectra were broadened using the self pulsation technique and

the results are shown in the next chapter.
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Chapter 4 Self pulsation in quantum dot
lasers

4.1 Introduction

Self pulsation has been examined using the multi-section stripe lasers and
multi-section ridge waveguide lasers made from material M1963. The spectra
broadening effects have been observed for both cases and the results are presented
in section 4.2 and section 4.3. In section 4.4, the spectra broadening effects have
been explained using a rate equation simulation. The effects of different parame-
ters to the self pulsation such as the drive current to the gain section, the reverse
bias on the absorber section, the device operating temperature and the gain spectra

shape have also been discussed.

4.2 Multi-section stripe lasers

In order to test if the device self pulsates, the selected quantum dot material
M1963 was fabricated into multi-section 50 um stripe laser structures. Figure 4.1
shows a schematic of the device. The figure only shows a device with 5 sections.
The length of each section is 100 um. In the real case, depending on the length of
the device, the device can have up to 20 sections for a 2 mm device. In between
these sections, the metal contact was removed to form a 4 um electrically isolated
region. Individual sections can be jointed by epoxy to act as one section. The sec-
tion then can be forward biased to act as a gain section. The section can also be
earthed or reverse biased to act as a saturable absorber. It was shown in ref [4.1]
that by applying a reverse bias to the absorber section, one can effectively reduce

the absorber recovery time which is important for generating ultra fast pulses.

89
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Figure 4.1 Self-pulsating stripe laser

Devices with different absorption/gain ratios can be tested using this method.
The absorber can be placed at the front or at the end of the device in order to
achieve self-pulsation. The absorber may also be placed at the centre ofthe device
to form a colliding pulse setup [4.2]. For simplicity, for the devices tested in this
project, the absorber was placed at either the front or at the end ofthe device. The
mechanism of pulsation may be understood by variations of the photon densities
and the electron densities [4.3]:
1) When the photon does not exist, the electron density in the gain region is in-
creased by the injection current.
2) Approaching threshold, photons begin to generate in the gain region and are
absorbed in the absorber region.
3) The electron density in the absorber region is increased due to the absorption.
4) The absorbing rate in the absorber region is reduced with the increase of elec-
tron density in the region. Subsequently the photon density increases much
more due to the reduced absorption.
5) The electron density in the gain region is reduced due to stimulated emission of

photons. The lasing operation subsides, resulting in no photon.
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6) The situation returns to 1) and the process repeats itself

Thus, the self-sustained pulsation is a similar phenomenon to the damped relaxa-
tion oscillation which is observed in conventional semiconductor lasers. The prin-
ciple difference between this pulsation and the relaxation oscillation is that the
latter does not have terms 3) and 4) as mentioned in the above process, which

means that the oscillation will relax to a constant value.

4.2.1 Light-current measurements

Devices with different absorption/gain ratios have been tested. The length of
the absorber was 50 pm or 100 pm and the overall length of the devices were 2
mm, 1 mm, and 0.5 mm. L-I measurements have been taken under different re-
verse bias conditions. The reverse bias applied on the absorber was varied from 0
to 3 V. The room temperature L-I measurements for different devices under
various reverse bias are shown in the following figures. Devices were driven

pulsed with pulse width of 1 ps and pulse rate of 5 kHz.
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Figure 4.2 L-I characteristics for 2 mm stripe with 100 pm absorber section with 0 - 3 V re-

verse bias when the device is driven pulsed: pulse rate 5 kHz, pulse length Ips
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Figure 4.3 L-I characteristics for 1 mm stripe with 50 pm absorber section with 0 - 2 V re-

verse bias when the device is driven pulsed: pulse rate 5 kHz, pulse length 1ps
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Figure 4.4 L-I characteristics for 1 mm stripe with 100 pm absorber section with 0 - 2 V re-

verse bias when the device is driven pulsed: pulse rate 5 kHz, pulse length 1ps
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Figure 4.5 L-I characteristics for 0.5 mm stripe with 50 pm absorber section with 0 - 3 V re-

verse bias when the device is driven pulsed: pulse rate 5 kHz, pulse length Ips
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Figure 4.6 L-I characteristics for 0.5 mm stripe with 100pm absorber section with 3V reverse

bias when the device is driven pulsed: pulse rate 5 kHz, pulse length Ips

As we can see from figure 4.4, figure 4.5 and figure 4.6, when the ab-

sorber/gain ratio is equal or larger than 1/10, there are kinks on the L-I curves.
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These kinks (the change of slope) indicate the presence of saturable absorption.
Saturable absorption occur when the drive current is in between the threshold cur-
rent and the current where kink occurs. The kink is pushed to the higher level
(towards high current and high light power) when the reverse bias increases.
These means the up current limit for saturalbe absorption can be increased by in-

creasing the reverse bias applied on the absorber section.

4.2.2 Spectra broadening due to self-pulsation

In order to study the influence of self pulsation on the spectrum, the spectra
have been measured under self pulsing and non self pulsing conditions. Figure 4.7

shows the room temperature spectra measured under these conditions.

150 mA, non self pulsating
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Figure 4.7 Spectra ofa 0.5 mm stripe with 50 pm absorber when the device is driven pulsed:

pulse rate 5 kHz, pulse length 1ps
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We can see the blue curve (self pulsed by applying 3 V reverse bias on the ab-
sorber) shows a broader spectrum than the black and red curves (non self pulsat-
ing). More devices have been measured to confirm the broadening effect. Results

show the same trends.

4.2.3 Streak camera measurements

In order to ensure that the broadening is due to the self pulsation, the output
of the laser device has been coupled to a streak camera setup as described in
chapter 2. Figure 4.8 and Figure 4.9 show the measured results for a 0.5 mm de-

vice with 50 pm absorber section under various driving conditions.
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Figure 4.8 Self pulsation from a 0.5 mm stripe laser with a 50 pm absorber, labels indicate the

drive current to the gain section and the reverse bias on the absorber section
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Figure 4.9 Self pulsation from a 0.5 mm stripe laser with a 50 pm absorber, the absorber is

reveres biased by - 3 V. Labels indicate different drive current to the gain section.

As we can see from Figure 4.8, the output ofthe device is self pulsed and the
pulsation repetition rate can be changed by varying the applied reverse bias on the
absorber. Under the same driving current to the gain section, the self pulsation
repetition rate decreases when the applied reverse bias increases. On the other
hand, as figure 4.9 shows, under a fixed reverse bias, for an increasing in injection
current, an increase in the repetition rate occurs. This is because a high injection
current makes the absorber saturating quickly, therefore leading to shorter and
faster pulses. When the drive current is increased to above 400 mA, no clear self
pulsation can be observed. This is because the absorber is not recovering fast
enough to maintain the self pulsation. These effects were confirmed with the
measurement from multi-section ridge lasers and explained in a rate equation

model presented in section 4.4.

4.2.4 Pulse frequency measurement

The change of the self pulsation frequency due to the changing of different
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parameters has been recorded by the electronic spectrum analyzer together with a
fast photodetector for a 0.5 mm long stripe laser with a 50 pm absorber section at
the end of the device. Figure 4.10 shows the change in self pulsation frequency
when the device is operated at 15 °C. The black curve shows the frequency when
the absorber is 0 V. The red curve and blue curves are for reverse biases of- 2 V

and - 3 V respectively.

2.2
2.0
N
b 1.8
g 1.6
gcl 14
< absorber 0 V
a absorber -2 V
3 10- absorber - 3V
cL
D
@

e
EN

S
S

160 200 240 280 320 360 400
Current (mA)

Figure 4.10 Change of selfpulsation frequency when the device is operated at 15 °C

As we can see, when 0 V is applied on the absorber, the self pulsation rate
changes from 0.6 GHz to 1.9 GHz when the drive current to the gain section is
increased. Above 1.9 GHz, the selfpulsation can not be maintained. When the re-
verse bias is increased to - 2 V, for the same drive current, the self pulsation fre-
quency is decreased. For increasing reverse bias, the range of frequencies for self
pulsation is shifted to higher frequencies.

Figure 4.11 shows the range of frequencies obtained when the absorber sec-

tion is at 0 V and the device is operated at slightly different temperatures.
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Figure 4.11 Change of selfpulsation frequency when the absorber is 0 V

As we can see, the pulsation frequency decreases when the operating tem-
perature increases at around room temperature. This is because the radiative coef-
ficient increases when the operating temperature is decreased. Thus, the pulsation

rate at the same drive current is increased.

4.3 Multi-section ridge lasers

After successfully testing the principle of operation, multi section ridge
waveguide lasers have been fabricated using the material M 1963. Figure 4.12
shows the schematic of a multi section ridge waveguide laser (here showing a de-
vice with 6 sections). The length of each section is 100 pm. Depending on the
length of the device, the device may have 10 sections (for 1 mm device) or 20
sections (for 2 mm device). Sections can be connected by epoxy to make a bigger

section and it act as an absorber or gain section.
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Figure 4.12 Multi section ridge waveguide laser

The ridge has width of2 pm and height of 1.54 pm. Each section has a length
of 100 jim and can be driven individually by either forward or reverse bias. The
devices have been tested for different absorber locations and L-I measurement re-
sults show no significant differences by varying the absorber location. Results
show only the absorber size and the reverse bias applied on the absorber affect the
pulsation and lasing spectra. For ease of operation, we would prefer the devices to
self-pulsate when the front absorber section is simply grounded rather than re-
verse biased and by varying the ratios of gain and absorber sections we find the
balance of gain: absorption for a 2 mm total length device is 17:3. The results
shown below are for a 2 mm long device with the front three sections (0.3 mm)

operated as an absorber section.

4.3.1 Spectra broadening due to self pulsation

In figure 4.13 a plot of the output power versus current is shown for a typical
device operated with a pulsed current source, mounted p-side up and with a Peltier
controlled heat sink temperature of 15 °C using the setup described in chapter 2.

The repetition rate ofthe current pulse was 5 kHz and the pulse length was 1 ps.
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Figure 4.13 Light-current characteristics when the device is driven by pulsed current

In order to observe the self-pulsation and the spectral broadening simultane-
ously, the laser output was coupled into a streak camera system as described in
chapter 2. Figure 4.14 shows the streak camera image of light observed in a 5 ns
window when (a) the device is operated with all sections under forward bias of 55
mA, (b) when the device is operated with the absorber section grounded and a
current to the gain section of 100 mA. As indicated on figure 4.13, the light out-
puts under these two operations have the same optical power. When all sections
are forward biased, there are two main discrete modes and one lesser intensity
mode. However when the device is operated with the absorber section earthed, a
single, broader and continuous lasing spectrum is observed. On the time axis we
observe continuous emission when the device is operated with all sections under

forward bias that becomes selfpulsating with the absorber under reverse bias.
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Wavelength (nm)

(a)
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Figure 4.14 streak camera images of light observed in a 5 ns window when (a) the device is

operated with all sections under forward bias of 55 mA, (b) when the device is operated with

the absorber section grounded and a current to the gain section of 100 mA.
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Figure 4.15 (a) light intensity in a 5Sns window when the device is operated non self pulsed

(all gain) and self pulsed (absorber grounded) (b) spectrum when the device is operated non

selfpulsed and self pulsed.

Figure 4.15 shows the corresponding light intensity changes and the optical

spectra. The pulse duration is measured to be -270 ps, and the pulse repetition

rate is 1.2 GHz. With all sections pumped with a forward bias, the multiple peaks

in the output spectra, which are separated by -10 nm (larger than the longitudinal

mode spacing which is 0.07 nm), are groups of modes originating from the sub-
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strate leakage and the reflection effect [4.4]. The discrete narrow modes merge to
form a broad continuous lasing spectrum on application ofthe saturable absorber.
The device has also been tested under continuous drive current operation.
Figure 4.16 shows the output power versus current characteristics for the same
device operated with continuous drive current and with a Peltier controlled heat
sink with a temperature of 15 °C. When all the sections are forward biased the la-
ser has a threshold current of 20 mA and an external differential slope efficiency
0of 0.24 W/A. With the absorber section earthed the threshold current increases to
110 mA and the slope has a rapid initial rise, typical of devices with a saturable
absorber, followed by an external differential slope efficiency of 0.11 W/A.

24-1

22.

All gain
Absorber grounded

0 20 40 60 80 100 120 140 160 180 200 220
Current (mA)

Figure 4.16 Light-current characteristics at 15 °C  when the device is driven by continuous

current

Figure 4.17 shows the lasing spectra corresponding to the conditions of fig-
ure 4.16 for an optical output power of ~ 7.5 mW in each case. The necessary
current increases from 50 mA to 150 mA but the spectrum changes from narrow

discrete modes, when all sections are forward biased, to a broad continuous lasing
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spectrum (-10 nm at Full width half maximum), and centered at around 1050 nm,

when the absorber sections are grounded.
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Figure 4.17 lasing spectra at 15 °C when the device is driven by continuous current, Black:
when all the sections are driven as gain by 50 mA, red when the absorber is grounded and the

gain section is driven by 100 mA

To investigate whether the broadening of the spectrum is obtained due to
changes in the carrier density during the self pulsation, the broadening of the
spectrum obtained during the relaxation oscillations of a standard quantum dot

laser were investigated.
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Figure 4.18 (a) Streak camera image of light observed in a 10 ns window (first 10 ns of the
light pulse) for a standard single section ridge laser. (b)The normalized spectrum of the first

pulse
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As shown in figure 4.18, a 1 mm long single section ridge waveguide laser, driven
using a pulsed source (pulse length 1 ps and repetition rate 5 kHz) at 80 mA was
examined. The streak camera was triggered to look at the first few ns of the light
pulse. 1 ns sections of the streak camera trace are analysed at 1 ns after light pulse
switch on and at 10 ns after light pulse switch on. After 10 ns the carrier density
has stabilised and discrete modes are visible whereas in the first few ns the spec-
trum is broad and continuous with a FWHM of 12 nm. According to the time
bandwidth product relation, a 1 ns pulse only provides spectral broadening of
0.0004 nm for a 1 mm device operating at 1 um region. This suggests that a
changing carrier density, that also occurs during the relaxation oscillations, is the

cause of the broadened spectrum seen under self pulsation.

4.3.2 Drive current, reverse bias and temperature effects

on self-pulsation

The self-pulsation oscillation frequency is controlled by the response times
of the electron and photon populations and the rate of carrier injection into the
gain region of the device. As the pumping rate of the laser is altered, changing the
system dynamics, corresponding changes are seen in the pulsation frequency.
Figure 4.19 shows the streak camera images for increasing the drive current. For
an increase in injection current, an increase in pulsation frequency occurs. Fig-
ure 4.20 (a) shows when injection current on the gain section increases from $0
mA to 100 mA and then to 120mA , the repetition rate increases from 0.64 GHz to
1.16 GHZ and then to 1.47 GHz. The pulse durations are 310 ps, 270 ps, and 310
ps respectively. From figure 4.20 (b), we see the bandwidth is increased when

the injection current increases.
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Figure 4.19 streak camera images when the device is driven at different currents
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Figure 4.20 (a) self pulsation frequency varied by injection current (b) spectra

under different self pulsation

t

Applying a reverse bias to the device has the effect of aiding the removal of

carriers from the quantum dot states, thus decreasing the absorber recovery time.

This however will actually increase the time for the absorber to be saturated if the

current to the gain section is kept at the same level. Thus we should see a decrease

in repetition rate and an increase in pulse length occurring. Figure 4.21 shows the

streak camera images when the device is driven at same current but with different

reverse bias on the absorber. Figure 4.22 shows the corresponding pulsation rate
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and lasing spectra.
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Figure 4.21 Streak camera images when the gain section is driven at same current but the ab-

sorber with different reverse bias
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Figure 4.22 (a) self pulsation frequency varied by reverse bias on absorber (b) spectra under

different reverse bias

As we can see from figure 4.21 and figure 4.22 (a), the pulse repetition rate de-
creases when the applied reverse bias increases. The repetition rate is decreased
from 1.16 GHz to 1.12 GHz, and the pulse length is increased from 270 ps to 337
ps. Figure 4.22 (b) shows the spectra from individual pulses, we see that shorter
pulse (black curve which is 270 ps) has broader spectrum than the longer pulse

(red curve which is 337 ps).
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A change of self pulsation is observed when the operating temperature is var-
ied. This is because the operating temperature changes both the carrier dynamics
in the gain section and in the absorber section. By varying the injection current,
we are able to make the device self pulse at different temperatures. This gives us
the flexibility to broaden the emission at different wavelengths when we operate
the device at different temperature (long wavelength at higher temperature and
shorter wavelength at low temperature). The results are presented and an explana-

tion is discussed with a rate equation model in the following section.

4.4 Rate equation simulation of self pulsation

Rate equation models have been used to understand the self pulsation behav-
iour of quantum dot lasers. The photon and carrier dynamics of a two-section self

pulsating laser diode can be described using three rate equations [4.5] [4.6].

an, J, n, (n.)S
= - -v_g(n

dt  eh t,(n) 5V @1
an n

@ - __ Ta S
2 r (n) v.8(n,)S, (4.2)
das _ 2
E—Vg(fgg(ng)+ﬁg(na)—ao)5+/33ng 43)

Electrons are defined to be located in the active region of the sample. The active
region contains quantum dots layers as well as wetting layers. Electrons density is
considered as an average value over the whole active region. The active region is
defined by the mode profile of the fabricated sample (ridge device fabricated us-

ing M1963). Equation (4.1) describes the carrier dynamics in the gain section; the
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J
carrier density (n,) is supplied by the current injection to the gain section (——;)
e

i

and depleted by the non-radiative emission, spontaneous emission ( ) and

75 (%)

the stimulated emission (v,g(n,)S, ). Equation (4.2) describes the carrier dynam-

ics in the absorber section, the carrier density (n,) is depleted by non-radiative

n,

a(na)

emission, spontaneous emission ( ) and is increased by the stimulated ab-

T
sorption (v, g(n,)S, ), because the carrier density n, in the absorber section is

below the transparent point, this will provide a negative gain, i.e absorption.

Equation (4.3) describes the photon dynamics in the whole cavity. Photons are

generated by the spontaneous emission ( ﬁBn; ) and stimulated emission
(v, f,8(n,)S) in the gain section, and depleted by the stimulated absorption
(v, f.8(n,)S) in the absorber section; it is also depleted by the total loss (&, ) of
the cavity. The symbols are defined as follows: n, and n, is the carrier density

in the gain section and in the absorber section respectively. J, is the current

density to the gain section. A is the active region thickness, e is the electric

charge. v, is the group velocity of the light in the cavity. The gain section ex-
tends along a fraction f, of cavity and the absorber section extends along the
remaining fraction f, of the cavity. g(n,) is the modal gain in the gain section

(using the measured modal gain for M1963), and g(n,)is the modal gain

(M1963) in the absorber section (in this case the negative modal gain, so actually

the modal loss). «, is the combination of the mirror losses «, (calculated us-
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ing the mirror reflectivity) and the internal losses «; (measured from experiment,

see chapter 3 for details) in the laser cavity. § is the fraction of spontaneous

emission coupléd into the lasing mode and B is the bimolecular radiative coeffi-

cient. 7,(n,) and z,(n,) is the carrier lifetime in the gain section and absorber

section respectively and is defined as :

1 ‘
r.(n)=—— “4.4)
$7¢ A, +Bn,

7,(n )-———1 4.5)
“Y¢ A4,+Bn, '

where A4, and 4, are the non-radiative recombination rate in the gain section

and in the absorber section respectively. The carrier life time is decided by the
non-radiative recombination term and the radiative recombination term. For sim-
plicity, the effect of Auger recombination, which may not be a significant mecha-

nism in these quantum dot lasers, is not included. The photon density in the gain

(S,) and absorber (S,) sections are related to the mean photon density in the

whole cavity (S) using the cavity round trip resonance condition (see detailed

derivations in the appendix 1):

S
S =
TN P A el s Chindhd STl WL
’ yo(e7 M —1)(1+ R-e""=)
S B S — 7afa (1 _ e_ygl‘fg )(e_ral’fa + R . e(ygLfg"'}'aLfa))
g Ya

Vefe(e = 1)1+ R-e""e) @7

where R is the reflectivity of the facet, L is the total length of the cavity and 7,

and 7, are give by
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7a = g(na) - aO (48)

Yy =8(ng)—a 4.9)

The measured peak modal gain versus current density and modal loss versus

current density have been formularised using a linear approximation. To use the

data in the simulation, the current density is related to the carrier density through
the following equation:

neh

T,

(4.10)

where J is the drive current density used to measure the gain, n is the correspond-

ing carrier density. e is the electronic charge, A is the active region thickness.

7, (n) is the carrier life time. Other parameters used in the modelling are selected

according to the real structure of our self pulsating laser. They are shown in table
4.1.

Parameter Parameter | Value Unit
symbol

Drive current density J, Varied A/m?2
Active region thickness H 0.1455%10-6 m
Length of the device L 2%10-3 m
Gain section fraction F g 0.85 (can be var-

ied)
Absorber section fraction Fa 0.15 (can be var-

ied)
Fraction of spontaneous emission J: 10-4
coupled into the lasing mode
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Bimolecular radiative coefficient B 10.16 m3/s
Non-radiative coefficient (gain sec- Ag 3%109 (varied) /s
tion)

Non-radiative coefficient (absorber) | A a ~3*109 (varied) /s
Mirror reflectivity R 0.32

Group velocity of the light in the v, 0.75%1 08 m/s
cavity

Internal losses a, 1500 /m
Total losses a, ~2070 /m

Table 4.1 Parameters used in simulations
The rate equations are solved numerically using Mathcad. The detailed codes are
presented in the appendix 2. The simulation results show that the general trends of
the variation of pulsation due to changes in different parameters are consistent
with the experimental results. Simulations also show the similar threshold current
values as well as the self pulsation rate compared to the experimental results. This
suggests the simulations are suitable for explaining the examined self pulsation

behaviour of our device.

4.4.1 The conditions for self pulsation

Early theoretical work showed that self-pulsation was a natural operating
mode of the nonlinear, coupled electron-photon system, and could be produced by
optical feedback via saturable absorption within the laser cavity [4.7]. Among
other research [4.8, 4.9], they stated that for self-pulsation to occur, the modulus
of the differential gain in the absorber region has to be greater than that in the géin

region:
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da , dg @.11)

dN ~ dN
This expression assumes that any changes in the absorber section caused by the
photon field in the gain section occur instantaneously. However, the carrier life-
time in each section is finite and so this instantaneous change cannot occur.

Henry [4.10] showed a more complete condition which involves the influence of

the carrier life times as the following inequality:

1 da 1 dg
r_—+vg—(—1—ﬁp>r_+ugﬁp (4.12)
(74 g

where 7, and 7, are the carrier lifetime in the absorber and gain region re-

spectively. v, and P are the group velocity and density of photons respectively.

The differential gain in the gain and absorber regions are represented by g}% and

da . The quantum dot device used for the self pulsation experiments has a greater

dN
differential loss than the differential gain (see measured peak modal gain/loss

from figure 3.16). In the simulation, the carrier lifetime in the absorber section
and in the gain section are defined separately (see equation 4.4 and 4.5). It varies

by the change of carrier density in each section. By varying the reverse bias on the
absorber section, we effectively change the non radiative coefficient (4, ) in the
absorber section, hence vary the carrier life time in the absorber region. This

causes a change in self pulsation. By varying the operation temperature of the de-

vice, we effectively change the non radiative coefficient in both the absorber sec-
tion (4, ) and the gain section ( 4, ) and this varies the carrier life time in both re-
gions. Therefore, it changes the self pulsation of the device. By varying the driv-

ing current to the gain section, we effectively change the rate of saturation in the

absorber; therefore vary the self pulsation of the device.
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4.4.2 The effect of driving current

To understand the effect of the drive current on the self pulsation, simula-
tions have been performed with different drive currents to the gain section. The
parameters are set as:Ag=3*109(s 1), 4a =3*109(s 1), fg = 0.85, fa = 0.15,
other parameters are same as described in table 4.1. This is equivalent to the situa-
tion when the absorber section is grounded (no reverse bias) and the gain section
is driven by the current. The driving current to the gain section was varied from
below the threshold to above the threshold then to well above the threshold.
Simulation shows the device from non-lasing to self pulsating lasing then to

non-selfpulsating lasing. The results are shown in the following figures.

30

2 Na=1.79*1
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Cs ) Sho OO@Oﬁg
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0 1109 210" 3109 410~9

Time (s)
Figure 4.23 Simulation result for I = 0.085 A. carrier density and photon density in a 5 ns

window in logarithm scale. Green: carrier density in the gain region. Blue: carrier density in

the absorber section, red: photon density.



CHAPTER 4. SELF-PULSATION IN QUANTUM DOT LASERS 114
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Figure 4.24 The gain versus carrier density for the quantum dot materiel (M 1963), the labels

show the corresponding carrier density in figure 4.23 and their gain/loss value.

For lasing to occur, the gain of the device must be equal or greater than the
total loss of the device, for the two section device the threshold condition can be

described in the following equation:

Gst™M* fEK * (4-.3)
This means the device will lase at a time when the gain provided by the gain sec-
tion is equal or greater than the loss in the loss section plus the total loss of the
device. For the selfpulsating device, the gain provided by the gain section and the
loss in the absorber section are both varied by changing the carriers in each sec-
tion with time, therefore, the self pulsation lasing behaves like a series of lasers
with different thresholds in time. From figure 4.23 we can see the gain section
carriers are provided by the drive current, the spontaneous emission occurs due to
the carriers supplied in the gain section, the absorber absorbs the light, the carrier

density in the absorber then increases. However, as we can see from figure 4.24,

the gain provided by the gain section (Ggin *f g= 3115%0.85 = 2647 (nr]l)) is less

than the total absorption (Lossdsate*fa +a0 = 4493*0.15 + 2070 = 2743(nrl));
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there is no lasing, only weak spontaneous emission occurs (red curve in the fig-
ure).

Figure 4.25 shows the results with increasing current. When the current to
the gain section is increased to 0.09 A, the device emits pulses of light, and the

carrier density in the gain section and absorber section are also changed periodi-
cally. At a current of 0.09 A, the corresponding carrier density is N = 3.74%10%

(nr3), the corresponding gain (can be found in figure 4.24) is: 3241.2 (m_1). The

gain provided by the gain section (Ggan*fg= 3241.2*%0.85=2755.02 (nrl)) is
greater than the total maximum absorption ( Lossdsater*fa +al =

4500*%0.15+2070=2745 (nr]l)), the maximum loss of the absorber is when there

are no carriers in the absorber).
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Figure 4.25 Simulation result for | = 0.09A. left: carrier density and photon density in a 20 ns
window, right: carrier density and photon density in a 10 ns window. Green: carrier density in
the gain region. Blue: carrier density in the absorber section, red: photon density. Labels show

the corresponding carrier density values.

The carriers in the gain section are provided by the drive current, these card-

ers ensure that the gain section emits spontaneous photons, light is then absorbed
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by the absorber section, and the carrier density in the absorber section is then in-
creased due to the absorption of light. The absorption of the absorber section is
then reduced. Because the differential loss is greater than the differential gain, for
a fixed number of carriers, the reduction of the gain is less than the reduction of
the loss; therefore, the process builds up the overall gain. As the increased stimu-
lated emission consumes the carriers in the gain section, the gain is reduced until

the gain is less than the total loss. (Note: here the absorber is not saturated even

when it reaches the maximum carrier density of Na = 6.5027*10%? (m-3), the loss

is 346 (m!) instead of 0 (m!), this remaining loss acts as the internal loss, i.e
non-saturated loss). The light intensity starts to decrease and the carrier density in
the absorber decreases due to lack of light. The carriers in the absorber section are
not decreased to zero because of the spontaneous emission in the gain section. The
carriers of the gain section start to build up again due to the pumping current, until
it reaches the total loss. These processes repeatedly happen; making the device
output a stream of pulsed light.

When the drive current to the gain section increases, this effectively in-
creases the initial gain and decreases the carrier life time (see equation 4.4) in the
gain section and hence increases the rate of self pulsation. As we can see from
figure 4.26, the pulsation rate is increased and the carrier density in the gain sec-
tion changes over a larger range than that in figure 4.25. The absorber in this set-

ting is still not fully saturated; the maximum carrier density in the absorber is

6.83*10%% (m3), and the loss is 135 (m1).
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Figure 4.26 Simulation result for I= 0.1 A. Carrier density and photon density in a 10 ns win-
dow, Green: carrier density in the gain region. Blue: carrier density in the absorber section,

red: photon density. Labels show the corresponding carrier density values.
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Figure 4.27 simulation result for I = 0.15 A. Carrier density and photon density in a 5 ns win-

dow, Green: carrier density in the gain region. Blue: carrier density in the absorber section,

red: photon density.

The pulsation rate keeps increasing with increasing drive current to the gain

section (see figure 4.27). When the current is 0.15 A, the absorber cannot recover
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completely (the carrier density in the absorber section does not return to low
level), this is because the pumping rate ofthe absorber is too fast for the absorber
to fully recover. The carrier density variation in the gain section also becomes
small because of the small variation of the loss. By further increasing the current,
the device stops self pulsating. As shown in figure 4.28, at high injection current
the pulsation period begins to approach the absorber recovery time and eventually
the system cannot respond rapidly enough to sustain the Henry inequality (equa-
tion 4.12), and the laser moves to a CW regime. As we can see from figure 4.28,
the behaviour is similar to the relaxation oscillation of a standard laser. It can be
understood as the strong light intensity generated by the large current to the gain
section bleaches the absorber, and the absorber is too slow to return to the high
loss value. If the carrier life time in the absorber section can be controlled to a
short time scale, the pulsation will maintain. Simulation results are shown in the

following section.

0 5x10 9 1x10 8 1.5x10 8 2x10 8
Time (s)
Figure 4.28 simulation result for I = 0.26 A. Carrier density and photon density in a 20 ns

window, Green: carrier density in the gain region. Blue: carrier density in the absorber section,

red: photon density.
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4.4.3 The effect of reverse bias

The increased reverse bias to the absorber section is effectively equivalent to
increasing the non-radiative coefficient of the absorber section and this makes the
carrier life time in the absorber section short (see equation 4.5). At the same drive
current, it takes more time to saturate the absorber; this effectively decreases the
rate of self pulsation. The simulation parameters are the same as in previous sec-

tion except for the non-radiative coefficient in the absorber section, which is in-
creased to A, =5*10° (s-!). This is equally to increase the reverse bias on the

absorber thus reduce the carrier life time in the absorber. This effectively de-
creases the time of carriers being swept out. At the same drive current, it then
takes longer to saturate the absorber. Therefore the pulsating rate is reduced. As
we can see from figure 4.29, the pulsation rate is lower (6 pulses in 10 ns) than in
figure 4.26 (8 pulses in 10 ns). The simulation result agrees with the experiments,
when the reverse bias is increased, a decrease in the pulsation rate occurs while
the gain section is driven at the same current (measured result shown in the ﬁgﬁre
4.22). This is because the shorter carrier life time means it takes longer to saturate

the absorber, at the same drive current.
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Figure 4.29 simulation result for [ = 0.1 A. 44« = 5*109 (s"l). Carrier density and photon

density in a 10 ns window, Green: carrier density in the gain region. Blue: carrier density in

the absorber section, red: photon density.
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Figure 4.30 simulation result for [ = 0.26 A. 4a = 5 109 (s*). Left: carrier density and

photon density in a 20 ns window, right: carrier density and photon density in a 5 ns window,
Green: carrier density in the gain region. Blue: carrier density in the absorber section, red:

photon density.
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If the current to the gain section can be increased, the pulsation will become
faster. The current limit for the self pulsation is increased. As we can see from
figure 4.30, the device is self pulsating with a drive current of 0.26 A while in
figure 4.28 the device stops self pulsating at the same drive current because of the

slow absorber recovery time.

4.4.4 The effect of temperature

Changing the operating temperature of the device will effectively change the
non-radiative coefficient in both the gain and absorber sections. Increasing the
temperature will increase the non-radiative coefficient (A) and decreasing the

temperature will decrease the non-radiative coefficient (A).

8
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Figure 4.31 simulation result for [= 0.1 A. 4a = 5%109 (s_ 1), 4g = 5%*109 (s_1). Car-

rier density and photon density in a 10 ns window. Green: carrier density in the gain region.

Blue: carrier density in the absorber section, red: photon density.



CHAPTER 4. SELF-PULSATION IN 22

g

5x10

e.o00

0  2x10°  4x10”  6x107  8x107
Time (s)
Figure 4.32 simulation result for I=0.1 A. Aa =1*109 (s'l), "g=1*109 (s'l). Carrier

density and photon density in a 10 ns window. Green: carrier density in the gain region. Blue:

carrier density in the absorber section, red: photon density.

As figure 4.31 and figure 4.32 show that if the non-radiative coefficient in

the absorber section and gain section are same (Aa = 5*109 (s'l), Ag =5*109

(s'l) for the simulation in figure 4.31), and the temperature change has the same

effect on both sections (4a =1*109 (s'l), Ag =1*109 (s'l) for the simulation in

figure 4.32), the pulsation rate will increase when the temperature is increased.
However, this result does not include the change of gain with temperature change.
Increasing temperature will reduce the B and decreasing temperature will increase
B. The increased temperature will reduce the gain/loss of the device; the de-
creased gain will decrease the pulse repetition rate. Hence, the effect of tempera-
ture change has no direct linear relationship to the self pulsation. In the experi-
ment, the change in temperature affects the device’s self pulsation and the lasing
wavelength. In the tested temperature range (15 °C to 25 °C), the self pulsation

can be re-established by changing only the driving current to the gain section.
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This provides the flexibility to self pulsate the device at different central wave

lengths over a small range.

4.4.5 The effect of absorber length

Increasing the absorber length effectively increases the saturable losses. This
will increases the threshold current for the device. The device needs more gain to
achieve lasing. If there is enough gain to enable lasing, the carrier density in the
gain section will change in a bigger range. Figure 4.33 and figure 4.34 show
simulation results at different currents when the gain section fraction is 0.8, the

absorber section fraction is 0.2. Other parameters are the same as used in section

4.3.2.
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Figure 4.33 simulation result for = 0.1 A, fg = 0.80. Carrier density and photon density in a
10 ns window, Green: carrier density in the gain region. Blue: carrier density in the absorber

section, red: photon density.
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Figure 4.34 simulation result for [ = 0.15A, fg=0.80. Carrier density and photon density in a
10 ns window, Green: carrier density in the gain region. Blue: carrier density in the absorber

section, red: photon density.

As we can see from figure 4.33, the device is not lasing at [ = 0.1 A when the ab-
sorber section fraction is increased to 0.2. This is simply because the total loss of
the device is increased. At I = 0.15 A, the device lases and produces self pulsation.
The change of carrier density in the gain section is greater than that shown in the

figure 4.27 which has a smaller absorber section.

4.4.6 Emission wavelength changes due to self pulsation

As the results demonstrate, the carrier density in the gain section is varied
with time when the device is self pulsed. The different carrier densities corre-
spond to different peak gain at different wavelengths for the quantum dot material.
For the range of carrier densities where it is above threshold, the variation in car-
rier density makes the device emit light at different wavelengths. When the device
is operated with no self pulsed operation, the carrier density in the gain section is

not changing, and a relatively narrow wavelength range is produced. Figure 4.35
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shows a simulated device similar to the one shown in figure 4.15 (b) driven at 150

mA, the carrier density in the gain section periodically varies with time due to self

pulsation.
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Figure 4.35 the carrier density change in the gain section of a self pulsation device driven at

150 mA. Blue: carrier density in the gain region, red: photon density for the whole cavity. The

labels show the corresponding current density.
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Figure 4.36 the current density change and the corresponding peak gain wavelength
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As measured gain curve shown in figure 3.15, the peak gain wavelength var-
ies with th¢ driving current; figure 4.36 shows the corresponding wavelength for
the carrier density change in figure 4.35. The black curve shows the peak gain
wavelength at different drive current (data points are taken from the measured
gain spectra at different drive current, see figure 3.15). The blue curve shows the
change of current density when the device is self pulsed. As we can see that the
wavelength change from 1020 nm to 1058 nm is approximately the same as the
wavelength span shown in figure 4.15 (b). This demonstrated that the broadening
of the emission spectrum is due to the change in the carrier density during the self

pulsation.

4.4.7 Comparison with a quantum well laser

To show the self pulsating quantum dot laser is more suitable for generating
broadband light than a quantum well laser, the modal gain and modal loss of a
quantum well material which has emission wavelength around 1 um has been
measured at 15 °C. The measured net modal gain spectra and the peak modal gain
as a function of current density are shown in figure 3.17 and figure 3.18. As we
can see from figure 3.17, the peak gain wavelength only changes by 5 nm between
60 and 110 mA. This means that even though the quantum well device can be
made to self pulsate, the emission wavelength will not change much as the carrier
density changes. Therefore, the spectral broadening of the self pulsed quantum
well device is limited. The narrow spectral output of ~ 2.5 nm from a self pulsed

quantum well laser operated in the similar region has been observed by reference

[4.11]. Furthermore, the ratio () of differential loss to differential gain for the

quantum well is smaller than it is for the quantum dot material.

_da/dN
Y= agian

(4.13)
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For self pulsation to occur, this value must be as large as possible [4.12]. For the
quantum well material, this value is: 6.24. For the quantum dot material, this
value is 9.46. This shows the quantum dot material is more suitable for realising

self pulsation.

4.5 Summary and discussion

The self pulsation of the two section laser has been explained through rate
equation simulations. For an ideal broadband self pulsation device, the net modal
gain spectra need to have different peak wavelengths at different drive current.
The modal gain also needs to be broad. When applying the self pulsation, the car-
rier density change in the gain section needs to be as large as possible. Thus we
can have a broadband wavelength output. This can be realised by introducing a
large absorber section. An absorber fraction of 0.9 has been tested in the simula-
tion. The device can lase and produce self pulsation at a drive current of 0.58 A.
The carrier density in the gain section varies in a very large span. If the gain
wavelength varies with carrier density, we will have a very broad spectral output.
However, in reality we can not have such a large absorber section, because the
gain provided by the gain section is not high enough to conquer the losses. This is
because of the gain saturation and the heating problem at high current. The device
cannot be driven at significantly high currents since the heating will damage the
device. The pulsation rate and pulse duration can be reduced by increasing the re-
verse bias on the absorber. With a very short carrier life time in the absorber sec-
tion and a very high current in the gain section, we can have very fast pulses. In

the simulation, the non-radiative coefficient was chosen to be very small
(A4, =10" (s'1)). The device emits very short pulses with very fast repetition rate.

This however can not be realised in reality; the reverse bias applied on the ab-
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sorber cannot be made extremely large because large reverse bias will damage the
device. In the experiment, when increased reverse bias is applied on the absorber,
the device temperature increases as well. To reduce this problem, a fast heat dis-
sipation system is needed. In the experiment, when a large reverse bias (>7 V) is
applied on the absorber, devices are believed to experience catastrophic optical
damage. This could be caused by the very short light pulse with large peak power
damaging the mirror facet. This problem could be possibly improved by coating

the mirrors or other methods [4.13].
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Chapter 5 Measurements of other light
sources

5.1 Introduction

In this chapter results obtained on a super luminescent light emitting diode
(SLD) light sources provided by Exalos and an EC project are reported to give an
idea of the relative performance of different approaches and to give some further
information on the light source properties that are necessary to achieve useful im-
ages. In terms of construction, a SLD is similar to a laser diode which contains an
electrically driven p-n junction and an optical waveguide. However, unlike a laser
diode, SLDs are designed to have high single pass amplification for the spont;a—
neous emission generated along the waveguide. There is insufficient feedback to
achieve lasing action. The feedback is suppressed by tilting the facets relative to
the waveguide and can be suppressed further with anti-reflection coatings. The
emission peak wavelength and the intensity of the light emitted from the SLD de-

pend on the active material composition and on the level of current injection.

5.2 Exalos SLD measurements

Two different types of SLD devices with central emission around 1050 nm
have been tested. To avoid reflection, one of the devices has a tilted waveguide.

The structure of that device is shown in figure 5.1.

130
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Figure 5.1 Structure ofa titled waveguide SLD

The optical feedback into this waveguide is reduced through tilting of the
ridge waveguide by 12°. The light incident on the facets gets partially transmitted
and partially reflected outside the waveguide where it is absorbed by the unbiased
regions of the device. The spectral output and the power of the device have been
measured using the setup described in chapter 2. The emission spectra are shown

in figure 5.2 and the output power versus drive current is shown in figure 5.3.

0.8
0.7

0.6
100mA
200mA
— 300mA

0.4

Ron

0.3

0.2

0.0
980 1000 1020 1040 1060 1080 1100

Wavelength (nm)

Figure 5.2 Measured Spectra oftilted waveguide SLD
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Figure 5.3 Output power ofthe tilted waveguide SLD

As we can see from figure 5.2, when the device is driven at high current (300

mA), the optical feedback can not be sufficiently suppressed; There is a strong

emission peak at ~ 1030 nm. The device may lase at this current. The output

power of the device is also not considered sufficient for OCT applications as

shown in figure 5.3.

The 2nd type of device has a bent waveguide. The structure is shown in fig-

ure 5.4. The waveguide is bent to suppress the optical feedback of the mirrors.

The measured spectra and power are shown in figure 5.5 and figure 5.6 respec-

tively.
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Figure 5.4 Structure ofbent waveguide SLD
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Figure 5.5 Measured Spectra of bent waveguide SLD
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Figure 5.6 Output power of bent waveguide SLD
As we can see from figure 5.5, this structure has a better suppression of the
optical feedback; the emission spectra are Gaussian like and have bandwidth of ~
25 nm at FWHM. However as shown in figure 5.6, the output power is too weak
for OCT applications. This L-I is measured by manually changing the current ap-

plied to the device. There are no data points below 20 mA because the light signal
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below 20 mA is too small.

5.3 EC project light source

The EC project (FP6 1ST project, NANO-UB) SLD source tested has a but-
terfly package with a pigtailed single fibre output. The fibre is equipped with a

FC/APC connector. Figure 5.7 shows the pin configuration ofthe device.

1: TEC (+) 14: TEC ()

2: Thermistor 13:

3: DSL Anode 12:

4: DSL Anode 11: DSL Cathode

5: Thermistor 10: DSL Cathode
14 0. A

7: 8:

Figure 5.7 Pin configuration ofthe EC SLD
The SLD has two pins for each polarity. The device has been operated at a
temperature of 15 °C by using the setup described in chapter 2. The device is

driven by a constant laser diode current driver up to a current of 1.42 A.
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Figure 5.8 Spectra with strong feedback
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Figure 5.8 shows the spectra measured under different currents. As we can
see from the figure there are strong ripples. The mode separation is 6 nm; this in-
dicates a cavity length of 29 um. The cavity length of the SLD is much longer
than 29 pm. This indicates the modes are caused by feedback due to mismatched
connectors. The feedback can be weakened by the increase in the return losses.

This is achieved by making loops of ~ 2 cm in diameter with the fibre.
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Figure 5.9 Spectrum measured at 1.42 A with fibre loops

Figure 5.9 shows the spectrum measured with two fibre loops. As we can see from
the figure, a smooth shape of the spectrum is obtained. The measured optical

power from the fibre end versus drive current is shown in figure 5.10.
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Figure 5.10 End fibre power output

The device has a bandwidth of ~ 65 nm and optical power of 31 mW. This device
has been interfaced to the existing OCT system and the images of my retina have
been obtained and shown in figure 5.11 (b). For comparison, OCT images ob-

tained using an 800 nm light source is shown in figure 5.11 (a).

Figure 5.11 in-vivo OCT images of human retina, a. Measured by using 800 nm

light source, b. Measured by using 1060 nm EC project SLD
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We can clearly see the choroids in the 1060 nm system but hardly see it in
the 800 nm system. The EC project SLD light source also has been tested to im-
age the human skin. OCT images of human skin above the proximal interpha-
langeal joint of the middle finger obtained using EC project SLD have been com-
pared with the image obtained using an ASE source (NP Photonics, Tucson, Ari-
zona). Both light sources are centred at ~ 1060 nm. The images are shown in fig-
ure 5.12. Image resolution and penetration depth ofthese images were comparable
as the output power and the bandwidth of these sources were almost identical.
However, OCT images obtained using EC SLD (quantum dots based SLD) dis-
played less speckle noise (speckle noise is the granular noise that can be seen in
the images). The structures can be seen with higher clarity in (a) due to its reduced
speckle noise. The image was also devoid of any ringing artifacts (see artifact on
figure b for comparison), arising due to the polarization mismatch between the

arms ofthe Michelson interferometer [5.1].

Figure 5.12 OCT images of human skin above the proximal interphalangeai joint of the mid-
dle finger obtained at 1060 nm using (a) quantum dot SLD and (b) amplified spontaneous

emission light source.
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5.4 Discussions and Summary

As the results show above, the bandwidth and power requirements of the EC
SLD are sufficient to obtain useful clinical images. Comparing to the fibre based
ASE source, the quantum dots SLD also show less noise. However, for practical
clinic applications, SLD techniques still encounter two main drawbacks [5.2]:

1. Current “spike” damages SLD much easier than laser diode.
The reason for this is the non-uniform distribution of drive current inside
the active region of the SLD. Because of the low efficiency operation to
achieve the required power, the SLD is normally driven at very high cur-
rent (1.4 A for the EC project SLD), the higher the SLD current, the highér
the fraction near the crystal facet. Therefore, a current spike will mainly
flow through the areas near the crystal facet, and this will additionally in-
crease the probability of damage with respect to laser diodes. Latent dam-
age near the crystal facet, is the reason for extra reflection and may not ef-
fect the SLD power considerably but may strongly increase the SLD speé:—
tral ripple and makes device non-useable; ‘

2. Minor optical feedback may easily result in fatal SLD damage especially 1f
SLD is powerful. -

It would be ideal if the spectral shape is Gaussian as the width of the coher-
ence function is limited by the Fourier uncertainty relation, which says that the
product of the variances of a Fourier transform pair reaches its minimum for
Gaussian functions [5.3]. Therefore, in the majority of cases a Gaussian power
spectrum is desirable. During the imaging process, the output spectrum of the EC
SLD has been reshaped using a mathematical method [5.1]. There were not any
visible artifacts due to the double peaks of the EC SLD spectrum.

The power and bandwidth of the EC SLD are reached to obtain useful OCT
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images. For improvement of the OCT image, spectral shape needs to be Gaussian
to reduce the processing time, and the SLD lifetime needs to be prolonged. The
bandwidth of the device may be further broadened as broader bandwidth provides
higher resolution. Higher power will also help to improve the image quality.
However, for work with the eye, there is a limit for the maximum power that can
be used as discussed in chapter 1. For dermatological applications, this limit is not

critical. It will be useful if the output power of the EC SLD can be increased.
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Chapter 6 Summary and further work

6.1 Summary

The work in this thesis analysed and discussed the requirements of new light
sources for the state of art OCT applications. Result in chapter 5 shows that a
compact, economic broadband light source centred at ~ 1050 nm is very importaht
for the next generation ophthalmic OCT applications. Using the EC project SLD
as a benchmark, the ideal semiconductor light source will need to have a band-
width of ~ > 70 nm and have a Gaussian shape. The output power from the fibre
should be greater than 30 mW. Although, the bandwidth and the power require-
ment are reached to obtain useful clinical image (see figure 5.11), for practiéal
clinic applications, the SLD technique however encounters drawbacks as dis-
cussed in chapter 5. Such as: 1) Current “spike” damages in SLDs occur much
easier than in laser diodes. 2) Minor optical feedback may easily result in fat'al
SLD damage especially if the SLD is powerful. Furthermore, the spectrum shape
of the EC SLD is not Gaussian and this requires extra signal processing time to
obtain the OCT image.

As an alternative method to SLD, quantum dot lasers have been proposed as
a broadband light source. Self-assembled QD lasers can have a low threshold cur-
rent density and a low temperature sensitivity of the threshold current as originally
suggested in reference [6.1]. Compared to quantum well lasers, self-assembled
QD lasers have naturally inhomogeneously broadened gain spectra due to differ-
ences in the size and shape of the individual dots [6.2]. The QD laser diode output
can therefore be tuned over a wide wavelength range [6.3]. Laser diodes fabri-
cated from different quantum dot materials have been tested for the broadband

emission at ~ 1050 nm. The results are summarised below.
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6.1.1 Broadband emission centred at ~ 1050 nm

® InGaAs dot layers capped with GaAs well layers have central emission

wavelength at ~ 1050 nm. InGaAs dots layers capped with
Al, ,sGay¢sAs well layers have central emission wavelength at ~ 1000
nm.

® The multiple uncoupled dot layer (InGaAs dots with GaAs/Al, ,Ga, 4sAs

wells) system has a broader emission (~15 nm) than the multiple coupled
dot layer system (InGaAs dots with GaAs wells). This is because for the
uncoupled dot layer, each InGaAs dot layer is not electronically coupled
with each other, as the InGaAs (dot layer) /GaAs (Well layer) pair is

separated by high energy Al ,;Ga,zsAs barrier (see table 2.1). Each layer

may lase independently at different wavelengths. Thus, all the dot layers
collectively provide a broad emission spectrum. The examined multiple
uncoupled dot layer laser has a bandwidth ~ 15 nm at FWHM for a 0.5
mm device.

@ For the multiple coupled dot layer system (InGaAs dots with GaAs
wells), more layers do not lead to increased inhomogeneous broadeniﬂg
but less inhomogeneous broadening. This is because the very thin GaAs
layer (7 nm) between the dot layers, where the upper layer dots are
grown on seed potentials formed by lower layer dots, this results in size
averaging in the lateral direction. Therefore, the inhomogeneous broad-
ening is reduced. The laser with 7 repeated coupled dots layer has a
bandwidth of ~ 5 nm at FWHM while the laser with 5 repeated coupled
dot layer has a bandwidth of ~ 6 nm at FWHM.

® The central emission wavelength of the device can be controlled over a
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small range (~10 nm) by varying the device length (see figure 3.13, fig-
ure 3.14). Shorter devices have emissioﬁ at shorter wavelengths while
longer devices have emission at longer wavelengths. This is because the
peak modal gain wavelength shifts to the shorter wavelength when the
drive current density is increased. For a shorter device, the threshold
current density will be higher, therefore the device emits at a shorter

wavelength.

6.1.2 Self pulsation and spectra broadening

The self pulsation technique has been proposed and examined as a method to
further explore the broad gain bandwidth of the quantum dot material. Self pulsa-
tion has been achieved on both wide area stripe and ridge waveguide laser struc-
tures by configuring the devices with split contacts. Part of the device has been
driven by forward bias to provide gain; part of the device has been driven by re-
verse bias to act as a saturable absorber. The spectral broadening effects have
been observed for both stripe and ridge samples: |
® For stripe samples, the devices have a broader spectrum when operated
self pulsed compared to when operated in a non-self pulsed mode. At
300 mA, under the non self pulsation operation, the bandwidth of the
spectrum is ~ 3 nm. Under the same conditions, the bandwidth of the
spectrum is ~ 12 nm when it is operated in a self pulsed mode.

® For the ridge waveguide devices, when operated without a saturable ab-
sorber, the laser emits a number of discrete narrow modes, which mer'ge
to form a broad continuous lasing spectrum on application of the satur-
able absorber. The spectral width achieved is ~ 10 nm, and the average
output power is ~ 7.5 mW. In the time domain, we observe continuous

emission that becomes self pulsating, with pulse widths of 200 - 300 ps
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and frequency of 0.6 — 1.5 GHz depending on drive current and reverse
bias on application of the saturable absorber. |

® The broadening of the spectrum is due to the changing carrier density
during the self pulsation. This effect has been supported by observifig
the broadening of the spectrum in the relaxation oscillations of a stan-

dard QD laser.

6.1.3 Different effects to the self pulsation

A rate equation model has been used for understanding the self pulsation be-
haviour of the two section devices. The modal gain and modal loss of the M1963
quantum dot material has been measured and used in the simulation.

® Measured data shows that the differential loss is larger than the differen-
tial gain which is crucial for self pulsation to occur as discussed in chap-
ter 4.

® The measured data also shows a shift of peak gain wavelength when the
drive current is changed. This will cause the device to have a broader
wavelength emission when the carrier density of the gain section is

changed during self pulsation.

The effects of the drive current, reverse bias and absorber lengths on self
pulsation have been examined experimentally as well as using the simulations.
® The increased drive current to the gain section effectively increases the
gain provided by the gain section and shortens the carrier lifetime in the
gain section, thus increasing the repetition rate of self pulsation.
® The increased reverse bias on the absorber effectively increases the non-
radiative coefficient in the absorber section hence shortens the carrier

lifetime in the absorber section. Using a fixed drive current to the gain
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section, this reduces the repetition rate of self pulsation. With an in-
creased drive current to the gain section, the repetition rate of the self
pulsation increases. |

® The absorber length determines changes in the amplitude of the carrier
density. A longer absorber section leads to a large variation in carrier

density during the self pulsation.

6.1.4 Comparisons to a quantum well

To compare the self pulsation in quantum dot material with quantum well
material, the modal gain and modal loss of a standard quantum well laser lasing at
~ 1 pum has also been measured. The comparisons are as follows:

@® Results show a smaller differential loss/differential gain ratio (6.24) than
that for the quantum dot material (9.46). This shows‘the quantum dot
material is more suitable for self pulsation as discussed in chapter 4.

® Furthermore, measured gain spectra from quantum well material do not
show a significant shift in the peak gain wavelength when the drive cur-
rent is varied. Compared to the quantum dot laser, a smaller spectrﬁm
broadening effect will happen even when the quantum well device is self
pulsed. A narrow spectral output of ~ 2.5 nm from a self pulsed quantum
well device is reported in reference [6.4].

In conclusion, results show that quantum dot lasers are more suitable for self
pulsation and are more suitable for generating broadband emission than quantum
well lasers. Self pulsed quantum dot lasers can be used as an alternative method to
SLD to provide compact, economic broad band light source solutions for OCT
applications. A simple approach to realise continuous drive current using a TEC
system has been performed. The output of the ridge waveguide laser light was

coupled into a lensed single mode fibre. For the material examined, based on the
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measurement of the modal gain and the simulation, a ~ 30 nm bandwidth may be
achieved. If self pulsation can be performed using an intentionally deigned quan-
tum dot material for broadband emission, even broader bandwidth may be ob-
tained. The future works which could improve the performance of the self pulsed

quantum dot lasers for fast broadband emission are listed below.

6.2 Future work

There are some practical limitations for realising broadband self pulsing laser
diodes. The catastrophic optical mirror damage limits the peak power generated
by the self pulsation device. It has been found that the device can experience
catastrophic optical damage when a large reverse bias is applied on the absorber
and a large current is applied on the gain section. This damage is caused by the
large peak power of the light pulse melting the facet. It has also been observed
that the increased reverse bias will increase the device temperature. Ideally, the
absorber length needs to be large in order to have a large variation in the carrier
density, hence the broadband emission. In reality, the absorber length can not be
very large because that the gain section can not be driven at significantly high cur-
rent to provide enough gain to achieve lasing. As discussed above, several possi-
ble improvements are listed:
® Apply self pulsation using materials with multiple quantum dot layers which

are intentionally designed for broad band emission.

In order to generate broadband emission, the material gain bandwidth needs to
be very broad in the first instance. The dot materials we have examined are
existing dot materials in the lab and are not designed for broadband emission.
This means that there is not enough gain and gain bandwidth. Specially de-
signed multiple quantum dot layers grown under different conditions may

provide higher saturation gain and broader gain bandwidth [6.5, 6.6]. This en-
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ables the self pulsed device to have a larger absorber section and the gain sec-
tion driven at higher currents.
® Enhancing the near field design
The ridge structure examined has a width of 2 um. The measured mode field
diameter for the 1060 nm EC SLD is ~ 6 um. Therefore, for future designs,
the width of the ridge can be increased to provide more power. This can also
narrow the far field of the light emission hence improve the coupling effi-
ciency.
® Coating of the facets
It has been observed that the facet can be damaged using a high reverse bias.
This is caused by the high peak power of the light pulse heating the facet. The
catastrophic optical damage can be improved by coating the facet. On the
other hand, since we are only coupling the output light from one facet of the
laser diode, the front facet can be coated with anti reflective and the back
facet can be coated with highly reflective coating.
® Improve the cooling system performance.
As discussed above, the increased reverse bias will increase the device tem-
perature. The undissipated heat may damage the device. This heat needs to be
dissipated as quickly as possible. This may be improved by using a better

quality Peltier with a better thermal electronic temperature controller.
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Appendix A: Derivations for the cavity
round trip resonance condition

The equations (4.6) and (4.7) used in the simulations are derived in this ap-

pendix step by step. A sketch of a two sections laser cavity is shown in figure A.1

Gain Absorber
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S1 I,e"*s" s2
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/
/]
4 /)
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- /]
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Figure A.1 a laser cavity with an absorber section

S1 represents the total light intensity in the gain section and S2 represents the

total light intensity in the absorber section. y, represents the net modal loss
andy, represents the net modal gain as indicated in equations (4.8) and (4.9).

The intensity S1 is:

fel Sfel
— VeX Yefel 27, faL L ple*
0 0
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Calculate and rearrange the equation we have:

Sl =._I.ge}lgj:‘§1‘(l_e—ygfgl‘).e}’afal' .(e_}’af;zL +R.e}/gfgL+}’afaL)

(A2)
g
For the absorber section, from figure A.1, we have:
fa L fg L
— }'gfgL . YaXx I 7gfgL yafaL ._ YaX )
S, Iloe e + |/,e e R-e (A3)
0 0
Calculate and rearrange the equation we have:
1
Ve /e - Yaf L
S2=__O_egg'l'(1_e 7af¢tL).e}/afarL_(l+R.e a )
7, A4
Divide equation (A.2) by equation (A.4), we have:
— L -
S] _ —_— }/a (l — e 78 fg )(e 7aLfa + R . e(ygLfg"'}’aLfa))
S2 }/g (e_}’aLfa _ 1)(1 + R . e}/aLfa) : (A.S)
The photon density in the gain section is related to the S, by:
S, =8, 1, L (A.6)
The photon density in the absorber section is related to the S, by:
S,=8,f,L (A7)

Substitute S1 and S2 with equation (A.6) and (A.7), we have:
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(1 _e_7gLfg )(e—}’aLfa +R _e(}’gLfg+7aLfa))
Yo fo (e —1)(1+R-e"") (A.8)

~Vola
S, =85,

The photon density in the gain section (S, ) and the photon density in the absorber

section (S, ) are related to the mean photon density of the cavity (S) by :
nggL+SafaL=SL (A.9)

Substitute S, with equation (A.8), we have:
S
—y (1- e—rgLfg )(e—raLf,, + R .e(}'gLfgﬂaLfa)) (A.10)
a
}/g(e_yal‘fa - 1)(1 + R . e}’aLfa)

S =

a

VARE:




Appendix B: Mathcad code for the simu
lation

This function defines the carrier life time
T(N):= A <-3x 109
B<- 10 16

carrierT
A + BN

return carrierT

This function converts carrier density to current density

19
AN )= e <- 1.6-10
-6
h  0.145510

current <— ———————-

return current

This function describes the modal gain/loss vs current density
ANy = if e(N) >6.6-10
b
a <-8.6610” 5
b <- 951
otherwise

a <-9.13-10” 4
b <- -4500
gain <- a-¢c(N) + b

return gain
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This function defines the carrier life time in the absorber section

Tex(N) := A <-3x 10
B<- 10 '°
) 1
carrierT
A + BN

return carrierT

This function calculates the carrier density in the gain section, absorber section

and the photon density

rate = eg <—0.75-10
WWv

-6
h < -0.1455-10

L4-2-10~3
fg 0.85
fa 1- fg
p< 1044
B 10" 16
oa <- 1500
R 0.32

can < 1 ﬂn(L
L U
cdot <—can + ca

e<- 1.6-10" 19
m<—1
5t<- 100

At 05100 B
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Mathcad code for the simulation

153

|1 « 0085

I« !

Lfg2.10” 8

Pl«0

Pg(—-ﬁ

Pae0

Ngl « 0

Nal « 0

for t e 1..2000000
Ng2 « Ngl + (—J—-

Nal

~ya ¢ g(Nal) - odot
18 < g(Ngl) - otot

Ngl
eh T(Ngl)

- cgog(Ngl)-Pg}At

Na2 ¢ Nal + | -—— - cg-g(Nal)-Pa |-At
( roaly | EEND a]

P2 Pt + | B Ng12) + cacfa agl) + fa-gNal) - ooty PL} At

P1

Pa «

-'Ta-fa-(l -e

e

(e— ~a.L-fa _ 1).(1 + R_eﬂ{a.L-fa)

- ‘yg-L‘fg) _[e- wLlfa o e(’\g~L.fg+'ya-L~fa):|

Pg « Pa

if t=m&t
mem+ 1

Out « Pl
m,l

Out < Nal

m,2

Out.m 3

Out «— t- At
m,4

Pl « P2
Ngl « Ng2
Nal « Na2

return Out

< Ngl

vetele LB )1+ R o™l
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