University of Bath

PHD
Development and study of high power tapered geometry superluminescent diodes

Yunus, Sharina
Award date:
2002
Awarding institution:
University of Bath
Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.
Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 09. Jan. 2023

Development and Study
of High Power Tapered Geometry
Superluminescent Diodes

Submitted by

Sharina Yunus
For the degree of Doctor of Philosophy
of the University of Bath
2002

Copyright
Attention is drawn to die fact that the copyright of this thesis rests with the author. This copy of
the thesis has been supplied on the condition that anyone who consults it is understood to
recognise that its copyright rests with its author and that no information derived from it may be
published without the prior written consent of the author.

This thesis may be made available for consultation within the University Library and may be
photocopied or lent to other libraries for the purposes of consultation.

Sharina Yunus

UMI Number: U159961

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U159961
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

■ ■ ^ r s a ^ v v h i ^ a p w * .r w a «

IJNIVER-

7 0 - 4 MA7 2003

fr, D

Summary
This thesis

describes

the

development

and

study

o f high power tapered

superluminescent diodes (TSLDs). A computationally efficient model for parallel stripe
SLDs (PSLDs) is described and used to arrive at some of the design considerations for
high power SLD design.

Simulation results from the model show, that the key

requirement to obtaining high powers from SLDs is low facet reflectivities (front and
back). Hence a novel feature such as the two-dimensional etched deflector placed in the
absorbing region and anti-reflection (A-R) coating on the front facet, is incorporated in
the new TSLD structure.

Experimental results show that a TSLDs with this

combination yielded over 500mW quasi CW of output power. In addition, the effect of
different taper flare angles on the angular intensity distribution is investigated. The
measured output power from parallel stripe SLDs and taper SLDs are also compared
demonstrating the superior efficiency o f the taper SLDs especially at high levels of
pumping.

Alternative method to reducing the front facet reflectivity, i.e. other than A-R coating, is
also investigated. In this research the method of inclining the taper contact at an angle
with respect to the normal of the facet is adopted due to its simple fabrication procedure.
Experimental results show that output powers from angled contact SLDs (ATSLDs) is
comparable to a similar TSLD with a single layer of A-R coating on the front facet.
However, initial experimental result show that angled contact devices produce
asymmetric near-field profiles. The ray model developed for ATSLDs demonstrates
that this is the discriminating effect o f the gain and the use of small numerical lens
when measuring the near-field profiles of such devices. Simulation results from the
model predict the trend o f the near-field profiles quite well.

A computationally efficient model based on the ray analysis for parallel stripe, tapered
and angled tapered SLDs, which incorporates the lateral and longitudinal variation of
carriers is described and used to predict the near and far-field intensity distribution of
these devices.

The near-field and far-field profiles of PSLDs, TSLDs and ATSLDs

measured at low and moderate current densities are shown to match quite well with
those predicted by the model.
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Chapter 1
Introduction

1.1 Introduction

In recent years superluminescent diodes (SLDs) have attracted wide attention as light
sources for various applications. Unlike the laser diode, the superluminescent diode
is an incoherent source and there are many applications in which an incoherent
source is desirable.

Some o f the examples include short-haul optical fibre

communication [1], fibre optic gyroscopes [2] and optical coherence tomography for
medical tissue imaging [3].

In the examples mentioned above, Rayleigh

backscattering noise which is caused by the interference between the signal light and
the reflected light is a serious problem when a coherent light source such as a laser
diode is used.

Conversely, SLD’s are suitable for these applications because such

noise can be remarkably reduced due to the broad emission spectrum of the SLD.

The SLDs reported to date can be divided into two types: GaAs based SLDs with
operating wavelength between 0.8/nn - 0.98/zm, [4], [5] and InP based SLDs
operating around 1.3/mi, [6], [7]. In general, the former have been developed for
high power applications while the latter as light sources in systems using low-loss
optical fibre communications. In optical applications it is desirable to increase the
output power from the device. The past ten years especially has seen great demand
for high power SLDs, in particular edge-emitting-superluminescent diodes
(EE-SLDs). However, many of the conventional EE-SLDs yield low output powers.
The difficulty in obtaining high output powers from EE-SLDs is that lasing often
appears at high pumping conditions. The key requirement to obtaining high output
powers from SLDs are low facet reflectivities. Various methods have been used by
many research groups to achieve the desired low facet reflectivities. However, most
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have used complex and often expensive fabrication techniques. It is the aim o f this
research to develop high output power EE-SLDs that are simple and cheap to
fabricate.

A description of an EE-SLD is given in section 1.2 which highlights some of the
difficulties in obtaining high power SLD operation. This is followed by a literature
review o f some o f the various methods that have been used to obtain low facet
reflectivities, which is discussed in section 1.3. In addition, literature review on
tapered geometry devices is given in section 1.4, since devices with this geometric
shape have been shown to yield high output powers. Finally a layout of the thesis is
given in section 1.5.

1.2

Superluminescent Diodes

A typical structure of an EE-SLD is shown in Figure 1.1. The EE-SLD structure is
similar to that of a stripe contact laser diode except that the stripe contact does not
reach the full length o f the diode chip, which effectively creates an unpumped
absorbing region at the back.

In a SLD the injected current is increased until

amplification of spontaneous emission occurs (i.e. the initial step before lasing), but
because there is high loss at one end o f the device, no optical feedback takes place
and lasing is suppressed. At low currents, the device operates as an Edge EmittingLED (EE-LED). However at high currents the output power of the device increases
dramatically, and the spectral width narrows considerably due to the onset o f the
optical gain in the media. Typical linewidths for SLDs are in the range of
30nm - 40nm in contrast to 60nm - 90nm spectral width usually associated with other
conventional EE-LEDs. In general the characteristics of SLDs lie midway between
that of a laser diode and an EE-LED. Some of the advantages of SLDs are less
coherence and less susceptibility to thermal effects than laser diode.

Although the incoherent optical power output from SLDs can approach that o f the
coherent output from injection lasers, the required current density is substantially
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higher, by around a factor of three times, necessitating high drive currents due to
long device lengths. If the drive current is high enough the absorbing region can be
optically pumped to transparency such that light in the absorbing region are not
sufficiently absorbed but propagate through creating an optical feedback path.
Therefore a slight increase in injection current (increase in gain) will cause the
device to reach lasing threshold, which limits the available output power form the
SLD mode operation.

Passive region
(highly absorbing)

W - stripe width
Lc - stripe contact length

Current injecting stripe
„ contact

Active layer
Output facet

Figure 1.1: Illustrates a typical structure of an edge-emitting superluminescent diode (SLD).

In general to achieve high power SLD operation, the (effective) facet reflectivities
(front and back) must be very small to suppress lasing at high injection currents and
maintain low spectral modulation. Only by suppressing lasing can the optical gain
be increased sufficiently to obtain very large amplification of spontaneous emission
(ASE). It has been reported in [8] that facet reflectivities as low as 2.5 x 10’6 are
needed for high power SLD operation. Although high quality anti-reflection coating
as low as 2.5 x lO"4 [9], have been achieved it is however expensive and not routinely
available.

Apart from low facet reflectivities there is also the need to overcome the limitation of
optical (gain) saturation and catastrophic optical damage (COD) due to high optical
densities at the facet.

The saturation and COD problems has most commonly been

resolved by using broad area devices but it is noted that the largest output powers
have been achieved with tapered geometry devices [10], [11].

It was reported in

[10], that tapered geometry devices have high power saturation.
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Various Methods of Reducing Facet Reflectivities

1.3.1 SLD with Anti-Reflection Coating
Low facet reflectivities can be achieved by applying anti-reflection (A-R) coating on
one or both facets of the SLD. A superluminescent diode made from essentially a
laser structure has been reported [12].

The device, consist of a parallel ridge-

waveguide region, which is index guided, with one facet A-R coated and a high
reflectivity mirror at the other end. The disadvantage of this device is that very high
quality A-R coatings (R^IO"6) are needed to inhibit lasing. Furthermore, even with
high quality A-R coating substantial modulation depth in the spectra at high currents
was observed with this device.

1.3.2 SLD with Antireflective Window Structure
A parallel stripe SLD with an antireflective window structure has also been reported,
[13]. This device incorporates a transparent window region at the rear side of the
device as shown in Figure 1.2. The purpose of the antireflective window structure is
to destroy optical feedback and prevent the device from reaching lasing threshold.
Here the backward travelling light emitted from the edge of the active layer diverges
in the transparent window region such that only a small percentage is reflected back
from the A-R coated rear facet, into the active layer. 50mW at 450mA of input
current has been reported for this device. The disadvantage of this device is that it
requires complex fabrication procedure, which includes two epitaxial growth stages
followed by MOCVD growth to incorporate the transparent window at the rear of the
device.
Antireflective window
DH structure

/
...............................................

Output power
Monitor output

Active layer
A-R coating------ >
Front

GaAs substrate

*

-A-R coating

Rear

Figure 1.2: Side view of a parallel stripe SLD with an antireflective window structure.
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1.3.3 SLDs with Absorbing Region
In these devices an absorbing region is integrated near the rear facet, which absorbs
light propagating away from the output end and thus suppressing lasing oscillation.
A visible SLD (A = 670nm) that employs a tapered grounded absorber has been
reported, [14]. This device displayed spectral modulation less than 10%.

More recently another device operating at 1.3//m has been reported to use a tapered
grounded absorber [15]. In this device part of the tapered absorber region is inclined
from the active-stripe axis, illustrated in Figure 1.3. It was mentioned earlier that at
high levels of pumping the absorbing region can be optically pumped to
transparency, which consequently creates an optical feedback path, making lasing a
distinct possibility.

Therefore, the inclination of part of the absorber region is

employed to prevent light from coupling back into the active region.

In summary these devices [14], [15], delivered respectable amounts of output
powers. However, much like the SLDs discussed earlier these devices required
complex fabrication procedures to incorporate the tapered absorbing region.

A-R coating

A-R coating

Absorbing region

Active region

Figure 1.3: Top view of a SLD with a tapered grounded absorber with part of the taper region
inclined at an angle.
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1.3.4 SLDs with Angled Stripe Contacts
Apart from the need to reduce reflected light from the rear facet from re-entering the
active layer, there is also the need to reduce the reflected light from the front facet.
This is easily achieved by inclining the stripe contact at an angle 6 with respect to
the normal of the facet as shown in Figure 1.4. Greater than 15mW CW from a SLD
inclined at an angle 0 - 5° has been reported with negligible spectral modulation
[10]. A similar device, a real reffactive-index-guided SLD with 6= 5° demonstrated
lOOmW CW at 300mA with less than 3% spectral modulation [17]. However in both
devices [10], [17], A-R coating on both facets were still needed to further reduce
reflection and increase the output power.

A-R coating

A-R coating
Inclination angle

Angled contact

Figure 1.4: Top view of SLD inclined at an angle 6 with respect to the normal of the facet.

1.4

High Power Amplifiers and SLDs

1.4.1 Broad A rea Structures
The obvious and easiest method of increasing the overall output power is simply to
increase the active area. Broad area semiconductor amplifiers yielding output powers
as high as 3.3W CW at 7.0A when injected with a high power (400mW) Tiisaphire
master oscillator has been reported [18]. However, to inhibit lasing, both facets were
A-R coated (R~10‘3). The disadvantage of this device is that, two external lenses are
needed to couple light from the Ti:sapphire laser into the broad area amplifier.
Hence, device operation is very easily affected by feedback from external reflections,
making it prone to lasing.
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Taper Structures

Tapered devices are devices that have a region (etched rib) where the width changes
along the length o f the device. Devices with this type of structure have an advantage
over other high power sources. Firstly, tapered devices can be easily fabricated
because fabrication of the etched rib is simple and a well established process that
does not require any regrowth or other complex steps. Secondly the increase in area
of a tapered device increases the saturation output power compared to a narrow
device simply by increasing the active volume at the facet. Also, at higher output
powers this increase in area decreases the optical power density at the facet thus
reducing the effect o f COD.

Taper geometry devices have demonstrated high powers, when incorporated into a
wide variety of device configurations such as tapered amplifiers.

•

Taper Amplifiers

Research on tapered amplifiers has been carried out by a number of groups [10],
[19]. These devices consist o f a tapered gain region, which may or may not be index
guided. Output powers as high as 4.5W CW at 7.0A when injected with a high
power (150 mW) Ti: sapphire master oscillator has been reported [19]. Although the
broad area amplifier [18], produced slightly higher output powers than the tapered
amplifier for the same current density value, the former however required 400mW of
injected power from the Ti:sapphire master oscillator.

Similar to the broad area

amplifier, A-R coatings (R~10'3) are required on both facets to prevent the device
from reaching the lasing threshold.

A tapered amplifier with a monolithically integrated focussing lens has also been
reported [9], illustrated in Figure 1.5. To reduce front facet reflections and avoid the
use of A-R coatings the device was tilted by 7° with respect to the axis of the taper.
Output powers greater than 1W CW has been demonstrated, and at powers up to
0.5 W the output beam was focussed down to a spot o f size 8/zm x 3pm.
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Aspherical shaped

Passive section

Tapered contact

Amplifier section
GalnAs/GalnAsP 5 QWs

Figure 1.5: Schematic of tapered amplifier with an integrated focusing lens inclined at 7° with
respect to the axis of the taper.

However, the disadvantage with this device, [10], is that it requires two epitaxial
growth stages in order to integrate a passive output waveguide in which the beam is
focussed. Furthermore, accurate control during crystal growth is also required to
ensure that the focal point coincides with the output facet so that a circular beam is
obtained.

•

Taper Amplifiers seeded with EE- SLDs

A tapered amplifier when seeded with a low power parallel EE-SLD has also been
reported to produce output powers up to 470mW CW [11]. The disadvantage of this
device is that the coupling efficiency of the SLD power into the amplifier is only
about 16%. Another disadvantage is that the spectral peak of the amplifier does not
coincide with the spectral peak of the SLD. Hence, it would be impossible to obtain
maximum optical gain of the amplifier.
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SLD

Amplifier

Active layer

Au-Zn

GaAs Substrate

Figure 1.6: Schematic of the monolithic integration of a SLD with a tapered power amplifier.

More recently monolithic integration of a SLD with a tapered power amplifier has
been demonstrated [20], shown in Figure 1.6. A 15//m wide isolating stripe,
generated by “lift-off’ of Au-Zn, separated contacts to the two devices so that
injection currents to the devices were independent. The coupling efficiency from the
SLD to the amplifier was estimated to be about 100%. Output powers over 80mW
have been achieved at 1.5A of injection current for the amplifier and 150mA for the
SLD. However, when the SLD is pumped further the device reached the lasing
threshold since a lasing peak was observed in the spectrum. The disadvantage with
this structure is that it requires the device to be mounted substrate side down to the
heatsink which is not the standard procedure for good thermal contact and may affect
the temperature of the device.
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Thesis Layout

This thesis describes the development and study o f high output power tapered
geometry superluminescent diode (TSLDs). All the SLDs fabricated throughout the
research work are edge-emitting and are of the rib structure type. In Chapter 2 a
description o f rib structure devices together with a discussion of the factors that
influence the distribution of carrier in such a device are given.

The distribution of

carriers is o f particular interest since one of the aims of the research work is to
develop a theoretical model o f tapered superluminescent diodes. In order to obtain a
realistic model o f such a device, the variation of the carrier distribution should be
included, since in this type of device the distribution of carriers varies both laterally
and longitudinally.

In addition the rate equations which are used to model the

TSLDs are introduced in Chapter 2.

Chapter 3 contains a theoretical study of parallel stripe SLDs.

The problems

encountered due to carrier depletion (hole-burning) at high levels of pumping, which
limits the available output power from SLDs are discussed.

Simulation results

showing the effects of anti-reflection coating on the front facet and device contact
length variation have on the electrical efficiency of the devices are presented. The
significance o f these results in terms o f high power SLD design is also discussed.

In Chapter 4, a tapered superluminescent diode incorporating a novel two
dimensional etched deflector for high power SLD operation is described.
Experimental results o f the characterisation of TSLDs are contained in this chapter.
The effect o f the two dimensional etched deflector, anti-reflection coating on the
front facet and different taper flare angles on the performance of the devices are also
investigated. Finally, the electrical efficiency of parallel stripe SLDs and TSLDs are
presented and compared.

The possibilities of reducing the effective facet reflectivities and obtaining high
output powers from TSLDs, by inclining the tapered contact at angle with respect to
the normal o f the facet are examined in Chapter 5. The experimental results of
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angled TSLDs (ATSLDs) inclined at different angles are presented and discussed.
This chapter also describes the asymmetry of the near-field intensity distribution
obtained from ATSLDs and how they can be explained by a simple ray analysis. To
test the validity o f the ray analysis two different experiments were performed on the
ATSLDs. The theoretical and experimental results are compared and presented.

In chapter 6, a comprehensive ray model, which includes the lateral and longitudinal
distribution of carriers are described.

The comprehensive ray model has been

develop to predict the spatial characteristics of parallel, taper and angled taper SLDs.
Simulations results of these devices are presented and compared with experimental
results.

Finally, some conclusions to be drawn from the research work are presented in
Chapter 7 along with suggestions for future work.
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2.1 Introduction
In optical applications it is desirable to limit the vertical and horizontal spread of
carriers and optical emission from semiconductor (s/c) devices like lasers and
superluminescent diodes (SLDs). Significant improvement in optical confinement in
the vertical direction has been achieved with the development of the double
heterostructure material, shown in Figure 2.1. In this type of material the injected
carriers are confined by the potential barriers that exist at the higher band-gap
interface and the light is confined by the waveguide that is created by the higher
refractive index of the lower band-gap layer (active layer), discussed in detail in
section 2.2 o f this chapter. Conversely, horizontal (lateral) confinement of carriers
and optical emission is achieved by restricting the flow o f current in this direction.

Various methods have been used to restrict the lateral flow of current, leading to a
variety o f s/c device structures. However one of the simplest semiconductor device
structures to fabricate is the rib waveguide double heterostructure (DH) device,
illustrated in Figure 2.1. The rib structure restricts the flow of current in the lateral
direction and consequently the lateral distribution of carriers. In a device with no
deliberate lateral waveguide it is the lateral distribution of carriers that determines
the width of the optical distribution. All the SLDs presented in this thesis are of the
rib structure type and have no deliberate lateral waveguide.
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Lead wire -—
Light-guiding layers
(Cladding)

Etched rib

Metalization
(for electrical contact)
Active layerSi02 isolation layer
Substrate
Double
heterojunction layers
Metalization
(for electrical contact)

Carriers recombine

ZZZZZZZZZZ7Z2

Heat sink

Figure 2.1: Schematic of a stripe ridge guide semiconductor device.

The distribution of carriers in s/c devices is of particular interest because one of the
main aims of the research work is to develop a theoretical model for tapered
geometry superluminescent diodes (TSLDs). As mentioned in Chapter 1, tapered
geometry devices have rib width that changes along the length of the device. In this
type of structure the lateral carrier density distribution profile changes as the rib
width is narrowed. Hence, the operation and the output characteristics of these
devices depend quite significantly on the distribution of carriers. Two processes
determine the lateral distribution of carriers; the first is current spreading in the
cladding layer and the second is carrier diffusion in the active layer [1]. Therefore,
in order to obtain a reliable model of tapered geometry devices, parameters such as
current spreading length and diffusion coefficient must be included.

These

parameters are obtained by using existing models on current spreading and carrier
diffusion, along with appropriate measurement techniques.
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This chapter is divided into three main sections. In section 2.2 a short discussion on
current, carrier and optical confinement in rib structure s/c devices is given. While in
section 2.3 the rate equation is introduced and discussed, since in developing a model
for TSLDs the rate equation is used extensively. In section 2.4, the models and
experimental techniques used to obtain the diffusion coefficient, current density
profile and carrier density profile are explained. Finally, some concluding remarks
are given at the end of this chapter.

2.2 Rib Waveguide Double Heterostructure Device
Figure 2.2 shows a typical example of the material layers in a double heterostructure
rib geometry device. In an actual device a layer of highly doped n^GaAs (substrate)
layer exists below the n'Ga/.^AlyAs (cladding) layer. Similarly a layer of p^GaAs
(capping) exists on top of the p+ Gay^A^As (cladding) layer. These two layers
(capping and substrate) are not intrinsic to the operation of the device but allow good
ohmic contact to be obtained. Contacting to GaAlAs layers is difficult because A1
oxidises easily, which leads to very poor metal contact.

Ti/Au contact
Lead wire

Stripe width (W)

Si02
i
Isolation layer

PGaAs
(Capping layer)
p+Ga/.*Al*As
(Cladding layer)

zzzzzzz^z
contact

n'Gay.jALfAs
(Active layer)

n'Ga/yUAs
(Cladding layer)

n^GaAs
(Substrate layer)
Carriers recombine
Heat sink

Figure 2.2: A diagram showing the typical material layers in a DH device.
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In a double heterostructure device the undoped active layer of Ga/.xAlxAs is
sandwiched in between the n- and p-type cladding layers of Ga/.^Al^As, and usually
has a greater AlAs content than the active layer. The cladding layers are highly
doped to reduce resistance to injection currents.

More importantly the cladding

layers have a much larger band-gap than the active layer, which provide excellent
carrier confinement. In this situation holes and electrons are trapped in the active
layer, and cannot cross the energy barrier to the n' and p' side layers respectively.
This permits the successful recombination of electron with holes in the active layer,
generating photons via spontaneous or stimulated emission.

Active
layer
p-layer

n-layer

Confined optical field

C/5

§o

Refractive index
^
profile

uX
-a
.c
<u
>

+d/2

o

~d/2

Distance perpendicular to the cavity (y)

Figure 2.3: A diagram illustrating the variation in refractive index constant which is
responsible for the confinement of the optical wave, d - width of active layer.

Furthermore, the relatively higher A1 content on either side of the active layer
produces a refractive index bump, illustrated in Figure 2.3. This variation in
refractive index step helps confine much of the light vertically to a small region. In
general the active layer thickness and the refractive index difference between the
adjacent layers are designed to ensure that only a single mode can be sustained along
the vertical axis. However as seen in Figure 2.3, the optical field is not just confined
to the active layer but spreads also into the adjacent cladding layers.

The

characteristic of interest here is the ratio of the integral of the optical field
distribution that is located in the central layer of the waveguide to the total integral of
the distribution. This is equal to the confinement factor, f v, which is defined as the
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power that remains in the active layer divided by the total power, given in equation
(2.1) (for a symmetric slab waveguide) [2].
j + d/ 2_

_

\(E xH *)dy

-

(2.1)
—00

In equation (2.1), ±d/2 is the total width of the active region, E is electric field and

H is the magnetic field.

Apart from vertical confinement, the lateral (x) confinement of current is also equally
important to ensure efficient device operation. The simplest method to obtain lateral
confinement is by etching a rib. In order to form the rib the capping layer o f GaAs is
etched away outside the area o f the stripe width, W, illustrated in Figure 2.2. The rib
essentially limits the lateral spread o f the injected current, which in turn restricts the
lateral spread o f carriers. As a consequence, the width of the optical emission
laterally is reduced. However, it is important to highlight here that there are several
factors that influence the spread o f current in the lateral direction. These factors are
discussed in greater detail in section 2.4 of this chapter.

Another consequence of etching a rib is that it creates a refractive index step between
the area outside o f the rib and the area underneath the rib (i.e. the deeper the etch
depth the greater the refractive index step). Just as in the vertical (y) direction the
device structure can also be designed to support only a single mode in the lateral
direction. This can be achieved by creating a narrow rib width (~5 pm) with the
appropriate lateral refractive index step. However all the SLDs used throughout this
research are not index guided devices and therefore have a relatively shallow etch
mainly for current confinement. In this type of device there exists a step difference
in the gain (i.e. complex refractive index profile), underneath and outside the rib. In
this case, it is gain guiding that produces the lateral mode profile.
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2.3 Rate Equations
The rate equation provides a relationship between the injected carriers and the
photons in the device. Solving the rate equations will give the spatial variation of
photons and carriers in the device. In this section the rate equations, [3], are derived
empirically by considering the conservation of charged carriers and photons in the
device.

First consider an optically active media (active layer) in which there is

optical absorption or gain (when sufficient inversion population density exist), shown
in Figure 2.4. In the derivation uniformity along x and y direction is assumed and
only variation in the z direction is considered (i.e photons travel either in the +ve z
direction or -ve z direction). It is also assumed that much of the optical field is
confined to the active layer between ± d/2. Let the photon density per unit effective
volume of forward traveling photons (+ve z direction) in this active medium be P and
the reverse traveling photons (-ve z direction) be Q. With reference to Figure 2.4, the
net number of forward traveling photons in this volume at a given time At is
(P (z,t+ A t)-P (z,t)).A V

(2.2)

where A V is the volume of the active media and AV = Ax. Ay. Az. Consider a density
of photons, P, of unit cross sectional area passing through the active media with a
uniform velocity v in the positive z direction. The number of photons entering and
leaving this volume A V after a time At can be written as:Entering

P(z, t). Ax. Ay.v. At

(2.3)

Leaving

P(z+Az, t). Ax. Ay.v. At

(2.4)

The change in net number of photons in the volume at a time At is
{P(z+Az, 0 - P(z, /)}. Ax. Ay.v. At

(2.5)
+d/2

-d/2
AZ
Z
Figure 2.4: A diagram illustrating photons passing through a volume element of length Az and
unit cross sectional area.
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Therefore the net number of photons in the active media after a time At is equal to
the change in the net number o f photons in the media plus the number of photons that
are generated.

In the active layer, photons are generated via two processes;

spontaneous emission and simulated emission.

Spontaneous emission occurs at random and therefore gives incoherent radiation.
Spontaneous emission also emits in all directions (isotropic radiation), in many
different wavelengths, phase and polarization. Here for simplicity polarization and
wavelength dependencies are ignored. Also since only the forward traveling photons
are considered, only a fraction o f the isotropic radiation actually contributes to the
forward traveling photons.

Let this fraction be represented by this symbol Sf.

Therefore contribution from spontaneous emission in the volume at a time At can be
written as:-

S f .— AV.At
r *>

(2.6)

where N is the carrier density and rsp is the spontaneous emission recombination
lifetime.

Contrary to spontaneous emission, stimulated emission gives coherent radiation
because all photons released have identical phase, polarization, wavelength and
direction. Therefore in the active layer, photons add in a constructive manner
providing amplification. The net number of stimulated emission in the volume at a
time At can be written as:-

g (N ).P ( z,t).At.AV

(2.7)

where g (N ) is the gain o f the material in units of time'1.

Thus using equation (2.5), (2.6) and (2.7) the net number o f forward traveling
photons in the media after a time At is

P((z,t+At) - P(z,t)).Ax.Ay.Az = (P(z,t) - P(z+Az,t)). Ax.Ay. At.v + g (N)P(z,t) +
S f .— .Ax.Ay.Az.At

(2.8)
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Dividing equation (2.8) through by Ax.Ay.A.z At and taking the limit of Az tends to
zero and At tends to zero gives the differential photon rate equation for the forward
traveling photons, which is given below in equation (2.9).

dP
dP ~ /Ar. D ~ N
— = - v — + g(N )P + Sf —
dt
dz
rsp

(2.9)

The photon rate equation for the reverse traveling photons, represented by the
notation Q, can be derived in a similar manner as in the case of forward traveling
photons and is given in equation (2.10) below.

f = i) f + g T O + ^ dt
dz
Tsp

(2.10)

For solutions with no time variation — =0 (i.e. steady state solutions) [3], the photon
dt
rate equations for forward and reverse traveling photons can be written as>

dP „ (N )
— = g -— P + S f
dz
v
f - ~ gm
dz

V

N

(2.11)

V .T sp

Qs r-

N

(2.12)

V .T sp

a(N)
i
where — —~=g(N) is the gain o f the material in unit length' and Sr represents the
v

fraction o f spontaneous emission in the reverse direction. Note, in the derivation of
the photon rate equations phase effects were not considered (i.e. averaged over
phase) since in the case o f LEDs a spread of wavelengths exists.
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The discussions have so far only considered the relationship between carrier
inversion population and the photons generated in the media. However, a similar
time dependent relationship can be derived between the carrier inversion population
and theinjected current density, given below in equation(A 1.8). The full derivation
for equation (A1.8) can be found in Appendix 1A [3].

^-= ~ g (N )[P + Q ]-—
dt

In equation (A 1.8),

q .d
q

(A1.8)

Tsp

is the electron charge,

d

is the thickness of the active layer and

Jo is the injected current density. The steady state solution to equation (A1.8) takes
the form [4]:

& = g (N )[P +Q] +—
qd
t Sp

(A1.9)

In the formulation o f the ray model for TSLDs the steady state solution of the rate
equations has been used to form the basis o f the model.

Discussion on the

comprehensive ray model for TSLDs is given in Chapter 6 of this thesis.
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2.4 Current Spreading and Carrier Diffusion
Figure 2.5 illustrates the flow of current in a typical rib structure s/c device. In this
type of device, due to the rib, current that is injected is constricted at the edges and
flows mainly in the centre region. However, once free from the restriction of the rib,
the current spreads laterally in the cladding layer. This results in a current density
distribution Jy(x) as shown in Figure 2.5. At the boundary between the cladding and
active layer the current flows vertically into the active layer. Finally, in the active
layer the lateral movement of carriers takes place by diffusion.

Current injected into
d e v ic e ------

Arrows show current spreading in
cladding layer and into active layer

Current density
distribution Jy{x)

Cladding layer
Active layer

Carrier density
distribution N{pc)

Cladding layer
..............

Recombination of carriers
Arrows indicating lateral
diffusion of carriers

Figure 2.5: A diagram illustrating the process of current spreading in the cladding layer and
carrier diffusion in the active layer for a rib geometry device.

In this research two existing models have been used to quantify current spreading
and carrier diffusion.

The first model by Yonezu et. al. [5], gives a relatively

simplified treatment of current spreading which deals particularly with the edge
leakage current that flows laterally in the cladding layer outside the area of the rib.
The second model [6], deals particularly with the lateral spread of carriers caused by
diffusion. The model, [6], employs the continuity equation [7], which in general
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represents the conservation o f carriers in the active layer. By using the calculated
current density distribution, obtained from [5], the diffusion equation is solved, to
give the carrier density distribution.

However, the above is true if the diffusion

coefficient, which is material dependent, is known. The diffusion coefficient is
obtained by matching the calculated carrier density squared profile with the
experimentally measured spontaneous emission profile.

Discussions on the current spreading model and the diffusion model are given in
section 2.4.1 and 2.4.2 respectively. The experimental and simulation techniques
used to obtain the diffusion coefficient and the carrier density squared profile is
given in section 2.4.3.
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Current Spreading Model

Cladding layer
Active layer
layer

Iinj = uniform current under stripe
I0 = current flowing in the y direction

I total ~ hry 2/0

Figure 2.6: Current flow model for current spreading effect calculation.

In the model, [5], the distribution of current density across the junction Jy{x) is
obtained approximately by assuming constant current density Je at the junction
underneath the rib, illustrated in Figure 2.6. Outside the rib however, the current
density varies with x and decreases as \x\ increases, these assumptions are
represented by equation (2.13) and (2.14) (see Appendix A in [5] for full derivation)
J =J = #
* * LW

Jinj

i\x\<—
i W
I I 2

(2.13)

i i W

(2.14)

Ix I> —
2

tv)

\x\ —
1+

2

PPyh

»

nkT

-

and P y =

P

d„.L

In the equations (2.13) and (2.14), Io is the current flowing in the x direction in the
cladding layer, Iinj is the uniform current underneath stripe flowing into the active

26

Chapter 2

Carrier Distribution in Semiconductor Devices

layer, ft is the exponent in the usual current-voltage equation of the diode, £0 is the
spreading length o f the injected current from the edge of the rib at x = ± W/2, p c is
the resistivity of the cladding layer and dc is the remaining thickness of the cladding
layer after etching, L is the cavity length and W is the width of the rib. In some
devices the cladding layers does not consist of one homogeneous layer with cladding
thickness dc and resistivity p c .

Sometimes there are more layers with different

thickness (dj, d2 , ds) and different resisitivity { p ^ p 2,p^). In such a case the variable

d and p in all the equations is to be replaced by an effective cladding thickness deff
and peff. These values can be calculated with the following equations:-

d = deff = di+d2+ds

P = P eff =

dx+d2 +d2
d-t d i d'y
P\

Pi

Pi

In brief, the important point to note from the model is that the current density
distribution Jy(x) and current spreading length £0, for a device of length L, depends
on four parameters, which are:

1. dc - remaining cladding layer thickness after etching
2. W - width of the rib
3. Nc- doping density o f the cladding layer since pc= — -— , p D- hole mobility
qPpNc
4. I total - total current injected into the device

The parameter Nc is usually supplied by the GaAs material manufacturer.
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Simulations Results and Discussions

A number o f simulations was performed to study the effect each of these parameters

W, dc, Nc, and Itotai have on the current spreading length, £0. Table 2.1 contains the
dimensions o f the devices used and the relevant parameters for which the simulation
was made. The simulations were based on two different types of semiconductor
materials, QT543R and QT503A. Both materials have been used throughout the
research to fabricate the SLDs. Specification for these materials can be found in
Appendix 2A.

Note, in the actual simulation three out of the four parameters

mentioned above are kept constant while one is varied. Figures 2.7, 2.8, 2.9 and 3.0
shows the different effect each of the four parameters mentioned above have on£0.
Device
Parameters

QT543R

QT503A

Description/ unit

W

50

50

rib width (/mi)

L

1000

1000

length of device (//m)

Nc

7.5 x 1017

9.0 x l O 17

cladding layer doping density (cm'3)

dc

1.0

0.85

remaining cladding layer thickness (wm)

tip

200

200

hole mobility (cm /Vs)

Itotai

1.0

1.0

total injected current (A)

Table 2.1: Device dimensions and relevant parameters used in the simulations.

Figure 2.7 shows a graph o f £0/W in percentage against W, which gives an
indication o f how much current has leaked out sideways for stripe widths varying
from 5//m -50/mi.

The graph shows that in both materials (QT543R and QT503A)

for stripe widths < 10/mi, as much as 20-30% of the total current has leaked out
sideways in the cladding layer.

In narrow stripe devices £0 can be limited by

reducing the doping density Nc, which effectively increases the resistivity of the
cladding layers. The drawback with this method is that the resistance to injected
current is also increased. Alternatively reducing dc will help limitf0, but at the
consequence o f increasing the lateral refractive index step. This may or may not be
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Figure 2.7: Graph of £ 0/W X 100(%)

Figure 2.8: Graph of £0 against Itotal

against W
6.5

QT503A

QT503A

QT543R

QT543R

o
o
X

J

4.0

U 3.5
3.0
5 10 15 20 25 30 35 40 45 50

500

K

dc
Itotal

QT543R
7.5 x 1017
1.0//m
1.0A

QT503A
9.0 x 1017
0.85//m
1.0A

Figure 2.9: Graph of £ 0 against dc

900

1100 1300 1500

Injected current, I,otai (mA)

Width of the rib, W (urn)
Fixed parameters

700

Fixed parameters
Nc

dc
W

QT503A
9.0 x 1017
0.85/mi
50/zm

QT543R
7.5 x 1017
1.0//m
50//m

Figure 2.10: Graph of

against Ne

6.5

QT503A

QT503A

QT543R

QT543R
4 . 0 -------------- ------- -------------- ------2.0 1.8 1.6 1.4 1.2 1.0 0.8
Remaining cladding layer thickness, dc (/im)
Fixed parameters
Nc
W
I total

QT543R
7.5 x 10, ;
50jUm
1.0A

QT503A
9.0 x 10l7
50//m
1.0A

1.5E+17

4.5E+17

7.5E+17

1.05E+18

Cladding layer doping density, N c (cm'3)
Fixed parameters

dc
W
Itotal

QT543R
1.0//m
50//m
1.0A

QT503A
0.85/mi
50//m
1.0A
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desirable depending on the particular application of the device.

Conversely, the

graph indicates that in broad area devices the loss of current flowing sideways is less.

Figure 2.8 shows a graph o f £0against the total injected current Itotai- The graph
shows a steady decline o f £0 with increase in current. In both materials a 300%
increase in injected current sees a 50% drop in current spreading length. This is due
to the fact that the p-n junction is in forward biased condition and thus current is able
to flow more easily across the junction into the active layer.

Figure 2.9 shows a graph of £0against the remaining cladding layer thickness after
etching dc. As expected, in both materials £0 decreases as dc is reduced. However,
the graph shows that for the same value of dc, current spreading is slightly less in
material QT543R than in material QT503A. This is to be expected as the cladding
layer resistivity is higher in QT543R than in QT503A since the value for Nc is lower
in QT543R (see Table 2.1).

Figure 2.10 shows a graph of £0against Nc. In this simulation Nc was varied between
1.0 x 1016 cm'3 up to 1.0 x 1018 cm'3 (i.e. going from higher to lower resistivity).
Results show that for the same value o f Nc current spreading is higher in material
QT543R than in QT503A. This is not surprising since the cladding layer thickness

dc is slightly thicker in material QT543R.

In conclusion, with reference to Figure 2.9 and 2.10, simulation results show that for
two devices with similar dimensions made from different materials, varying the
parameter dc and Nc had the most dramatic effect on the spreading length, i Q.
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2.4.2 The Continuity Equation

In general the continuity equation is simply an equation representing the
conservation of carriers in the active layer. In this case, the active layer thickness, d,
is smaller than the diffusion length. Hence the diffusion equation can be taken in the
lateral (x) direction alone and along the vertical (y) direction is uniform. Also, at low
currents stimulated emission is small and can be ignored. Furthermore, in GaAs
auger

recombination

can

be

thought

as

negligible,

leaving

spontaneous

recombination as the main carrier loss term. Thus the continuity equation [7] can be
written as:D ^d2N
m (x )_

ar

B r [ N o + N ( x ) ] N ( x ) = _ _J vj (±x z)

'------------- ^------------ '
A

(215)

qd

D = diffusion coefficient
No - doping density o f the active layer
Br — bimolecular recombination constant

In equation (2.15), ambipolar diffusion equation is assumed since both types of
carriers are present. Usually the injected carrier density N(x) is much bigger than the
doping density, i.e. No(N(x)»No), hence No in term A, which represents spontaneous
emission, can be neglected. Given the current density distribution, Jy(x), obtained
from [5], the continuity equation can be solved to find the distribution of carriers

N(x). Note the diffusion equation was solved numerically due to the nonlinearity of
the equation [6].

It is important to highlight here that N(x) at every point along the length of the device
can only be obtained if the diffusion parameter D is known. Although D is material
dependent it is however not specified by the manufacturer. However this parameter
can be obtained by matching the calculated carrier distribution profile with the
experimentally measured spontaneous emission profile.

The diffusion term D is

adjusted until an approximate shape fit is achieved. The experimental technique used
to measure the spontaneous emission profile is discussed in the following section.
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2.4.3 Experimental Technique
It was mentioned in section 2.3 that light emitted from SLDs is generated from
spontaneous and stimulated emission. If the current density in the device is very low
then it can be assumed that the spontaneous emission rate is much larger than the
stimulated emission rate. It is known from equation 2.15 that light generated through
spontaneous emission is represented by the formulae BrN \ x ) if No is negligible.
Therefore under the condition when stimulated emission is insignificant the
measured output light from the SLD can be said to be proportional to N (x). Hence
it is possible to compare the experimentally measured spontaneous intensity with
N \x ).

The experimental set-up to measure the output light from SLDs is shown in Figure
2.11. The device is placed in front of an objective lens which is used to focus the
light into an infra-red camera. In the measurement a short wave pass (SWP) filter
was used to ensure that only the shortest wavelength light is measured (i.e. light
generated near the output facet). Longer wavelength light originating from the back
has gain and therefore gives a distorted profile at the facet. The intensity recorded
should therefore be only from the spontaneous light generated very close to the
output facet. This light gives the position of the carriers in the active layer.

Furthermore to ensure that accurate measurements are being taken the exposure time
of the camera to the output light is kept to a minimum. This is to avoid camera burnin effect, which causes the signal to rise slowly over a number of minutes until
saturation.

s:

Output facet
Objective lens

SWP Filter

Vidicon Camera

Figure 2.11: Diagram of apparatus used to measure spontaneous emission from SLDs.
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2.4.4 Simulation Techniques
• First Test
In order to test the validity of the models in predicting the carrier density profiles
three simulation tests has been designed. In the first test only current spreading is
considered and the effect of diffusion is ignored, i.e. D = 0. Therefore equation
(2.15) can be written as (when No * 0 for undoped active layer)

J v ( X)

i

-JL— =Br ( N 2(x))

(2.16)

qd

In this simulation parameters such as W, L, Nc and dc are known and are listed in
Table 2.2. Note, in the simulation dc was allowed to vary up to ± 0.15/un from the
measured value in order to obtain the best match profile.

Material: QT503A
Device: UB1017

Sim 1
-b- Sim 2

Table 2.2

Experiment

W
1000//m

dc =

9.0 x 1017 cm'3
0.85/un

T-------- 1--------80

-60

-40

-20

0

20

40

60

80

Lateral distance, x (//m)
Figure 2.12: Comparison of the measured N \ jc) profile and the calculated N \ x ) profiles by the
current spreading model.

Results in Figure 2.12, show that a good match could not be obtained between the
experimental and the calculated carrier profile. Although a reasonable match from
the bottom half the profile was obtained for dc = 0.8/un, a good match from the top
half of the profile could not be obtained at all.
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Second Test

In the second test current spreading is ignored and diffusion is the only contributor to
the distribution of carrier in the active layer. Therefore in this case a rectangular
current density distribution is assumed, which can be written as

w <x<—
w

J0

v * )=

2
2
W
W
— < x < ----2
2

0

In this simulation the diffusion coefficient D, is adjusted until a match is obtained
between the calculated and the experimentally measured profile. Parameters used in
the simulation are given in Table 2.3.

1.2

-

°

Material: QT503A
Device: UB1017

Sim 1

® Sim 2

CM

0d

Table 2.3

Expenment

1

I~a

«U
-c

D =60cm2/s

Z>=80cm2/s

w

50//m

L

lOOOyum

Nc 9.0 x 10'7 cm'3

-o
9
Vi

dc

0.85/mi

O
Z
°QQDO
-80

-60

-40

-20
0
20
40
Lateral distance, x (jum)

60

80

Figure 2.13: Comparison of the measured N \ x ) profile and the calculated N \ x ) profiles using
the diffusion equation.

From Figure 2.13 it can be seen that a good overall match between the measured and
the calculated profile was not achieved. In the simulation a reasonable match from
the bottom half of the profile was obtained for D = 80cm2/s. Unfortunately, with this
value of D (80cm /s) the top half of the calculated profile is too narrow compared to
the experimental profile. Conversely, with D = 5cm2/s a good match from the top
half of the profile was obtained but the bottom half of the calculated profile is much
narrower than the measured profile.
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Third Test

So far the first two simulation techniques presented have not been successful in
obtaining a good match between the measured and the calculated N 2(x) profile. In
the third test both effects (current spreading and carrier diffusion) are considered.
The current density distribution J /x ) obtained from the current spreading model is
substituted into the diffusion equation. The diffusion equation is then solved
numerically [6], with D held as a constant. The simulation is then repeated for
different values of D until a match between the measured and the calculated carrier
density squared profile is obtained. Table 2.4 contains details o f the devices
measured.

Device

UB754

Material

QT543R QT543R QT543R QT503A QT503A QT503A

UB755

UB756

UB1027

UB1036

UB1037

W(/im)

50

50

50

50

50

50

L ipim)

1000

1000

1000

1000

1000

1000

dc («m)

1.0

1.0

1.0

0.85

0.85

0.85

Nc (cm'3)

7.5xl017 7.5xl017 7.5xl017 9.0xl017 9.0xl017 9.0xl017

Table 2.4: Details of the measured devices.

Figures 2.14, 2.15, 2.16, 2.17, 2.18 and 2.19 shows the best match profiles for
several parallel stripe SLDs made from material QT543R and QT503A. An overall
good match between the measured and calculated N \ x ) profile was obtained for all
the devices listed in Table 2.4. The best matched profiles for devices made from
material QT543R were obtained with D = 30cm2/s and for devices made from
material QT503A with D = 40cm2/s.

Accuracy o f the diffusion coefficient

measurement is of the order ± 5cm /s as changes in the diffusion coefficient smaller
than this have a negligible effect on the carrier profile.
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_o
’•4—
»

0.6

)_

C

-60

-40

-20

0

20

40
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Figure 2.14: Comparison of the measured carrier density N 2(x) profile of device UB754 at 0.5A
and the calculated 7V2(jc) profile.
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Figure 2.15: Comparison of the measured carrier density 7V2(x) profile of device UB1027 at
0.5A and the calculated A^2(x) profile.
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1.2 1
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Figure 2.16: Comparison of the measured carrier density 7V2(jc) profile of device UB755 at 1.0A
and the calculated N 2(x) profile.
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Figure 2.17: Comparison of the measured carrier density iV2(.x:) profile of device UB1036 at
1.0A and the calculated N 2(x) profile.
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Figure 2.18: Comparison of the measured carrier density N 2 (x) profile of device UB756 at 1.5A
and the calculated N 2(x) profile.
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Figure 2.19: Comparison of the measured carrier density iV2(jt) profile of device UB1037 at 1.5A
and the calculated N \ x ) profile.
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2.5 Concluding Remarks
A discussion on carrier and optical confinement in semiconductor rib structure
devices has been given in section 2.2 since the SLDs presented in this thesis are of
this type. This is followed by a discussion on the photon rate equations in section
2.3, which is used in the formulation o f the ray model for TSLDs in Chapter 5 and 6.
In particular the distribution o f carriers in s/c rib structure devices, determined by
current spreading and carrier diffusion, has been discussed in section 2.4.

The

distribution o f carriers is o f interest since in TSLDs there is a lateral (x) and
longitudinal (z) variation o f carriers. Therefore to model such devices it is essential
to be able to accurately predict the carrier density profile N(x) at every z. In order to
predict the carrier density profiles two existing models has been used [5], [6].
Results presented in section 2.4 have shown that both factors (current spreading and
carrier diffusion), must be considered to obtain the best match profile between
experiment and those predicted by the model.
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Chapter 3
Parallel Stripe Superluminescent Diodes

3.1 Introduction
The primary objective o f this chapter is to present the results of a theoretical study of
parallel stripe superluminescent diodes (PSLDs). In particular to examine the effects
of hole-burning that occurs at high levels o f pumping. Findings from the theoretical
study will contribute towards improving methods of increasing the available output
power from SLDs. The chapter begins with a description of the mathematical model
used to analyse such structures. The model has been developed using the steady state
rate equations, which was introduced in the previous chapter in section 2.3.
Simulation results from the model are then presented and discussed. The effects of
various parameters such as facet reflectivities and length of device are shown and the
significance o f these results in terms o f high power superluminescent design is
discussed. Finally comparisons o f the experimental results from fabricated PSLDs
with those predicted from the model are presented.

3.2 Description of the Model
The theoretical study o f the parallel stripe superluminescent diode (SLD) structure,
Figure 3.1, which is considered in this model, is restricted to a one dimensional
(longitudinal) analysis. In order to maintain the one dimensional analysis several
simplifying approximations were made. The approximation amounts to neglecting
the effects o f current spreading and carrier diffusion. However, the complication
introduced by optically induced carrier depletion (hole-burning) is included in the
model. In general such an analysis is computationally expensive. This is because a
self consistent solution to the rate equations [1] must be found at every step along the
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length of the device. In order to reduce the excessive computational time, a quasianalytic approach based on a constant carrier analysis first introduced by Streifer [2]
for the analysis of laser diodes, but subsequently applied by Adams [3] to SLDs, was
applied for this work. The large saving in computation time is achieved because the
rate equations, assuming constant carrier, have relatively simple analytic solutions.
The numerical computation is then reduced to evaluating an algebraic equation to
self-consistently determine the value for the assumed constant carrier density
distribution. The important point to note here is that the numerical computation now
solves a set of algebraic equation rather than a set of coupled (non-linear) differential
equations, which involves directly solving the rate equations.

A further feature of this model that has been included is the evaluation of the
longitudinal distribution of the carrier density distribution. In an actual device the
longitudinal distribution of carriers is not constant, although initially in the model
this was assumed to be constant. Consequently, the constant carrier method allows
the value of the carrier density that is consistent with the actual photon density in the
device to be found relatively fast, which is then used to find the longitudinal
distribution of carriers. This new feature enables a direct visualization of the holeburning effects, which occurs when the photon density in the device is large. More
importantly, this permits the consideration of design features to reduce hole-burning
effects in order to achieve a more efficient device operational characteristic and thus
increase the available output power from the device.

Passive region
(highly absorbing)

Current injecting stripe
contact
W - stripe width
Lc - stripe contact length

Active layer

Output facet

Figure 3.1: Schematic diagram of a parallel stripe SLD with a passive absorber at the back.
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The numerical procedure followed to find thelongitudinaldistribution
and carriers in parallel stripe SLDs using the constantcarrier

of photons

method is given in

Figure 3.2. First, the set of first ordinary differential equations (A3.1), (A3.2), which
are coupled via the charge conservation equation (A3.10) are solved as shown in
Appendix 3A.

0 L =m . P+? L .2 L
dz
v
v rsp

(A3.1)

& =- M L . Q - i r W . 2 L
dz

V

U

(A3.2)

TSp

^ = g (ffp (z,N )+ Q (z,N )\+ —
yd

(A3.10)

TSp

The analytic solution for these equations takes the form, [4]:
P(z, N ) = P0 exp(fz) + (exp(gz) - 1 ) ^ ,

(A3.17)

Q{z, N ) = Q0 ex p (-fz) + (exp(-^z) - 1 )Qsp

(A3.18)

where N is the constant carrier density, Po and Qo are constants associated to the
spontaneous emission in the device, zsp is the spontaneous emission recombination
lifetime, and g is given by:

- =m =r ao(.N-NT)
v
u

(31)

where g (N ) is the material gain, r v is the optical field confinementfactor in the
verticaldirection, N t = 1.55 x 1018 cm"3 [1] is the transparency carrier density for
GaAs, and ao is the gain constant.
1.0

The initialvalue for N isarbitrarily set at

x 1018 cm'3 for the first iteration, which is just below thevalue for N t- The

material gain obtained is then used to calculate Psp and Q

which is given by:

N
Psp= -L -—

(A3.8)

— S
QsP=
^

(A3.9)

-

N
*sp

where 8 ^ is the fraction o f spontaneous emission considered to contribute to the
forward and reverse traveling photons.
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Calculate Gain g
equation (3.1)
Calculate
Psp

>

Qsp

equations (A3.8), (A3.9)

Calculate
Po, Qo

equations (A3.19), (A3.20)

Calculate
P(N), Q(N)
equations (A3.13), (A3.14)

A = ^

qd

B=g{N)[P(N) +Q{N)]
Else change N and repeat
calculation until A = B
If A = B

Calculate
P(z,N), Q(z,N)
equations (A3.17), A(3.18)

Calculate N(z) equation (3.3)

L

Figure 3.2: Flow diagram of the numerical procedure to find the self-consistent value for the
assumed constant carrier distribution.
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Next the values for Psp and Qsp obtained are used to calculate for Po and Qo, which
satisfy the boundary conditions at z = 0 and z = Lc (see Figure A3.1 in Appendix 3A),
given by:

j - [ P t + W k Gk (Gk -l)Psp+ M G L' - 1 ) 0 sp]
Qo =R l GL' 2P0 +R l GL'(G L' -\)P s p + (Gk - 1 )Qsp

(A 3 .1 9 )
(A3.20)

GL = exp(gLc)
where Pi is a constant related to the photon density at z = 0 taken to be equal to one,
and Ro and Rl are facet reflectivities at z = 0 and z = L respectively. Finally the
values for P (N ) and Q (N ) are calculated and substituted into the charge
conservation equation (A3.12), given below.
(A3.12)

A

B

where
(3.2)
and
(A3.13)

(A3.14)

In the equations above Jo is the current density taken to be constant along the length,

Iinj is the injected current, W is the width and Lc is the length of the stripe contact. In
the model the current density is assumed to be constant throughout the rectangular
striped contact region and to remain so throughout the different layers o f the double
heterostructure material.
(A3.12) is a constant.

Therefore for a given current,

term A in equation

In the simulation new values for P(N )and Q {N ) are

calculated with different values o f A until term B equals to that o f term A in
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equation (A3.12). Having found the self consistent value of N , it is then substituted
into equations (A3.17) and (A3.18) to give the photon distributionP(z,N) and
Q(z,N) at several points along the length.

These values are then stored and is

subsequently used to calculate the variable carrier distribution N(z) given by:
N ( z ) = J L ~ g ( N ) ( P ( z , N ) + Q( z , N )) • Tsp
qd

(3.3)

3.3 Simulation Results - Theoretical
A number of PSLDs have been simulated to study the longitudinal distribution of
photons and carriers in the device. A diagram to explain the notation used in this
section is shown in Figure 3.3. In all the simulations the devices had stripe width
W= 50/um.

Table 3.1 contains the relevant parameters used in the simulation. The

simulation results are divided into two main categories; i) the longitudinal
distribution of photons and carriers at low and high current densities and ii) the light
output characteristic from the cleaved end face RLcand from the other end of the
stripe R q.

Diode Chip

Pumped (Gain)
Passive region
(unpumped)

Stripe contact

Ro = 0

►
Emitted light

Top view

Side view

Figure 3.3: Schematic diagram of a parallel stripe SLD from the top and side, showing the
notations used in this section.
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Abbreviation Parameter

Value

front facet reflectivity

0.3

Ro

back facet reflectivity

0.0

Br

bimolecular recombination constant

1.0 x 1 0 10 c m V

rv

Vertical confinement factor

0.74

D

active layer thickness

0.3yum

*4

Table 3.1: Relevant parameters used in the simulation

3,3,1 Longitudinal Photon and Carrier Distribution

Figure 3.4 shows a plot o f the photon density distribution of forward *P9 and reverse
‘2 ’ traveling photons for low current density, Jo = 1100A/cm2. The carrier density
distribution is also plotted on the same graph for comparison. The vertical scale of
the graph is arbitrarily normalized so that the maximum photon and carrier density
becomes unity. A rough approximated value for the carrier density A can be obtained
from equation (2.16) given in Chapter 2. Ignoring the effects of current spreading
and carrier diffusion such that J /x ) = Jo and D = 0, equation (2.16) is rearranged to
give:
iV= I—
\q d B r

(3. 4)

and from equation (A3.3) the material gain can be written as:

g ( N ) = a 0( \ J ^ - - N T)
\qdB r

(3.5)

Hence in the case for Jo= 1100 A/cm , the material gain g (N ) = -4.44cm , which
means that the active medium is slightly lossy. It can be seen from Figure 3.4 that
there is a build up o f photon density in the direction of travel for both forward ‘P ’
and reverse ‘g ’ traveling photons. This build up is attributed to the summation of
the photons that are spontaneously emitted along the longitudinal direction. It is
however not due to the amplification o f spontaneous emission in the medium since
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g(N) is negative. Note that the carrier density distribution is flat at low current
densities.

Figure 3.5 shows a plot o f photon and carrier distribution for high current density,

Jo = 6000A/cm2 with g(N) = 220cm'1. The plot shows that the photon density
distribution inside the device at high current densities is very asymmetric. The
photon density at z - L c for the forward traveling photons ‘P ’ is very much smaller
than the photon density for the reverse traveling photons ‘Q’ at z = 0. This is a
natural consequence of the boundary condition of the SLD since the front facet
reflectivity, RL = 0.3 provides a much larger initial value for ‘Q at z - L c than for
‘P* at z - 0 with R q= 0. As a result the reverse traveling photons ‘Q attains a much
larger value than ‘P ’, due to amplification of spontaneous emission, as it reaches

z = 0. The growth o f the reverse traveling photons ‘g ’ becomes so large that it
significantly depletes the carriers in the rear of the SLD as shown by the carrier
distribution plot. As a consequence the material gain is also reduced since it is a
function of the carrier inversion population. Hence, it is evident from the simulation
that the growth rate of the forward traveling photons at high current densities is
greatly reduced due to hole-burning effect.
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Figure 3.4: Carrier and photon density distribution of forward and reverse traveling photons
in the PSLD for low current density, J0 = 1100A/cm2. W = 50//m and Lc = 1000//m.
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Figure 3.5: Carrier and photon density distribution of forward and reverse traveling photons in
the PSLD for high current density, J0 = 6000A/cm2. W = 50//m and Lc = 1000//m.
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3.3.2 Light-Current Characteristic

The photon density distribution inside the SLD is essentially of academic concern
however the output power that can be collected from the output facet is also of
interest.

Figure 3.6 and 3.7 shows a comparison of the output power from the

cleaved end facet with the power that is lost from the rear end facet, versus current
density for two different lengths Lc. Simulations were made for the case Ro = 0 and
Rl = 0.3. The plot shows that the amount of power that escapes uselessly into the
back passive region is much greater than that is accessible at the cleaved end facet.
A SLD with Lc = 1000/un at Jo = 8000A/cm2 delivers ~ 60mW at the cleaved end but
losses almost 20 times as much power into the back passive region.

Even for a

shorter SLD with Lc = 500//m at Jo = 14000A/cm2, the ratio is still about 1 to 10,
shown in Figure 3.7.
1 200 -i

1000

- - Back Facet
800

£
B
Front Facet

ic
O,
=5

o
200

-
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1

2

3

4
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6

7

8

9

Current density, J0 (A/cm2)
Figure 3.6: Output power from the cleaved end facet and from the back end facet for device
with W = 50/zm and Lc = 1000/vm. R0 = 0 and RL = 0.3.
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Figure 3.7: Output power from the cleaved end facet and from the back end facet for device
with W = 50//m and Lc =500 //m. R0 = 0 and RL = 0.3.
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High Power SLD Design Consideration

In its simplest configuration the stripe SLD has almost zero reflectivity at its far end
at z = 0 and finite reflectivity at z = Lc, at its output end. However, simulation results
of the photon and carrier distribution given in Figure 3.5 show that the reflected
power from the front facet (z = Lc), in particular at high levels of current density
causes severe carrier depletion to occur at the rear of the device. Consequently, the
growth o f the forward traveling photons that delivers the output power is very much
reduced. Also, the light-current characteristic given in Figure 3.6 show that a device
with high reflectivity at the output end causes more power to reflect back into the
device and is dumped uselessly into the back passive region than is available at the
output. Therefore operating the SLD with a cleaved output end, with RL = 0.3,
results in the least favorable design.

Hence, it is evident from the simulation results shown in section 3.3 that a more
efficient SLD operational characteristic could be achieved if a highly reflecting
mirror could be placed at z = 0 (i.e. back end facet Ro) and the front end reflectivity

R ^ almost zero. However the drawback with this method, as has been discussed in
Chapter 1 in section 1.3, is that very high quality multilayer A-R coatings (R-10'6) at
the front facet are needed to inhibit lasing. Unfortunately, multilayer A-R coatings
require complex and often expensive fabrication techniques.

Conversely, high output powers can be obtained from SLDs if facet reflectivities of
both front and back (real or effective), could be reduced and optical feedback into the
device suppressed. The simplest method to reduce reflectivity at the back end, Ro, is
by terminating the stripe contact before it reaches the edge of the chip [5], thereby
creating an absorbing region. However, it is worth mentioning here that at high
levels o f electrical pumping the absorbing region can be optically pumped to
transparency and lasing does occur with self sustained oscillations as seen in tandem
laser structures [6]. Some o f the simplest method that have been used to reduce the
front end facet reflectivity is by applying anti-reflection coating [7] or by inclining
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the stripe contact at angle with respect to the normal o f the output facet [8]. In this
section, the effect o f reducing the front facet reflectivity, RLc , has on the operational
characteristic of the SLD is investigated. Simulation results are shown in Figure 3.8
and 3.9 respectively. In addition, the effect of changing the length of the device is
also investigated and results are shown in Figure 3.10.

Figure 3.8 shows a plot o f photon and carrier distribution for high current density,

Jo = 6000A/cm2 with front facet reflectivity RLc =0.01. Simulation was for a device
with W - 50/un and Lc = 1000/un. The plot shows that the photon distribution in the
device is now more symmetric compared to the photon distribution plotted in Figure
3.5. More importantly the carrier density distribution after the reduction of the front
facet reflectivity is flat without a dip at the rear of the device, which is characteristic
of hole-burning effect.

Figure 3.9 shows the corresponding output power versus current density before and
after the reduction o f RLc , for a device with W = 50/un and Lc = 1000/un. At low
current densities there is little difference between the device with RLc = 0.3 and the
device with Rlc= 0-01 • However, at high current densities the output power from
the device with Rlc= 0.01 is increased by as much as four times compared to the
device with R ic— 0.3.

A comparison o f the carrier density distribution plot in

Figure 3.5 and in Figure 3.7, for Jo = 6000A/cm2, confirms that the rise in output
power arises from the reduction in carrier depletion at the rear of the device. This
method o f increasing the output power is by far the simplest with no extra drive
current needed.

It is also possible to combine the reduction in output facet reflectivity with an
increase in stripe length to obtain an even larger increase in output power. Figure
3.10 shows a plot of output power versus stripe contact length LCi of a device with

W= 50/un for Jo = 6000A/cm2.
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Figure 3.8: Carrier and photon density distribution of forward and reverse traveling photons in
the PSLD for J0 = 6000A/cm2 with R r = 0.01. W= 50//m and Lc = 1000/^m
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3.5 Experimental Results
The light-current (L-I) characteristics o f a number o f PSLDs were measured.
Devices were made from semiconductor bulk material QT503A. The specification
for this material can be found in Appendix 2A. The devices all had 1000/mi long
stripe contact with 50/mi wide output facets. Devices were mounted p side down on
copper heat sinks and were measured with 4//s pulses and a 250:1 duty cycle. The
experimental technique used to measure the light-current characteristic of the devices
are detailed in Appendix 3B.

Figure 3.11 shows a comparison of the measured output power versus current density
for devices UB1036 and UB1037 with those predicted from theory. It can be seen
from the plot that a reasonable match has been obtained. However the theoretical
curves have higher slope efficiency than the experimental curves. This could be due
to the fact that current spreading, carrier diffusion and loss terms such as
nonradiative recombination was not included in the model.
It was shown in Figure 3.9 that when the output facet reflectivity is reduced from 0.3
to 0.01 an increase in output power by as much as four times was observed. Hence, a
single layer of anti-reflection (A-R) coating of about 2% was applied to the output
facet of UB1037. The light-current characteristic of this device was re-measured and
compared with that before A-R coating. The curves plotted in Figure 3.12 show that
as much as four times increase in output power has been obtained at about

Jo = 5000A/cm2 after A-R coating compared to before A-R coating.
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Figure 3.11: A comparison of the calculated and measured L-I characteristic of UB1036 and
UB1037, before A-R coating.

300 -

Before A-R

250

After A-R
£

200

-

£

¥
I

150 -

Oh

o
&

8 10(H

2

3

4

Current density,

5

6

7

(A/cm )
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Conclusions

A simple one dimensional model, using the constant N method, of parallel stripe
SLDs that simulates the L-I characteristic and photon distribution has been
developed. Also, the model has been extended to include optically induced carrier
depletion.

This new feature has not only enabled a direct visualisation of the

longitudinal distribution of carriers but also hole-burning effects that occur at high
levels o f pumping. Furthermore, it has been possible to simulate SLDs with different
values o f front facet reflectivities to investigate the effect this had on the longitudinal
distribution o f carriers in the device.

Simulation results given in Figure 3.6 and 3.7, show that the amount of power that
escapes uselessly into the back passive region is far greater than that is accessible at
the output facet for an SLD with a finite front facet reflectivity.

In addition, with

reference to Figure 3.5, at high levels o f pumping, the reflected power severely
depletes the carrier at the rear of the device. This in turns limits the available output
power from the device. Simulation and experimental results have shown that this
problem is easily overcome by reducing the front facet reflectivity, i.e. applying anti
reflection coating on the front facet. This technique has not only reduced the effect
o f carrier depletion but also increased the output power many times over. However,
it is important to note that reduced front facet reflectivity alone is not enough to
ensure efficient SLD operation. The back facet reflectivity must also be low enough
to prevent optical feedback from occurring, since power reflected back and forth can
cause the device to break into laser oscillation.

In conclusion, the key requirement to obtaining high output powers from SLDs is
low facet reflectivities both front and back. However, achieving low facet
reflectivities is a challenging task, although high quality A-R coatings of the order of
10"6 has been achieved, it however involves complicated and expensive fabrication
techniques. Thus, alternative methods to reduce facet reflectivities (front and back)
that are simple and cost effective have been investigated and are presented in the
following chapter.
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4.1

Introduction

It was concluded in Chapter 3 that the key requirement to obtaining high output
powers from superluminescent diodes (SLDs) is low facet reflectivities (front and
back).

High facet reflectivities both front and back in SLDs accentuate optical

feedback, which results in lasing to occur. Removing only the back facet reflectivity
will eliminate optical feedback but unfortunately problem still remains. Simulation
results presented in section 3.2 o f Chapter 3 have shown that devices with high front
facet reflectivity, especially at high levels of pumping, suffer from severe depletion
of carriers at the rear o f the device. As a result gain is reduced and consequently the
available output power from the device is limited. Therefore, for high power SLD
operation, low facet reflectivities o f both facets must be maintained to avoid the
problems mentioned above.

Many research groups in the past have used complex and often expensive fabrication
techniques to achieve the required low facet reflectivities. In this chapter a new
structure for high power SLD operation which incorporates a two-dimensional etched
deflector is described. This new design meets the above requirement but has an
additional advantage over other SLD designs mentioned in Chapter 1, as it is cheap
and simple to fabricate.

Also to note from the literature review (Chapter 1), is that

high output powers have been obtained form tapered geometry devices.

It was

reported in [1], [2] that devices with these structures demonstrate high output power
saturation compared to broad area devices. The desirable feature mentioned above
lead to the design and development o f tapered geometry SLDs (TSLDs).
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The experimental results of the characterisation of TSLDs are contained in this
chapter. The effect of the etched deflector, anti-reflection coating and different taper
flare angles on the performance of the device are presented and discussed. Finally,
the light-current characteristic of parallel stripe SLDs and tapered SLDs are
compared.

4.2 Tapered SLD Structure with Novel Etched Deflector

A number of TSLDs with deflectors were fabricated from bulk material QT543R.
The specification for this material can be found in Appendix 2A. The taper is in the
form of a shallow ridge produced by ion-beam etching (etch depth = 0.9//m) which is
designed to reduce current spreading but produces only negligibly small lateral index
guide. Deflectors were etched through the active layer and lower cladding layer to a
depth of 6/an. Figure 4.1 shows a schematic of one of these devices.

Taper contact

Etched deflector

max

Z

Figure 4.1: Schematic diagram of the TSLD with a ‘V’ groove etched deflector incorporated in
the rear of the device.
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Figure 4.2a and 4.2b illustrates how the deflector works. The ‘V’ groove etched
deflector as shown in Figure 4.2a is inclined at an angle, 6d ~ 10° to the horizontal
(x) axis.

This is to prevent any reflections that occur due to changes of index

between the cladding layer/substrate boundary, or from the substrate/metal boundary,
from re-entering the active region. The ‘V’ groove deflector is also inclined at an
angle 45° to the vertical axis (y) axis, Figure 4.2b. This is to deflect photons away
from the transverse (y direction) multi-layer waveguide and into the substrate where
it is efficiently absorbed. Details of the deflector fabrication can be found in
Appendix 4A.
Etched deflector

Photons emerge from active layer

yL

(a)

Tapered contact

Photons prevented from re-entering active layer

Etched deflector

Photons emerge from active layer

45°

Capping layer
Cladding layer
Active layer
Cladding layer

Photons deflected into
substrate layer--------

Substrate layer

B ottom m etal contact

Figure 4.2: Schematic diagram of a tapered SLD with a two-dimensional etched deflector in the
absorbing region, (a) top view, showing the deflector axis inclined at 10° with respect to the jc
axis, (b) side view, showing the deflector walls inclined at 45° with respect to the y axis.

62

Chapter 4

4.3

Tapered Superluminescent Diodes

Experimental Results

A number o f TSLDs were fabricated and measured. The devices were mounted p+
side up on copper heat sinks with Indium solder and tested with 2jus pulses and a duty
cycle o f 10:1. Several devices were also fabricated without deflectors to investigate
the ability o f the etched back deflector in reducing optical feedback.

The

experimental technique used for the following measurements are detailed in
Appendix 3B. Table 4.1 contains descriptions of the devices measured.

Device Number

UB763A UB763B

UB766A UB766B

Wide facet, Wmax (jjm)

100

100

100

100

Narrow facet, Wmin (/an)

5

5

5

5

Taper Contact Length, Lc (/an)

1000

1000

1000

1000

Deflector

Yes

No

Yes

Yes

Deflector distance, Li (/an)

500

—

100

200

Table 4.1: Dimensions of TSLDs used in the measurement

4,3,1 The Effect o f the Etched Deflector

Two devices were fabricated with and without the etched back deflector in order to
investigate its ability in suppressing lasing. Figure 4.3 shows a plot of output power
against current for these devices.

The solid curve represents the TSLD with a

deflector (UB763A) and the dashed curve represents the TSLD without a deflector
(UB763B). Results show that the device without the etched back deflector (UB763B)
reached lasing threshold at about 1.7A of current. Further evidence o f this can be
seen in the near-field intensity profiles, measured below and above 1.7A, given in
Figure 4.4. Well before the onset o f lasing the near-field profile is broad covering
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the whole width of the output facet. However, above 1.7A, the near-field intensity
profile is much narrower with a series of troughs and peaks, indicating the presence
of higher-order modes.

Conversely the TSLD with the etched back deflector (UB763A) did not exhibit any
lasing characteristic up to 3.2A of current. The measured near-field intensity profiles
plotted in Figure 4.5 are stable and broad at several currents. This proves that the
etched back deflector is very effective in reducing optical feedback and suppressing
lasing.

180
Without deflector (UB763B)
With deflector (UB763A)

150

120

£

B

&
3

o
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0.9

1.3

1.7

2.1

2.5

2.9

3.3

Current (A)

Figure 4.3: Measured light-current (L-I) characteristics of devices UB763A with a deflector and
UB763B without a deflector.
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Figure 4.4: Near-field profiles of UB763B without etched deflector measured at 1.0A and 2.2A
of current.
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Figure 4.5: Near-field profiles of UB763A with etched deflector measured at 1.0A and 2.2A of
current.
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4.3.2 The Effect o f Varying Deflector Distance L 1

The effects o f varying the deflector distance Li, shown in Figure 4.6, on the electrical
efficiency o f the TSLDs are investigated.

The devices all had Wmax - 100/mi,

Wmin = 3ywm and Lc = 1000/mi. Three devices were measured and compared, which
are:
i)
ii)
iii)

U B 7 6 6 A -L /= 100//m
UB766B - L j - 200/jm
UB763A- Li= 500/zm

A

deflector

V

Figure 4.6: Schematic diagram of TSLD with etched back-deflector. L2 is the distance between
the deflector and the device.

Figure 4.7 shows a plot of output power against current for devices UB766A,
UB766B and UB763A. At low currents there is little difference in output power that
these devices yield. However at high currents, the difference becomes significant,
with output power increasing with increase in Li. Note, the front facets were not A-R
coated. It was shown in the previous chapter that optical feedback from the front
facet causes carrier depletion, due to large power densities occurring at the rear end
of the device. Consequently, devices with long absorption region absorb more light
which in turn reduces the power density at the rear of the device. Therefore, devices
with long absorbing region are able to deliver more power than those with short
absorbing region. More importantly, this exercise demonstrates that devices with an
etched back deflector does not require excessively long absorption region to suppress
lasing. This is an advantage since there is no wastage o f material and devices can be
made to be more compact in size.
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Figure 4.7: Measured light-current characteristics of devices UB763A (Z,/=500/im), UB766A
(L/=100/im) and UB766B (L,=200//m)

4.3.3 Anti-Reflection Coating on the Front Facet

•

Light-Current Characteristic

Device UB763A was measured before and after the wide facets was A-R coated with
a single layer of Zirconium Oxide/Titanium Oxide (Zr02/Ti02). The wide facet was
A-R coated to about 2% reflectivity. Figure 4.8 shows a plot of output power versus
current before and after the wide facet was A-R coated. From the curves plotted it
can be seen that after A-R coating as much as four times increase in power have been
obtained with the device yielding over 500mW at about 4.5A of input current. At the
time the research was conducted, this was reported to be the highest recorded power
obtained from a SLD [3].
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It has also been reported in the literature that by using a spherical lens to collimate
the beam and a cylindrical lens to remove the astigmatism, coupling efficiencies into
a single mode fibre of over 50% can be achieved from taper devices, [4], [5].
Therefore it is estimated that powers in excess of 250mW can be coupled into single
mode fibres from the TSLDs described in this section.
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Figure 4.8: Measured light-current characteristics of device UB763A before and after A-R
coating of the front facet.
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Near-Field Intensity Distribution

The near-field intensity profiles for UB763A were measured to investigate if there is
any clear difference in the intensity distribution across the output facet before and
after A-R coating. Figure 4.9 shows experimentally measured near-field profiles of
device UB763A after A-R coating taken at several currents. Comparing Figure 4.5
(near-field before A-R coating) and Figure 4.9 one can see no significant difference
in the measured near-field profiles obtained before or after A-R coating.

•

Far-Field Intensity Distribution

The far-field intensity profiles for device UB763A were measured at several currents
after A-R coating. The profiles obtained are shown in Figure 4.10. In general the
far-field intensity profiles up to 3A of current had FWHM of ~ 56° narrowing
slightly to FWHM ~ 50° at 4A of current. The narrowing of the far-field intensity
profiles can be understood by considering that at high currents (high gain), the
effective depth contributing to the output power is now the entire length of the
device.

Rays originating form the back of the device carry the most power and

radiate over small angles (essentially parallel to the z axis). Hence, the observed
decrease in far-field FWHM as current is increased.
2A

3A

4A

0

30
60
90
120
Lateral distance, x (//m)

Figure 4.9: Measured near-field profiles UB763A at several currents after A-R coating.
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Figure 4.10: Measured far-field profiles of device UB763A at several currents after A-R coating.

•

Spectral Distribution

Figure 4.11 shows the spectral variation o f the light output from device UB763A at
several currents.

The spectral distribution had an approximately 9nm FWHM

bandwidth over the current range 1A to 3A. Broadening of the spectra to 1lnm was
observed at 4A of current. This phenomenon was also observed by Boeck and Aman
[6]. The width o f the spectra distribution is related to the width of the gain curve. At
high current densities the gain curve broadens with the increase in the quasi-Fermi
separation, which in turn causes the broadening of the spectral distribution.

A shift in the peak o f the emission wavelength from 883nm to 888nm was also
noticed with increase in current. The movement o f the spectral peak to long
wavelengths has been shown theoretically by Goebel et. al, [7].

This has been

attributed to heating effects in the active layer, [8]. Mounting the device p+ side
down, i.e. placing the active region closer to the heat sink should reduce the effect of
heating.

More importantly no discernible Fabry-Perot resonances were observed
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even at high currents.

This confirms that facet reflectivities are low and that

feedback into the active region has been reduced significantly.
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Figure 4.11: Emission spectrum at several currents from UB763A.
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Variation in Taper Flare Angles - Experimental

The effect o f varying the taper flare angles on the performance of the tapered SLDs,
in particular on the angular intensity distribution, has been investigated.

The

experimental results o f the measured light-current characteristic, near-field and farfield intensity distributions are contained and discussed in this section. Taper flare
angles Or, are defined as;
tan Oj — WmJ L c
Devices with a variety o f flare angles have been fabricated and measured. Table 4.2
contains descriptions o f devices measured. All devices were fabricated from bulk
material QT503A. The specification for this material can be found in Appendix 2A.

Device No

UB1041Y UB1036Y UB1058Y UB1062Y

Wide facet, Wmax (pm)

50

100

150

200

Narrow facet, Wmin (pm)

5

5

5

5

Taper Contact Length, Lc (pm)

1000

1000

1000

1000

Contact Area (pm2)

25,000

50,000

75,000

100,000

Deflector distance, Lj (pm)

500

500

500

500

Flare Angles, Or

2.86°

5.71°

8.53°

11.31°

Table 4.2: Dimensions of TSLDs used for measurements in this section.

4.4.1 Light-Current Characteristics before and after A-R coating

Figure 4.12 shows the measured output power against current curves for devices
UB1041Y, UB1036Y, UB1058Y and UB1062Y, before the wide facets were A-R
coating. At low currents, the smaller area devices (UB1041Y and UB1036Y) have
higher slope efficiencies than the larger area devices (UB1058Y and UB1062Y).
However, at high currents the slope efficiencies for the smaller area devices has
decreased. This is due to the high power densities in these devices. High power
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densities cause the depletion of carriers and a reduction in gain, which in turn limits
the output power. In contrast at high currents the larger area devices have better
slope efficiencies. This is because the overall power densities in these devices are
lower due to the larger active area. Over 130mW has been obtained from the device
with the biggest flare angle (UB1062Y).

Figure 4.13 shows the various light output against current curves from the devices
after the wide facets were A-R coating. From the curves plotted it can be seen that
the slope efficiencies especially at high currents for all devices have improved. Once
again over 1500mW of output power has been obtained from the device with the
largest flare angle (UB1062Y)
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Figure 4.12: Measured light-current characteristics of devices UB1041Y, UB1036Y, UB1058Y
and UB1062Y before the wide facets were A-R coated.
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Figure 4.13: Measured light-current characteristics of devices UB1041Y, UB1036Y, UB1058Y
and UB1062Y after the wide facets were A-R coated.

4.4.2 Measured Lateral and Angular Intensity Distribution after A-R Coaling

•

Near-Field Intensity Distribution

Figures 4.14, 4.15, 4.16, 4.17 shows the measured near-field intensity profiles from
the output facets of devices UB1041Y, UB1036Y, UB1058Y and UB1062Y
respectively after A-R coating at different currents.

Most of the TSLDs showed

some narrowing of the near-field profiles with increase in current. However, the
near-field intensity profiles for device UB1062Y shown in Figure 4.17 consistently
displayed asymmetric distribution at various currents. The asymmetry is presumed to
be due to the uneven deposition of gold contact, which results in the uneven lateral
distribution of current in the device.

•

Far-Field Intensity Distribution

Figures 4.18 and 4.19, shows the measured far-field intensity profiles of the devices
for two different currents. The far-field profiles shown in Figure 4.18 was measured
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at 1A o f input current, which is before the on-set of superluminescent operation (refer
to Figure 4.13). For low bias current and correspondingly high loss, the output
angular intensity distribution for devices with large Or, is almost Lambertian,
meaning that it’s angular dependence is a cosine function. The full width at half
maximum (FWHM) for UB1062Y, which has the largest taper flare angle is ~ 80°.
For devices with small Or the radiation pattern is narrower, even at low bias current,
with a FWHM of ~56° for UB1041Y. At low bias current (low gain) the output
radiation that escapes from the SLD, originates in a volume depth close to the output
facet. In the case when the width o f the output facet is wider than the effective depth
from which the rays originate from, the SLD is considered a Lambertian radiator.
Conversely when the output width is narrower than the effective depth of the
originating rays, the SLD gives narrower angular intensity distribution.

This is

because rays escaping at larger angles originate from a depth on the order of the
output width, thus carrying less power. Consequently, rays escaping at zero radiation
angles, i.e. longer path length, have more power.

Figure 4.19 shows the far-field intensity distribution for the TSLDs measured at 3A
of input current. For higher bias current the angular intensity distribution narrows
with increase in gain. This can be explained by using similar arguments as in the low
bias current case. The effective depth of the originating rays at high currents is now
the entire length of the device. Rays originating form the rear end of the device cany
the most power and are mostly directed at zero radiation angles.

The far-field

intensity FWHM o f the TSLDs measured at 1A and 3A o f current is compared and
tabulated in Table 4.3.

FWHM

UB1062Y

11.31°
8.53°

60°

UB1058Y

200
150

50°

UB1036Y

100

5.71°

62°

UB1041Y

50

2.86°

56°

30°

Flare Angle

(Or)

o

Wmax ( / ® l )

00
oo

FWHM

Device No

0
O
"3-

I=3A

or-

I=1A

Table 4.3: The FWHM of devices UB1062Y, UB1058Y, UB1036Y and UB1041Y is compared at
low and high currents.
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Figure 4.14: Measured near-field profiles of UB1041Y (50/an TSLD) at several currents.
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Figure 4.15: Measured near -field profiles of UB1036Y (100/an TSLD) at several currents.
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Figure 4.16: Measured near -field profiles of UB1058Y (150/an TSLD) at several currents.
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Figure 4.17: Measured near -field profiles of UB1062Y (200/an TSLD) at several currents
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Figure 4.18: Measured far-field profdes of devices UB1062Y, UB1058Y, UB1036Y and UB1041Y
at 1A of current.
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Figure 4.19: Measured far-field profiles of devices UB1062Y, UB1058Y, UB1036Y and UB1041Y
at 3A of current.
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Shape Comparison - Parallel Stripe and Taper SLDs

A comparison between parallel stripe and taper SLDs o f equal area has been made
and is presented in this section. The measured L-I slope efficiency increases made
possible by a single layer of A-R coatings to parallel and tapered SLDs are also
presented. A total o f six devices, three parallel stripe SLDs (PSLDs) and three
tapered SLDs (TSLDs), were measured. All devices were 1000/zm long and were
fabricated from material QT543R.

Specification of the material can be found in

Appendix 2A. Table 4.4 contains descriptions of the devices measured.

Tapered SLD (TSLD)

Parallel SLD (PSLD)

Device No.

1036Y, 1037Y,

• 1036B, 1037B, 1038B

Wide facet, Wmax (//m)

100

50

Narrow facet, Wmi„ (pm)

5

50

Contact Length, Lc (/mi)

1000

1000

Deflector

Yes

Yes

Defl. Distance, L / (/zm) (pm)

500

500

Table 4.4: Dimensions of taper SLDs and parallel stripe SLDs.

4.5.1 Light-Current Characteristics before A-R Coating - Experimental
Figure 4.20 shows the light output against current curves for all the six devices. It is
clear from the graph that at high currents the TSLDs yields more power than the
PSLDs.

However this is not the case at all currents.

To understand how these

devices operate the plots are divided into two well defined regions:
1) Region A (0A - 1.2A) - a linear region (low currents).
2) Region B and C (1.2A - 4.0A) - an exponential region (moderate to high
currents).
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Figure 4.20: Measured light-current characteristics of TSLDs and PSLDs.

•

Region A - (0A - L2A)

Figure 4.21a, b and c shows the measured output power against current curves for
devices UB1036(Y,B), UB1037(Y,B) and UB1038(Y,B). From the curves plotted it
can be seen that at low currents, all the TSLDs yield more output power than the
PSLDs. This is not what one might expect considering that the total active area for
these two types of devices are equal.

This can be easily explained by first

considering that at low currents the medium is very lossy (absorbing). In this
situation the radiation that escapes from the SLD, which contributes to the output
power, originates from a volume close to the output facet (discussed earlier in section
4.2.2). In this case the width of the output facet for the TSLD is twice that of the
PSLD, hence bigger volume. Therefore the TSLD emits more power than the PSLD.
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Another interesting result that can be seen from the graphs plotted is that at about
0.8mA of current the two types of devices (parallel and taper) emit identical amount
of power.

At this value of current (0.8A), the current density Jo = 1600A/cm2.

Substituting this value into equation (3.4) from Chapter 3 gives the carrier density,
1ft
l
N = 1.42 x 10 cm' . This is close to the typical N transparency value for GaAs
based material, which is N » 1.5 x 1018 cm'3 [9]. At transparency, the medium is
neither absorbing nor does it have gain. In this situation rays of light generated at the
back of the device are able to propagate through to the output facet without suffering
any attenuation. As a result much of the light generated in the active area of the
device (defined by the top metal contact) is able to radiate out and contribute to the
output power. Given that the two types of devices (taper and parallel) have equal
active area the output power these devices emit at transparency are also equal.

1.8

TSLD

1.5

PSLD

oU
C

0.9

f
O

0.6
0.3

0

0.2

0.4

0.6

0.8

1.0

1.2

Current (A)
Figure 4.21a: Measured light-current characteristics of devices UB1037(Y, B).
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Figure 4.21b: Measured light-current characteristics of devices UB1036(Y, B).
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Figure 4.21c: Measured light-current characteristic of devices UB1038(Y, B).
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Region B and C - (1.2A - 4.0A)

Figure 4.23a, b and c show comparison of the light current characteristic for the taper
and parallel stripe SLDs between 1.2A - 4.0A. From the current range of 1.2A 2.0A, the parallel stripe SLDs yields more power than the tapered SLDs. To explain
this behaviour, consider that the active medium is no longer lossy but has gain with
rays originating from the rear end of the device contributing significantly to the
output power. For such rays, in fact, the exponential amplification it achieves is
highest due to its long path length. With reference to Figure 4.22, the total area of
the parallel stripe SLD, from z = 0 to z = LJ2, is twice that of the TSLD. Hence, the
parallel stripe SLD is able to generate more rays with long path lengths in
comparison to the TSLD. This results in the PSLDs yielding more power than the
TSLDs.
Parallel Stripe SLD
Tapered SLD
(TSLD) ■

Z = LJ2

z=o

Output facet

Figure 4.22: Schematic diagram comparing the total area of a PSLD and a TSLD. The diagram
also illustrates parallel rays with high gain originating from the back of the PSLD.

Interestingly, a change in trend occurs at about 2.0A of current, whereby the tapered
devices emit more power than the parallel stripe devices. Also evident from the
curves plotted is that the slope efficiencies at high currents for the PSLDs have
decreased. It is worth mentioning here that the front facet of these devices were not
A-R coated. The decrease in slope efficiencies seen in the parallel stripe devices is
due to carrier depletion (hole-burning), which limits the available output power from
the device. In contrast the tapered geometry devices showed less susceptibility to the
effects mentioned above and therefore delivered more power especially at high
currents. These results indicate that tapered geometry devices in general are less
sensitive to optical feedback from the front facet.
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Figure 4.23a: Measured light-current characteristics of devices UB1037(Y,B)* Solid curve tapered SLD UB1037Y. Dashed curve - parallel stripe SLD UB1037B.
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Figure 4.23b: Measured light-current characteristics of devices UB1036(Y,B)* Solid curve tapered SLD UB1036Y. Dashed curve - parallel stripe SLD UB1036B.
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Figure 4.23c: Measured light-current characteristics of devices UB1038O\B). Solid curve tapered SLD UB1038Y. Dashed curve - parallel stripe SLD UB1038B.
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4.5.2 Light-Current Characteristics after A-R Coating - Experimental
Figure 4.24 shows the measured output power against current curves for devices
UB1037Y which is a 100/zm wide TSLD and UB1037B which is a 50/mi wide
PSLD, after the output facets was A-R coated. Comparing Figure 4.24 with Figure
4.23a, it is clear that the slope efficiencies, especially at high currents, for both
devices have increased. Interestingly, either before or after A-R coating the tapered
geometry SLD still showed superior performance compared to the parallel stripe
SLD.
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Figure 4.24: Measured light-current characteristics of TSLD UB1037Y and PSLD UB1037B.

86

Chapter 4

4,5.3

Tapered Superluminescent Diodes

Near-Field and Far-Field Intensity Distribution after A-R Coating

The measured near-field intensity distribution from devices UB1037Y and UB1037B
is shown in Figure 4.25 and 4.26 respectively. It can be seen from Figure 4.25 that
the near-field intensity profiles o f the tapered SLD showed little change in profiles at
low currents but narrows slightly at high current. However, the parallel stripe SLD
showed slight changes in the near-field profiles with increase in current. A slight dip
in the middle o f the profile is observed. This indicate that even with A-R coating the
power density across the output facet of the parallel stripe SLD is high, which
suggests that the device is more prone to catastrophic optical damage (COD) than the
tapered SLD.

The far-field intensity distribution for these devices was also measured and is shown
in Figure 4.27 and 4.28. From these figures it can be seen that the far-field profiles
narrows with increase in current. On close inspection, at high currents, the far-field
profile from the tapered SLD (UB1037Y) is slightly narrower the parallel stripe SLD
(UB1037B). This is an unexpected result, as initially it was thought that the far-field
profile o f the TSLD would be broader than the PSLD, since it has a much broader
output facet.
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Figure 4.25: Measured near-field profiles of tapered SLD UB1037Y at several currents.
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Figure 4.26: Measured near-field profiles of parallel stripe SLD UB1037B at several currents.
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Figure 4.27: Measured far-field profiles of tapered SLD UB1037Y at several currents.
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Figure 4.28: Measured far-field profiles of parallel stripe SLD UB1037B at several currents.
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4.6 Conclusions
Experimental results presented in section 4.3 have shown that the combination of
tapered geometry contact, A-R coating on the front facet and the etched deflector in
the absorbing region has not only reduced facet reflectivities but significantly
improved the L-I slope efficiencies o f the TSLD. Output powers over 500mW quasi
CW was obtained from a 100/un wide and 1000/un long TSLD.

The spectral

distribution showed no discernible Fabry-Perot resonances up to 4A of input current.
The beam quality from this device was also good. The near-field field and far-field
profiles were broad and stable at various currents.

In section 4.4 it was shown that TSLDs with large flare angles emit high powers but
may not be suitable for fibre coupling applications. The far-field profiles FWHM
from these devices are broad and thus power may not couple well into the optical
fibre. However the TSLD flare angle can be designed to give narrower far-field
profiles in order to achieve better coupling to optical fibres. For TSLDs with small
flare angles the length of the device can be made longer to increase the output power
it yields.

An experimental comparison o f the output characteristics between PSLDs and
TSLDs has been made. Results from the light-current characteristic have revealed
that at high currents, tapered geometry SLDs gives superior performance compared to
parallel stripe SLDs of similar area.
susceptibility to power saturation.

This indicates that TSLDs have a reduced

However, unexpectedly, the measured far-field

profile from the TSLD has been found to be slightly narrower than the PSLD. The
reasons for this are as yet unclear.

In conclusion, tapered geometry SLDs has great potential for high power
applications. Also, the simple fabrication process and non-stringent tolerance of the
A-R coating make this device a cheap source of high-power wide-bandwidth
amplified spontaneous emission (ASE).
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5.1 Introduction

Experimental results presented in Chapter 3 and Chapter 4 have shown that a
combination of etched deflector and a single layer of anti-reflection (A-R) coating on
the front facet caused a dramatic increase in the output power of the TSLD. It is
essential to reduce reflected light from the front facet from coupling into the narrow
end o f the taper. This is because carrier depletion, [1], [2], in the narrow end of the
taper significantly reduces gain and consequently the available output power from the
TSLD.

It is expected that further reduction of the output facet reflectivity, e.g.

multilayer A-R coating, will further increase the output power from the TSLD.
However, the deposition of high quality A-R coatings requires complicated and often
expensive fabrication technique. As a consequence, alternative ways of reducing
front facet reflectivity has been investigated.

One o f the simplest methods for reducing the effective reflectivity o f the front facet is
to incline the taper contact at an angle with respect to the normal of the output facet.
This method has been used by Alphonse et al. [3] and Takayama et al. [4] on narrow
parallel stripe LEDs, and has been proven to be very effective. Hence, this approach
has been adopted for the TSLDs.

This chapter presents the experimental characterisation o f high power angled tapered
superluminescent diodes (ATSLDs), and demonstrates the effectiveness of angular
displacement o f the contact in reducing front facet reflectivity and hence improve
device performance. This chapter also describes the asymmetry of the near-field
intensity distribution obtained from ATSLDs and how they can be explained by a
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simple ray analysis. A discussion on the ray analysis method used to model the
ATSLD is given in section 5.3 of this chapter. In order to test the validity of the ray
model different experimental measurements were employed, one is the measurement
of the near-field profiles at low and high currents and the second is the spectrally
resolved near-field intensity profile of ATSLDs.

Discussions and results from the

measurements are presented in section 5.4.

5.2

Experimental Results

A number of ATSLDs with different inclination angle were fabricated from
semiconductor bulk material QT543R.

The specification of this material can be

found in Appendix 2A. Figure 5.1 shows a schematic diagram of the ATSLDs. A
number of devices have also been fabricated without the etched back deflector. The
devices all had Wmax = 100//m and were 1000//m long. Devices were mounted p+
side down on copper heatsinks, to avoid heating effects seen in the previous batch of
TSLDs presented in chapter 4.

Table 5.1 contains descriptions of the devices

measured. The measurement techniques used for the following measurements are
detailed in Appendix 3B.

Deflector
6j - taper angle
0D= 10°, deflector angle
a = angle of inclination

Taper contact

Figure 5.1: Schematic diagram of an ATSLD with an etched back deflector.
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UB763A UB764A UB764B UB765A UB765B UB1021

Inclination angle a

0°

5°

5°

10°

10°

5°

Wide facet, Wmax (jjm)

100

100

100

100

100

100

Taper length, Lc (//m)

1000

1000

1000

1000

1000

1000

Deflector

Yes

Yes

No

Yes

No

Yes

Def. Dis., Li (jum)

500

500

500

500

Table 5.1: Dimensions of ATSLDs used in the experiments.

5,2.1 Light-Current Characteristic

A number o f ATSLDs with angular displacements a = 5° and 10°, with and without
the etched back deflector were measured.

Figure 5.2 shows a plot of output power

against current curves for devices UB764(A,B) and UB765(A,B). The curves show
that the device with an angular displacement a = 5° (UB764B) without the etched
back deflector reached lasing threshold at about 2A of current. In contrast a similar
device (UB764A) with an etched deflector showed no lasing characteristics up to 4A
o f current. This indicates that a slight misalignment of the electrical contact does not
sufficiently reduce reflected light from the front facet to inhibit lasing. Therefore, in
this case, an etched deflector is necessary to destroy the optical feedback path and
suppress lasing. Conversely, the device with an angular displacement a = 10°
(UB765B) without the etched back deflector did not reach lasing threshold, which
indicates that there is sufficient suppression of reflected light into the active region.
Note also that a similar device (UB765A) with an etched back deflector emitted more
power, over 500mW.

Figure 5.3 shows a comparison between the measured L-I characteristics of ATSLDs
UB764A (a = 5°) and UB765A (a = 10°) with a head on taper UB763A (0°), before
and after the front facet o f UB763A was A-R coated. It can be seen from the curves
that only a moderate improvement in emitted power is obtained from the device with

a = 5° in comparison to the head on taper (UB763A) before A-R coating. However
higher output powers was obtained from the device with a = 10° (UB765A),
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indicating that an angular displacement of 10° is sufficient to produce a stronger
reduction in facet reflectivity than that obtained from a single layer of A-R coating,
which resulted in front facet reflectivity of ~ 2%.

600
10° ATSLED with deflector
500

10° ATSLED
5° ATSLED with deflector

£

o,
3

400

5° ATSLED

30
200

100
0
0.0

1.0

2.0

3.0

4.0

Current (A)
Figure 5.2: Measured L-l characteristics of ATSLDs UB764(A,B) and UB765(A,B).

600
10° ATSLED with deflector
500
£

0° TSLED with deflector & A-R coating
10° ATSLED

400

5° ATSLED with deflector
0° TSLED with deflector

300
200
100

0
0.0

1.0

2.0

3.0

4.0

Current (A)
Figure 5.3: L-I characteristics of ATSLDs UB764A, UB765A and TSLD UB763A before and
after A-R coating.

95

Chapter 5

5.2.2

Angled Tapered Superliiminescent Diodes

Measured Degree o f Polarisation

The light emitted by SLDs is partially polarised and is usually described by a
commonly used term, the degree o f polarisation (DOP). This is defined as

DOP =

). xl00%
(PTE + ? t m )

(5.1)

where P te and P tm are the power in the TE and TM polarisations respectively. The
factor of 100 simply converts the fraction into a percentage. Equation (5.1) implies
that the DOP is positive when the power is mainly TE polarised, negative when the
power is mainly TM polarised and zero when both polarisations contribute to the
output power.

To obtain the degree of polarisation of SLDs the light-current

characteristics of both TE and TM polarisations were measured. The measurement
technique is detailed in Appendix 3B.

The polarisation characteristics of laser diodes are different from SLDs, with the
output power being mainly TE polarised due to the reflectivity of the cavity facets,
[5]. The output powers from SLDs are not dependent on facet reflectivities and
therefore should show a slight preference for the TM polarisation. To verify this
several ATSLDs and a TSLD (head on taper) polarisation characteristics were
measured. Figure 5.4 shows a plot o f DOP against current for devices UB764A

(a = 5°), UB765A (a = 10°) and UB763A (a = 0°). All the devices show a distinct
preference for TE polarisation, which increases with injected current. It has been
suggested in [6], [7] that the preference o f TE polarisation is partly due to the fact
that the confinement factor for the TE polarised light is slightly greater than it is for
the TM polarised light. Hence, the gain experienced by the TE polarised light is
greater than that of the TM polarised light. Another contributing factor is that the
fraction o f spontaneous emission coupling to the TE and TM polarisation may not be
equal [8], [9].
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Figure 5.4: Measured degree of polarisation (DOP) of devices UB763A, UB764A and UB765A.

5.2.3 Lateral and Angular Intensity Distribution

•

Near-Field Intensity Distribution

The near-field intensity distributions of the ATSLDs were also measured. Figures
5.5 and 5.6 shows the measured near-field profiles at several currents of devices
UB764A (a = 5°) and UB765A (a = 10°).

The near-field profiles obtained are

asymmetric for both devices. It is also evident from the plots that the near-field
profiles of the device with the larger inclination angle a is more asymmetric than the
device with the smaller value of a. Note also that asymmetry in the near-field profiles
for both devices becomes more acute with increase in current. The near-field profiles
were measured using a X 10 objective lens with a small numerical aperture (NA) of
0.17.
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To investigate if the observed asymmetric near-field profiles are only typical of
ATSLDs, the near-field intensity distribution of a parallel stripe SLD (PSLD)
UB1091 with an angular displacement a = 5° was also measured. The device was
also measured using a x 10 objective lens with NA = 0.17. Device UB1091 is 50/an
wide and 1mm long with an etched deflector distance Li - 500/jm. Figure 5.7 shows
the measured near-field profiles at various currents for UB1091. It can be seen from
the plot the near-profiles obtained are also asymmetric.

The near-field profiles o f the ATSLDs, UB764A and UB765A, were also compared
with those from a head on taper (UB763A), given in Figure 5.8a. These profiles
clearly show the increase in asymmetry with increase in a. To investigate if the
observed asymmetric profile is the result of measuring these devices with a small NA
lens, the near-field measurements were repeated using a larger NA lens. In this case,
a X 40 objective lens with NA = 0.65 was used. Figure 5.8b shows the measured
near-field profiles o f the ATLDS and the TSLD (UB763A). Comparing Figure 5.8a
and 5.8b one can see a significant improvement in the near-field profiles of the
ATSLDs obtained with a large NA lens, i.e. the profiles are more symmetric.

Experimental results obtained have shown that the near-field profiles of angled
devices, parallel or taper, when measured with a small NA lens are asymmetric. This
can be explained by first considering that when there is significant gain in the
devices, rays originating from the rear end of the device contribute significantly to
the output power due to its long path length. In the case of the angled devices the
longest rays radiate over large angles with respect to the normal of the facet and
emerge from the output facet at even larger angles due to refraction. Therefore an
objective lens with small NA, i.e. small light acceptance angle, is not able to capture
these large angle rays successfully. As a consequence, asymmetric near-field profiles
are obtained. To verify the hypothesis discussed above the ray model for ATSLDs
using the ray analysis method have been developed, which is described in section 5.3.
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Figure 5.5
UB764A (ATSLD)
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Figure 5.6
UB765A (ATSLD)
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Figure 5.7
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Figure 5.5: Measured near-field profiles of ATSLD UB764A with NA = 0.17. Figure 5.6: Near
field profiles of UB765A. Figure 5.7: Near-field profiles of UB1091 with NA = 0.17.

99

Chapter 5

Angled Tapered Superluminescent Diodes

(a) NA = 0.17

(b) NA = 0.65
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Figure 5.8: Near-field profdes of UB763A (0°), UB764A (5°), and IJB765A (10°). (a) measured
with lens NA = 0.17. (b) measured with lens NA = 0.65.
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Far-Field Intensity Distribution

Figure 5.9 shows the far-field profiles of devices UB763A (a = 0°), UB764A
( a = 5°) and UB765A {a = 10°) measured at 3A.

Unlike the head on taper

UB763A the far-field profiles of the ATSLDs are not centred at 0°. The far-field
profile for the device with an angular displacement a = 5° is centred at the refracted
angle 17° and similarly for the device with a = 10° the peak of the far-field profile is
centred at 35°. These results demonstrate that rays originating form the rear end of
the device carry the most power and are essentially directed at the inclination angle
(a) of the taper contact.

UB763A
a= 0°

UB764A
a= 5°

-60

-40

-20

0

20

40

60

80

Angle (°)

Figure 5.9: Far-field profiles of UB763A, UB764A and UB765A measured at 3A.
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Ray Model for ATSLD

The ray model discussed in this section has been developed to estimate the near-field
profiles o f the ATSLDs across the output facet as a function of the NA of the
objective lens used for collecting the output beam. For computational simplicity,
approximations are used to reduce the problem to a one dimensional (lateral x)
analysis. First, the effects o f current spreading and diffusion are neglected. This
meant that carrier density distribution is assumed to be constant throughout the taper
shaped pumped region. Secondly, steady state conditions, — =0 are assumed, and
dt
plane waves

(ray optics) in the (x, z) plane of the junction. As has been discussed

earlier in Chapter 3 in section 3.2, the advantage of assuming

constant carrier density

distribution is that the steady state rate equations, [10], have relatively simple analytic
solutions.

The geometry of the problem is outlined in Figure 5.10, which presents the top view
of the ATSLD. The shaded area represents the collection of rays that are captured by
the objective lens. Figure 5.10 shows that the NA of the objective lens determines
the maximum external collection angle Be, and consequently the internal collection
angle 6 i at any point X on the output facet. The external and internal collection angle

(Be and Bj) is given by
0 E =sin-1(A/l)

(5.2)

Bj = sin-1 (— sin#£)

(5.3)

*72

where 7}\ is the refractive index of air and tj2 is the refractive index of the
semiconductor material. At each point X on the output facet o f the device and for
each angle Bs, which is the sweeping angle, it is possible to draw a ray of length
A

X J = L(XfBs). In the formulation only forward travelling photons (+ve z direction)
are considered. Therefore, defining s as the co-ordinate along the ray, and using the
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photon rate equation (2.9) given in Chapter 2, the rate of change of the forward
travelling photon density, P(s,0s ) , along the direction of the ray can be written as:

dp- m P(s,es)+Sf N

ds

u

(5.4)

TspV

where N is the constant carrier density, g(N ) is the material gain, Sf the fraction of
spontaneous emission in the forward direction, zsp the is the spontaneous emission
c

recombination lifetime and u=

the velocity of light in the semiconductor

11mat

medium of refractive index Tjmat.
Taper contact

Grey area represents collection of
rays that the lens is able to capture

Objective lens

Figure 5.10: Schematic diagram of the ATSLD illustrating the external collection angle 0E,
internal collection angle 0/ and the sweeping angle 0S.

From the derivation given in Appendix 3A it is known that the analytic solution to
equation (5.4) takes the form;
P(s) =

P0

exp{gL(X,0s)) +(exp(gL(X,0s) )-

(5.5)

The first term in equation 5.5 represents stimulated emission and is ignored here
since only spontaneous emission is considered.

103

Chapter 5

Angled Tapered Superluminescent Diodes

To obtain the near-field intensity distribution across the output facet, the power for
all the rays that are included in the shaded area must be summed at each point X on
the output facet. With reference to Figures 5.11 and 5.12 at each point X there exist a
limit angle 0iim= 0iim(X), given by
^ i f a W = ‘an 1 tan (/)+ -^ V

(5.6)

L C J

and
tan {y)=a + ^ -

(5.7)

where Wmax is the width o f the output facet and Lc is the contact length. The limit
angle

Oiim ,

may or may not divide the shaded (grey) area XT 1 T2 into two triangles,

depending on the position X on the output surface.

From this, two cases are

distinguished, the first case refers to Figure 5.11 where 0 < <9/ < 6hm and the second
case refers to Figure 5.12 where

61

> 0 ^ . In the two cases two different expressions

are derived for the length L(X,0s) o f the rays XJ. Applying the sine rule to triangle

XBTi in figure 5.11 for the first case, 0 <0j< 0lim, we obtain;
L{XtOs) =X

sin(^)

r 7t
„

\

0

<0 S <2 0 ,

(5.8)

sin ~ + d , - ( p - 6
J_ /-J

m

__ f-i ^

where

(5-9)
and

(5-10)
Having found the expression for L (X, 0S) the output power P(X) at each point X , in
this case, is found by integrating equation (5.5) which takes the form:
2 0i

P (X ) =

J

Psp(exp(gL(X,0s) - \ ) d0

(5.11)

0
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Similarly for the second case 6 j > 0iim, applying the sine to triangle XBT2 in figure
5.12, we obtain;

x-

sm
'«{</>)

° < 0 S <01im

sin ^-+ 0 ,- < p - 0 s

i{x,es)=

(5.12)

7t

sin —+
(Wmax- X ) ~
sin(0 s - 0 ,-</>)

fyim <&s< 2&I

The output power P(X), collected by the lens is calculated by summing the
contributions o f the rays X J that are included in the shaded (grey) area of Fig. 5.12,
given by:

90° + dim
P{X) =
J Psp(exp(gL(X,0s) - \ ) d 0 +
0

20,

_
} Psp(exp(gl(X ,0s) - \ ) d 0 (5.13)
90° + 0lim
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Figure 5.11: Schematic diagram of the geometry used in the ray model. Shaded (grey) area of
angular spread 2 0j represent the rays that are collected by the lens: first case 0 < Oj < 6iim .

Oj/2

A

X
1lint

B
Figure 5.12: Schematic diagram of the geometry used in the ray-model. Shaded (grey) area of
angular spread 20h which represent the rays that are collected by the lens: second case

0 1 > @lim •
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5,3.1 Simulation Results

The calculated near-field profiles o f an ATSLD with an angular displacement a = 5°,

Wmax - 100/an and Lc = 1000/an at several currents for NA = 0.17 and NA = 0.65 are
shown in Figure 5.13 and Figure 5.14. The calculated near-field profiles are clearly
asymmetric with the asymmetry increasing with increase in current, which concurs
with the experimental results presented earlier.

This can be explained by first

considering the fact that at high currents the active region is now the entire length of
the device. Therefore rays originating form the back end of the device, radiating over
large or small angles, carry the most power compared to rays that originate near the
facet.

Unfortunately, rays radiating over large angles originating from the back are

not efficiently captured by the lens. As a result the near-field profiles obtained at
high currents is more asymmetric than that obtained at low currents.

Nonetheless, simulation results also show that the near-field profiles obtained with a
large NA lens, either at low or high currents are more symmetric compared to those
obtained with a small NA lens. This is because a large numerical aperture lens is
able to capture more rays especially those that emerge at large refraction angles. In
this case, an objective lens with NA = 0.17 has light acceptance angle (external
capture angle), i.e. Qe = 9.8°. In comparison, an objective lens with NA = 0.65 has
light acceptance angle Qe - 40.5°.

Hence, with a large NA lens more rays are

captured resulting in a more symmetric near-field profile.

In order to test the validity of the model two different experimental measurements
were performed on the ATSLDs. The measurement techniques and the experimental
results obtained are discussed in detail in section 5.4.
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Figure 5.13: Calculated near-field profiles of an ATSLD with a = 5° and NA = 0.17 at several
currents.
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Figure 5.14: Calculated near-field profiles of an ATSLD with a = 5° and NA = 0.65 at several
currents.
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Validity of Ray Model

5,4.1 Experimental Near-Field Profiles at Low and High Currents

Figures 5.15 shows the measured near-field profiles for device UB764A (a = 5°) at
low currents (500mA) with NA = 0.17 along with curves calculated by the model.
Figure 5.16 show similar results for UB764A with NA = 0.65. The solid curve
represents the experimental result and the dashed curve represents the theoretical
result. Reasonably good agreement can be seen between the experimentally measured
near-field profiles and those predicted by the model.

Examining the near-field

profiles more closely and comparing profiles from Figure 5.15 with Figure 5.16, one
can see that the difference in asymmetry is not significant. As has been discussed in
section 5.3.1, at low currents much of the rays from the back suffers heavy
attenuation and thus do not contribute significantly to the output power.

Figures 5.17, 5.18, 5.19 and 5.20 shows the measured near-field profiles o f devices
UB764A and UB765A at high currents (3A) with NA = 0.17 and NA = 0.65
respectively.

The dashed curves in these Figures show the near-field profiles

calculated from the model. It can be seen from the graphs plotted that exact matches
between the experimental curves and the theoretical curves have not been obtained.
The disparity between experiment and theory is due to the fact that current spreading,
carrier diffusion and hole-burning effects have not been included in the model.
Nevertheless, the theoretical model does predict the trend of the near-field profiles
quite well.
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Figure 5.15: Measured near-field profile of UB764A at 0.5A using an objective lens with
NA = 0.17. Solid curve - experimental. Dashed curve - theoretical.
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Figure 5.16: Measured near-field profile of UB764A at 0.5A using an objective lens with
NA = 0.65. Solid curve - experimental. Dashed curve - theoretical.
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Figure 5.17: Measured near-field profile of UB764A at 3.0A using an objective lens with
NA = 0.17. Solid curve - experimental. Dashed curve - theoretical.
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Figure 5.18: Measured near-field profile of UB764A at 3.0A using an objective lens with
NA = 0.65. Solid curve - experimental. Dashed curve - theoretical.
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Figure 5.19: Measured near-field profile of UB765A at 3.0A using an objective lens with
NA = 0.17. Solid curve - experimental. Dashed curve - theoretical.
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Figure 5.20: Measured near-field profile of UB765A at 3.0A using an objective lens with
NA = 0.65. Solid curve - experimental. Dashed curve - theoretical.
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Spectrally Resolved Near-Field Profiles

To further test the validity of the model, spectrally resolved near-field intensity
measurements was performed on device UB1021 (a = 5°). It is common knowledge
that LEDs have a broad emission spectrum and that the material gain, g(N) is also
wavelength dependent, g(N,X).

Hence, the near-field profiles of LEDs can be

measured at several wavelengths that correspond to rays of light with high or low
gain. Typical spontaneous emission spectrum at several currents for device UB1021
can be found in Appendix 5A. With reference to the emission curves in Appendix
5A, the near-field intensity distribution of device UB1021 was measured at three
different wavelengths, X = 869nm, 873nm and 876nm.

—
Monochromator

-J]

CCTV Camera

Figure 5.21: Experimental apparatus used for spectrally resolved near-field measurements.

The experimental apparatus used in this experiment is shown in Figure 5.21. For the
spectrally resolved near-field intensity measurements a monochromator was placed
between lenses A and B. For the first set of measurements, a X 10 objectives lens
with NA = 0.17 (lens A) was used to collect the light from the front facet of the
device at the entrance slit of the monochromator. The X 40 objective lenses with
NA = 0.65 (lens B and C) was then used to collect the light form the output end of
the monochromator and focus it onto the vidicon camera. For the second set of
measurements, the X 10 objectives (lens A) was replaced with a X 40 objective lens
with NA = 0.65.
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Figure 5.22 shows the near-field profiles o f device UB1021 (a= 5°) measured using
an objective lens with NA = 0.17 (lens A) at 3A. It can clearly be seen that at the
peak of the emission spectrum (X = 869nm), i.e. rays with long path lengths the near
field profile is very asymmetric. At this wavelength, rays radiating over small or
large angles originate from the rear o f the device carry the most power and contribute
significantly to the output profile. However, due to the small NA of lens A, rays
radiating over large angles are not effectively captured. As a consequence, the near
field profile obtained at this wavelength is asymmetric. In contrast, when the near
field intensity distribution of device UB1021 was measured at X = 876nm, i.e. rays
with short path lengths, a near-symmetric profile is obtained. This is because rays
that radiate over small or large angles originating near the output facet cany very
little power and do not contribute significantly to the output profile.

Figure 5.23 shows similar results for device UB1021, measured using an objective
lens with NA = 0.65 (lens A). As expected at the peak of the emission spectrum

(X = 869nm) the near-field profile is very asymmetric and near the minima of the
emission spectrum (A, = 876nm) the near-field profile is more symmetric. Note that
the near-field profiles obtained with a large NA lens is more symmetric even at high
currents than that obtained with a small NA lens, Figure 5.22. As has been discussed
earlier, an objective lens with a big numerical aperture is able to efficiently capture
rays that radiate over large angles, which results in a more symmetric near-field
profile.

In general this experiment demonstrates that a symmetric near-field profile can be
obtained with a small NA lens by measuring the intensity distribution at the
appropriate wavelength. More importantly these results concur with the experimental
and theoretical results presented in section 5.4.1.
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Figure 5.22: Spectrally resolved near-field profiles of ATSLD UB1021 with NA = 0.17 at 3A.
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Figure 5.23: Spectrally resolved near-field profiles of ATSLD UB1021 with NA = 0.65 at 3A.
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5.5 Conclusions
The angular displacement o f the tapered contact SLD has proved to be a very
efficient way of reducing unwanted optical feedback from the front facet from re
entering the active region. The experimental results presented in this chapter
confirms that ATSLDs produce high output powers that are comparable to those
achieved by A-R coated TSLDs (from previous chapter), but with the advantage of
relatively simple fabrication process. Over 550mW has been obtained from the
device with an angular displacement a = 10° (UB765A), which is more than that
obtained from a head on taper UB763A with front facet reflectivity o f about 2%
^ (after A-R coating).

Disconcertingly, asymmetric near-field profiles of ATSLDs were obtained, when
measured with a small NA lens. Interestingly, asymmetric near-field profiles have
not been reported by other research groups [3], [4], mentioned earlier in the
introduction o f this chapter.

The ray model developed demonstrated that the

observed asymmetry is in actual fact the discriminating effect of the gain and the use
of a small numerical aperture (NA) lens when measuring the near-field profiles of
angled TSLDs. Theoretical results from the model for small and large NA lenses at
low currents are shown to match well with experimental results. However, at high
currents the theoretical profile does not closely match the experimental results. This
is due to several factors.

The ray model developed assumed constant carrier

distribution both laterally and longitudinally. It has been shown in chapter 2 that the
carrier distribution in tapered geometry devices varies quite considerably,
particularly in the longitudinal direction. Furthermore, hole-burning effects or carrier
deletion that occurs at the rear o f the device, as has been demonstrated in chapter 3,
is not included in the model. Nevertheless, the model does predict the trend of the
near-field profiles quite well. In addition, the spectrally resolved near-field profiles
obtained at several wavelengths further verified the theoretical and experimental
findings.
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6.1 Introduction

A number o f assumptions were made in the ray model discussed in the previous
chapter. One o f which is the assumption o f the uniformity of carrier density and gain
distribution throughout the device. Hence, it was possible to obtain a closed form
solution to the photon rate equation. In reality however, the carrier density and gain
distribution in a device is not uniform. As has been discussed in Chapter 2 the carrier
density distribution is determined by current spreading and carrier diffusion [1]. In
order to accurately predict the spatial characteristics (near-field and far-field intensity
distribution) o f SLDs these factors must be taken into account.

In this chapter, extension of the ray model to include lateral and longitudinal
distribution o f carriers is discussed. The advantage with including the lateral and
longitudinal distribution o f carriers is that it allows SLDs of various geometric
shapes, in the context of this research, parallel stripe, tapered and angled tapered
SLDs, to be analysed. The model (non-uniform carrier density) studies both the near
and far-field profiles and incorporates in-situ measured parameters. Simulation
results obtained from the two methods, assuming uniform and non-uniform carrier
density distribution, are compared. Finally some experimental results from parallel
stripe, tapered and angled tapered SLDs are presented and comparisons made with
those predicted from the comprehensive ray model.
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6.2 Description of the Non-Uniform Ray Model

The ray model has been extended to include the complexity of both lateral

(jc)

and

longitudinal (z) distribution of carriers, which is particularly inherent in tapered
geometry SLDs. Figure 6.1 shows a schematic diagram from the top, of a tapered
geometry SLD and the typical carrier density distribution in the device. In order to
include the non-uniform

(jc, z)

distribution of carriers in the device, the lateral carrier

density distribution N(x) must be found at every step along the length (z direction) of
the device.

Hence, the effects of current spreading and carrier diffusion, which

determines the carrier distribution in a device, must be included.

Grey area shows the lateral (jc) and
longitudinal (z) carrier density profile,

Light orange area represents
tapered contact

X

r

max

Figure 6.1: Schematic diagram from the top illustrating the lateral and longitudinal carrier
density variation in a tapered geometry SLD.
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The carrier distribution N(x) at all z can be obtained from the current spreading model
which incorporates in-situ measured parameters (refer to section 2.4 of chapter 2).
Unfortunately there is a disadvantage to using the current spreading model to obtain
the lateral carrier density distribution at every point along the length of the device.
This method is computationally demanding, given that it would involve calculating
and storing large amounts of data. From the literature however, it was found that
Kambayashi [2] in his model used a simple analytic expression to represent the
lateral carrier distribution N(x). Satisfactory results were obtained with this approach
and as a result a similar approach was adopted for this work. It should be noted that
the longitudinal (z) variation o f carriers were not included in [2], therefore the model
is restricted to only analysing parallel stripe SLDs.

In the ray model a super-gaussian function was used to represent the lateral carrier
density profile N(x) at all z, which is given by
f
^ s g (* > z )

x

\m

Amax^

(6.1)

and
max

Nsg - is the super-gaussian carrier density profile
Nmax - maximum value o f the carrier density
J
- injected current density
Wc(z) - is the carrier density profile width at e'1 from AUz* at each z
m
- (integer) super-gaussian exponent
In equation (6.1), Wc determines the width and theexponent mdetermines the shape
of the super-gaussian profile. In this model, the parameterWc and m is adjusted until
the super-gaussian (S-G) profile matches the carrier density profile obtained from the
current spreading model. It has been found that in trying to match the S-G profile to
the carrier density profile o f a tapered geometry SLD, parameters Wc and m, has a
linear relationship with z.

Hence it has been possible to represent this linear

relationship with an analytic expression. As a result the appropriate values of Wc and

m at each z can be easily obtained, which provides a large saving on computation
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time. Note, that when modelling parallel stripe SLDs Wc and m remains constant for
all z.

With N(x,z) known the near and far-field intensity profiles for these devices can be
calculated. Figure 6.2 outlines the geometry of the problem.

The area under

consideration is taken to be rectangular in shape, which includes the lateral extent of
the carrier distribution.

This is feasible since it is the carrier density profile that

ultimately determines the actual shape of the device, whether parallel or taper. In
Figure 6.2, Wi is chosen to be at the point where the value of the carrier density drops
down to about 0.01% from the maximum value.

Tapered contact

Parallel stripe contact

£

Figure 6.2: Illustrates the geometry of the problem.

At each point X on the front facet of the device and for each angle 0, a ray of length
L S(X, 0) can be drawn, which is the distance between J and X. Defining s = sX2as
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the co-ordinate along the ray under consideration, the rate of change of the forward
a

travelling photon density P{s,0 ) , is given by

^-=g(N(s,e))-P (s,e)+ d ^ ^ ds

t spv

(6.2)

where N(s,0) is the carrier density distribution in the active layer, g(N(s,0j) is the
optical gain in the medium,

8

is the fraction of spontaneous emission in the forward

direction, rsp is the spontaneous recombination time and v is the velocity of light in
the medium.

Given that the carrier profiles are expressed in terms of x and z, points on the ray s
must also be expressed in terms of x and z co-ordinate. In general the x and z co
ordinate for any point, e.g. T in Figure 6.2, along the ray s , is given by:

z = Lc- ( L s(x,0)-T).sin0

(6.3)

x = X - (Ls(x,0)-T).cos0

(6.4)

The power P0 (X ) carried by each ray o f length Ls(X,0) is found by integrating
equation [6.2] along the ray itself, which takes the form:

Ls(x,6 )
Pe( X ) =

jp(s,ff)ds

(6.5)

0

Due to the non-uniformity o f the carrier and gain distribution equation (6.5) is solved
numerically.
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Match Experimental Curves with
Theoretical Curves Obtained from
Current Spreading Model

Obtain Measured
Near-Field Profile

N{x^z) + diffusion parameter D

Use Super-gaussion (SG) Function to Represent
N{x^). Equation (6.1)

Ns^XyZ) + SG exponent m and Wc
Calculate Gain.
Equation (6.8)

Solve Photon Rate Equation
Equatiion (6.5)

Calculate Near-Field Profile
PNF( X ) Equation (6.6)

Calculate Far-Field Profile
Pff ( ^ ) Equation (6.7)

Figure 6.3: Flow diagram of the numerical procedure to calculate the near and far-field profile
of parallel stripe, tapered geometry SLDs and angled tapered SLDs.
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The numerical procedure followed to calculate the near and far-field profiles is
shown in Figure 6.3. First, the experimentally measured profile is matched with the
calculated carrier profile obtained form the current spreading model. From this the
diffusion parameter D is obtained and the carrier density profile N(x) at all z is found.
Next the super-gaussian profile is matched with the calculated carrier profile.
Having obtained the appropriate values for m and Wc, the lateral carrier density
profile at every z is then plotted with the super-gaussian function.

The S-G profile, Nsg(x^), obtained, is then used to calculate the local gain which is
given by:

g(XyZ) = r v x ao(Nsg(xz) - Nr)

(6.8)

where r v is the vertical mode confinement factor, cco is the gain constant and N j is the
transparency current density.

The power Pe (X ) carried by each ray is then calculated by numerically integrating
equation (6.5). Finally, having obtained Pe (X ) , the near and far-field profiles are
calculated. The near-field is simply the total intensity distribution across the output
facet given by the following

- 0A

(6-6)

where 0a = internal lens NA angle. It is worth mentioning here that 6 a < 6 ur, which
is the total internal reflection angle give by:

&,ir = s i n - l —
where rfr is the refractive index o f the active region. The far-field, which is the
angular distribution o f the output beam is given by:

WT

PFF( 0 ) = jP g ( X ) d X

(6.7)

0
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V alid ity o f the Super-G aussian A pproxim ation

In order to test the validity of the super-gaussian approximation a comparison was
made between this method and the current spreading model. For completeness the
calculated profiles are also compared with the experimentally measured carrier
distribution. Simulations from the current spreading model are based on material
QT503A. Parameters used in the simulation can be found in section 2.4 of chapter 2.

Figure 6.4 shows the experimentally measured carrier profile of a parallel stripe SLD
(UB1027) at 1A and the calculated profiles (current spreading and super-gaussian).
The device is 50//m wide and 1000//m long. As expected there is little difference
between the experimentally measured profiles and the calculated carrier profiles
obtained form the current spreading model. More importantly, the super-gaussian
profile is found to match quite well with the experimental and calculated profile.

Current spreading model
Super-gaussian
Experiment

l#

/

o
0.4

CC

-100

-50

0

50

100

Lateral distance, x (/jm)
Figure 6.4: Comparison of the experimentally measured carrier profile of PSLD UB1027 and
the calculated profiles. Device is 50/mi wide and 1000/on long. Super-gaussian exponent m = 8.
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The super-gaussian approximation was also tested on tapered contact SLD. Figure
6.5 shows the experimentall carrier density profiles at the output facet of a TSLD
(UB1037Y) and the calculated profiles measured at 1A. Once again the S-G profile
is found to match quite well with the experimental and calculated profile.

The

calculated near-field profile of the TSLD from the current spreading model and the
super-gaussian method at the narrow end of the taper is also shown in Figure 6.6. It
is clear that a fairly good match is obtained between the calculated carrier profile and
the

S-G approximation method even at the narrow end of the taper. In general the

S-G approximation provides a fast and effective method of obtaining the carrier
density profile at any point along the longitudinal z direction.

The saving in

computation time becomes even more significant when modelling taper SLDs rather
than parallel stripe SLDs due to the longitudinal variation of carrier density
distribution.

L2
Current spreading model
Super-gaussian

_ in

Experiment fJy

0.2

-120

-80

-40

120

Lateral distance, x (jrni)
Figure 6.5: Comparison of the experimentally measured carrier profile of TSLD UB1037Y and
the calculated profiles.
= 100/mi wide and 1000//m long. Super-gaussian exponent m = 8.
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Current spreading model
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Figure 6.6: Comparison of the calculated carrier profiles of TSLD UB1037Y at the narrow end
of the Taper.
= 3/ma wide. Super-gaussian exponent m = 12.

6.4

C om parison betw een the U niform and N on -U n iform N M ethod

Comparisons of the near and far-field profiles obtained by the two methods assuming
uniform and non-uniform carrier (N) distribution are presented in this section.
Comparisons were made for parallel stripe and taper SLDs.

6 .4.1

Near-Field Profiles

Figures 6.7 and 6.8, shows the calculated near-field profiles of a parallel stripe and a
taper SLD respectively. In the case of the parallel stripe SLD the calculated near
field profile from the uniform N method is square very much unlike the experimental
profile. While for the taper SLD the near-field profile is parabolic. In contrast,
simulation results from the non-uniform N method, offers a more realistic
representation of the near-field profiles, comparable to some of the near-field profiles
presented in Chapter 4.
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Non-uniform N
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Figure 6.7: Comparison of the calculated near-field profile obtained by the two methods
(unifrom and non-unifrom TV) for a parallel stripe SLD. W = 50/on and Lc = 1000/on.
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Figure 6.8: Comparison of the calculated near-field profile obtained by the two methods
(unifrom and non-unifrom N) for a taper SLD.
= 100/on and Lc = 1000/on.
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6.4.2 Far-Field Profiles

Figures 6.9 and 6.10, shows calculated far field profiles of parallel and taper SLD. It
can clearly be seen that the far-field profiles from the uniform N method for parallel
stripe SLD is triangular in shape. Conversely the far-field profiles of the taper SLD
is almost square. In contrast, the far-field profiles obtained from the uniform N
method have a much more rounded top and hence matches better with experimental
results.

Non-uniform N
Uniform N
I = 2A

haH

0.4
0.2

-40

-20

Angle (°)
Figure 6.9: Comparison of the calculated far-field profile obtained by the two methods
(unifrom and non-unifrom N) for a parallel stripe SLD. W = 50/mi and Lc = 1000/mi.
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Non-uniform N
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Figure 6.10: Comparison of the calculated far-field profile obtained by the two methods
(unifrom and non-unifrom N) for a taper SLD. W^nr = 100//m and Lc = 1000/ma.

6.5 Comparison between Experimental and Theoretical Results
The experimental results of the near and far-field profiles of parallel stripe, tapered
and angled tapered SLDs are compared with those predicted by the comprehensive
non-uniform A ray model. Table 6.1 contains details of the measured devices.

Device

UB1027 UB1038Y

UB764

UB765

Device type

PSLD

TSLD

ATSLD ATSLD

Angle of inclination, a

0°

0°

5°

10°

Output facet width, (jum)

50

100

100

100

Contact length, (wm)

1000

1000

1000

1000

Table 6.1: Details of devices measured and used in this section.
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Near-Field Profiles

Figures 6.11 and 6.12, shows measured near-field profiles of a parallel stripe SLD
(UB1027) and a taper SLD (UB1038Y) along with curves calculated by the model.
Excellent agreement can be seen between the experimentally measured near-field
profiles and those predicted by the model.

Figure 6.13 and 6.124 show similar

results for ATSLD (UB764) with a - 5°, measured at low and high currents using
small and large NA lens. At low currents, there is no significant difference in the
near-field profiles measured with either small or large NA lens. However at high
currents the asymmetry becomes more accentuated.

In both cases the profiles

produced by the model are shown to match quite well with the experimental profiles.

Measured
- - Calculated

0.6
1
M

0.4
0.2 J

-100

-50

0

50

100

Lateral distance, x (/an)
Figure 6.11: Measured and calculated near-field profiles of UB1027 Parallel Stripe SLD at 2A.
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Figure 6.12: Measured and calculated near-field profiles of UB1038Y Taper SLD at 2A.
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Figure 6.13: Measured and calculated near-field profiles of UB764 ( a= 5°) ATSLD at 0.5A.
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Measured
- - Calculated
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Figure 6.14: Measured and calculated near-field profiles of UB764 (a= 5°) ATSLD at 3A.

6.5.2 Far-Field Profiles

Figures 6.15, 6.16 and 6.17 shows measured far-field profiles of parallel, taper and
angled taper SLDs at several currents along with curves calculated by the model.
Reasonable agreement between experiment and theory can be seen for the parallel
stripe SLD.

However it can be seen from Figure 6.13 that the experimentally

measured far-field profiles of the taper SLD do not match very well with the
theoretical profiles especially at high currents. In the case of the ATSLDs, although
the peak of the far-field profiles predicted by the model match with the experimental
profiles, they are however much broader than the later.
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.15: Measured and calculated far-field profiles of UB1027 PSLD at 1A and 3A.
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Figure 6.16: Measured and calculated far-field profiles of UB1038Y SLD at 1A and 3A.
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Figure 6.17: Measured and calculated far-field profiles of ATSLDs UB764 and UB765 at 3A.
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6.6 Conclusions
A comprehensive ray model that provides a convenient straight- forward method for
modelling near and far-field profiles of parallel stripe, tapered contact SLDs and
angled contact SLDs has been developed. In-situ measured parameters have also
been included in the model to produce a realistic representation of the carrier density
distribution in these devices. Curve-fitting the carrier density distribution
parametrically at each point along the length of the device using the super-gaussian
function has simplified the computational scheme.

The near and far-field profiles o f PSLDs, TSLDs and ATSLDs at low currents are
shown to match quite well with those predicted by the model.

However the

experimentally measured far-field profiles, particularly of tapered SLDs at high
currents, do not match closely with the theoretical results. This could be due to the
fact that the model does not include hole-burning effect that is known to occur at
high levels of pumping. Also, at high currents, due to the presence of stimulated
emission, the devices are probably behaving like a partially coherent source. More
specifically, an increase in the spatial coherence of the SLDs. Hence, the spatial
coherence o f the SLDs could be measured at several currents to investigate if
increases in spatial coherence occur with increase in current.
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7.1 Conclusions
A model for edge-emitting parallel stripe SLDs (PSLDs) which incorporates hole
burning effects has been developed to arrive at design considerations for high power
tapered geometry superluminescent diodes. A number o f parallel stripe SLDs with
zero back facet reflectivity and finite front facet reflectivity has been analysed. The
model showed that SLDs with finite front facet reflectivity suffer form severe carrier
depletion at the rear end o f the device. This resulted in the reduction of gain and
consequently the output power. The model also showed that this problem (carrier
depletion) is easily overcome by reducing the front facet reflectivity, i.e. applying
anti-reflection (A-R) coating. As much as four times increase in output power from a
PSLD with a single layer of A-R coating has been measured. Therefore to obtain
high output powers from SLDs it is essential to reduce both facet reflectivities (front
and back).

A number o f tapered geometry SLDs (TSLDs) have been fabricated incorporating a
two dimensional etched deflector in the absorbing region. The importance of the
etched deflector has been demonstrated. TSLDs with etched back deflectors showed
no lasing characteristics even at high levels of pumping. In contrast devices without
etched deflectors reached lasing threshold.

In addition a TSLD with a combination

of A-R coating on the front facet and an etched deflector produced over 500mW
quasi CW o f output power. The effects of changes to the taper flare angle have also
been examined. It was found that TSLD taper flare angles can be designed to give
small or large output powers and also narrow or broad far-field profiles.
Experimental results showed that TSLDs with small taper flare angles yields
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relatively less power but gives narrow far-field profiles and hence are more suitable
for fibre coupling applications.

In comparison to PSLDs the TSLDs have been

shown to be less susceptible to power saturation especially at high levels of pumping.

The research work has also been extended to study other methods of reducing the
front facet reflectivity (i.e. apart from using high quality A-R coating). The angular
displacement of the tapered contact has demonstrated to be an efficient method of
reducing unwanted feedback into the active region. Experimental results showed
that an angled TSLD (ATSLD) yielded output powers comparable to a similar A-R
coated (R~2%) TSLD.

Disconcertingly, asymmetric near-field profiles from

ATSLDs when measured with small NA lens have been observed. The ray model
developed has demonstrated that the observed asymmetry is due to the discriminating
effect o f the gain and the use of the small NA lens. Comparisons with the simulation
results show good agreement between model and experiment for several devices
measured with different NA lens at various levels of currents.

Furthermore the

spectrally resolved near-field measurements performed on ATSLDs later confirmed
the theoretical findings.

A comprehensive ray model able to predict near and far-field profiles of parallel
stripe, tapered contact SLDs and angled contact TSLDs has been developed. The
model

includes

in-situ measured parameters,

which produced

a realistic

representation o f the carrier density distribution in these devices.

Also, the

computational scheme for the model has been made simple by using the supergaussian function to represent the carrier density profiles. Comparisons of the near
field and far-field profiles o f PSLDs, TSLDs and ATSLDs at moderate currents
between experiment and those predicted by the model show excellent agreement.
However measured far-field profiles o f TSLDs at high currents are narrower than the
simulated profile. The reasons for this are as yet unclear but could be due to phase
effects seen in the measured profile that the model does not take into account.
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Future Work

The work contained in this thesis has shown that tapered geometry SLDs produce
high output powers. It was shown in chapter 3 that SLDs with finite front facet
reflectivity suffer from severe carrier depletion at the rear of the device which
reduces gain in the region. Hence A-R coatings have been used on the front facet to
reduce the power density occurring in the narrow region.

However, improving the

L-I slope efficiencies by longitudinally varying the current density remains to be
investigated. Based on a similar work [1], it may be possible to increase the output
power from TSLDs, especially at high currents simply by pumping more current in
the narrow taper region.

The research work has also shown that different width of far-field profiles are
obtained by varying the taper flare angles. Real lateral refractive index guided
TSLDs with various taper flare angles should be investigated and compared with non
index guided TSLDs in order to establish if improvements in efficiency or beam
quality can be obtained.

In addition, the coupling efficiencies of index guided

TSLDs to multimode and single mode fibres could be investigated.

In Chapter 6 the experimental result presented showed that the far-field profiles of
TSLDs at high currents are much narrower than those predicted by the
comprehensive ray model. This is believed to be due to phase effects, i.e. an increase
in the spatial coherence o f the SLD. However this hypothesis has not been verified
in this research work. Hence, it would be useful to measure the spatial coherence of
these devices. The spatial coherence of SLDs is of considerable interest for use in
application such as optical coherence tomography.

The classical way o f determining spatial coherence is the Young’s double slit
experiment, [2]. The drawback with this method is that the use of diffracted light
prohibits its use at areas where the power is low. Furthermore, for each data point
measured, a new pair o f apertures has to be inserted and aligned. Recently, a method
based on a fibre optic interferometer has been proposed and used to measure spatial
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coherence and modal structures o f HeNe lasers and laser diodes [3], [4].

This

method has the advantage that light from any two arbitrary positions within the beam
can be sampled and superimposed, allowing the recording of the spatial coherence
function across the whole beam with high transversal resolution. Furthermore, since
the sampled light is not diffracted over a large area but directly coupled into the
fibre, low intensity points far away from the beam centre can also be sampled.
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Appendix 1A
Derivation o f Current Density Conservation Equation
In this appendix the current density conservation equation is derived, which gives the
relationship between inversion population N and current density J. First consider the
device structure shown in Figure A l.l.
Active layer
(Electrons recombine with
holes via spontaneous or
stimulated emission)
electrons

holes

z
Figure A l.l: Schematic diagram illustrating the flow of current into the active layer and the
recombination of electron and holes in the active layer.

In the derivation the current density is assumed to be constant throughout the
rectangular striped region. This amounts to neglecting current spreading and carrier
diffusion. It is also assumed that the current density is evenly distributed throughout
the active layer thickness so that J —Jo. The number of particles entering and leaving
this volume V= Ax, Ay, Az in time At is:
Entering

J(x,y,z,t)_ ^ ^ ^ ^

(A l.l)

q
Leaving

(A1.2)

q

where q is the electron charge.

Hence the change net number of particles in the

volume in time At is
- [ j ( x , y , z , t ) - J ( x , y - Ay,z,t)\Ax.Az.At

q

(A1.3)
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The increase o f carriers in this volume in time At by definition is:-

[N(xy^,t+At) - N(xy^,t)]. Ax. Ay. Az

(A1.4)

However, the depletion o f carriers because o f recombination due to spontaneous and
stimulated emission must be taken into account.

The total number o f particles recombining in time At via spontaneous and stimulated
emission is>
Spontaneous emission:

N
— .Ax, Ay,Az, At

(A1.5)

^sp

Stimulated emission:

g(N )[P + Q\.Ax.Ay.Az.At

(A 1.6)

where g ( N ) is the material gain in units of time'1 and P and Q represent the photon
density o f forward and reverse traveling photons respectively.

Thus it can be said that the increase in carriers in the active layer after a time At is
equal to the net numbers o f particles in the volume minus the total number of
particles recombining via spontaneous and stimulate emission. This can be written
as:

[N(x,y,z, t+Af) - N(x,y,z, /)]. Ax. Ay. Az= —[J(x,y,z,t) - J(x,y-Ay^,t)\. Ax. Az. At

q

g(N){P + Q)+ — .Ax.Ay.Az.At.

(A1.7)

Dividing equation (A 1.7) through Ax, Ay, Az, At and taking the limit Ay -» 0 and

At —y 0 gives the differential current density conservation equation, which takes the
form:

d N _ ld J 0
dt q dy

g(N ){P + Q \+ N

(A1.8)

The steady state solution to equation (A1.8) is:

4=sM^+e]+—
qd
^sp

(a i .9)
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Material Parameters
2 A .1 M aterials Used

Two different materials have been used in this research work. The wafer structure of
these materials are given below

2A.1.1 Material QT543R
Layer

Thickness
Om)

Composition

Doping Density
(cm'3)

Doping
Type

Dopant

Contact

0.3

GaAs

8.0 xlO 18

P+

Zn

Cladding

1.6

Alo.36Gao.64As

7.5 x 1017

P*

C

Cladding

0.4

Alo.36Gao.64As

Undoped

—

--

Active

0.17

GaAs

Undoped

—

—

Cladding

2.0

Alo.36Uao.64As

7.5 x 1017

n"

Si

Buffer

0.1

GaAs

1.2 xlO 18

n+

Si

GaAs

---------------------------

n+

—

Dopant

Substrate

—

2A.1.2 Material QT503A
Layer

Thickness
Gwm)

Composition

Doping
Density (cm*3)

Contact

0.25

GaAs

1.1 x lO 19

Doping
Type
+
P

Cladding

1.50

Alo.33Gao.67As

9.0 XlO 17

P

C

Active

0.35

Alo.02Gao.98As

Undoped

—

—

Cladding

3.00

Alo.33Gao.67As

3.0 X 1017

n*

Si

Buffer

0.10

GaAs

1.0 x lO 18

n

Substrate

—

GaAs

n

+
+

Zn

Si
—
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Appendix 3A
Constant Carrier Analysis for Rate Equations

In this appendix the analytic solution to the rate equations using the constant carrier
density analysis is derived. First consider the device structure shown in Figure A3.1.

Passive Region
(highly absorbing)

Active medium
with gain

Air

Rj

e«Output

Output
z = Lc

z=0

Figure A3.1: Schematic diagram illustrating the device structure.

The longitudinal (z) spatial variation of photons and carriers in the active medium is
obtained by solving the photon rate equations, which takes the form:
Sf
dP_g(N)
P+
dz
v
dQ

n

g(N )

dz

(A3.1)

sp

(A3.2)
V

where N is the carrier density, P represents forward travelling photons, Q represents
reverse travelling photons, N is the carrier density distribution, zsp is the spontaneous
emission recombination lifetime, v is the velocity in the media, S//r is the fraction of
spontaneous emission contributing towards the forward and reverse travelling
photons, and g(N) is the material gain given by:
g( N)=rv.a0( N - N T)

(A3.3)

where ao is the gain coefficient, r v is the optical field confinement factor in the
vertical direction and N t is the carrier density at transparency. It is assumed that
spontaneous emission is radiated isotropically, such that the fraction

5fir

2(f)cd6
4 71

(A3.4)
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is directed into the angular range 2(f>c in the direction perpendicular to the junction
(y direction), Figure A3.2a, and into the angular range dO in the plane of the
junction, Figure A3.2b.

$c =

is the critical angle for total internal reflection given by:
(A3.5)

l(^-)

COS

"1

where nx and n2 are the refractive indices of the active and cladding layers
respectively.
Passive
region
(absorbing)

Stripe Contact
dQ

/ .
r

*

112
Til
T12

a) top view

a) side view

Figure A3.2: Schematic of an SLD: a) side view, b) top view, j // and tj2 are refractive index of
the active and cladding layer respectively.

Assuming that the carrier density, N , is a. constantN = N , equations (A3.1), (A3.2)
can be rewritten as:

^=-g[Q+QsP\
where
and

P = P{2)

(A3.6)

e=ew

(A3.7)

- =m

P sp ~

O
>£sp

(A3.8)

—•
Vg

= ^— ■

Tsp

(A3.9)
°S
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The photon rate equations in the form given in equation (A3.6 ) and (A3.7) have an
analytic solution. However the photon rate equations are also coupled via the charge
conservation equation, represented by:

^ = g i p \ P ( z , N ) + Q (z,N )\+ —

(A3.10)

^sp

where q is the electronic charge and d is the active layer thickness. The injected
current density J , is assumed to be constant along the length such that J=JoAssuming

that the

analytic

solution

to

the

photon

rate

equations

are

known, P(z,N) and Q(z,N) , the charge conservation equation can be rewritten as:
^7
yd

=g(NlP(z,N)+Q(z,N)]+ —

(A3.11)

r sp

Equation (A3.11) can only be satisfied if P(z,N) andQ(z,N) are constant along the
length. In general the photon density distribution is not constant along the length.
Therefore equation (A3.11) is integrated over the length Lc, to give:
^ = g M F (A )+ f? (W )]+ —

(A3.12)

Tsp
Le

where

P(N)=— fP(z,N)dz
Lcc 0i
1 4

Q (N )= ~ \Q(z,N)dz
Lc 0

(A3.13)

(A3.14)

With reference to Figure A3.1 the photon densities P and Q must also satisfy the
boundary conditions at z = 0 and z = Lc. The boundary condition states that

P{z = 0) = P7 +RqQ(z =0) = P7 +RqQ0

(A3.15)

Q(z = Lc) = Qk = Rl P(z =Lc) = RL PL'

(A3.16)

where Rij and R, c are facet reflectivities at z = 0 and z = Lc respectively and Pi is the
initial photon density value assumed to be 1. The analytic solution to the photon rate
equations (A3.6 ) and (A3.7) takes the form:

P(z,N)=Po GLc+[GLc-1 ]psp

(A3.17)

Q(z,N)=Q0 GLc+[GLc-1 ]Qsp

(A3.18)
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GLc = exp(gz)
where Po and Qo are constant associated to the spontaneous emission at z = 0 .
Imposing the boundary conditions on equation (A3.8 ) and (A3.9), we obtain the
expressions for Po and Qo.

Po =

l------ t V i +*o(G i -1 )Q s p +R0Rl Gl (Gl - l ) F j
l - R 0RLGL2

Qo = Rl Gl 2P0 +Rl Gl (Gl -1 )psp +(GL -l)Q sp

(A3.19)
(A3.20)
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Appendix 3B
Experim ental Setup for Different Measurements
3B.1 Light-Current (L-I) and Polarisation Measurement
The most commonly used method for measuring the total light power emitted from an
SLD is to place a photodiode close to the SLD to ensure large collection angle. The
SLD is mounted on precision ‘x, y and z movements’ to allow accurate position and
focusing.

The SLD is placed at a distance of about 2mm from a 15mm area

photodiode, which gives a collection angle of about 75° in the lateral direction. The
experimental apparatus for the measurement of the L-I characteristics is shown in
Figure 3B.1. The current through the device is monitored using a current probe
connected to an oscilloscope. The output signal from the photodiode is terminated in
50Cl at the oscilloscope and can be related to the optical power assuming that the
responsitivity is known for the wavelength being measured.

Pulse Generator

Oscilloscope

(Optional)

Neutral Density
Filter (Optional)

Figure 3B.1 Diagram of apparatus used to measure output power and polarisation of a SLD.
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However, at high currents, i.e. when output power from the SLD is too large, the
photodiode saturates. In this case a Neutral Density Filter is needed to measure the
output power from the SLD. A Neutral Density Filter is used because it attenuates
the optical signal evenly over the whole wavelength range of interest. The filter is
introduced between the SLD and the photodiode, as show in Figure 3B.1. Here a lens
is used to collect the diverging light form the SLD, which then focuses it down to a
spot at the detector. Note, the overall attenuation of the lens/filter system must be
measured for each SLD in order to correctly evaluate the laser output power. Ideally,
two lenses should be employed such that the beam passing through the filter is
collimated. However, if the distance between the lens and photodiode is sufficiently
large then the beam will be nearly collimated and this is then unnecessary.

To obtain the degree o f polarisation (DOP) of a SLD, it is necessary to measure the
L-I characteristics of both the TE and TM polarisations. In this case a polariser is
placed in front o f the photodiode after the lens, as shown in Figure 3B.1.

The

polariser is first calibrated with a laser diode by allowing light to pass through, which
is TE polarised.

This is to determine the position of the polariser for the TE

transmission. The position of the polariser for the TM transmission is at right angles
to this.

3B.2 Near - Field Intensity Distribution Measurement

The experimental apparatus for the measurement of the near field profile is shown in
Figure 3B.2.

In the experiment a lens is used to form an image of the laser facet at

the camera, which is then recorded and stored in a computer. When the intensity
becomes too high and the camera saturates the Neutral Density Filter is once again
used to attenuate the optical signal.
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Pulse Generator

Oscilloscope

□□

Personal computer

SLD

Camera

Figure 3B.2: Diagram of apparatus used to measure the near-field intensity profile of a SLD.

3B.3 Far-Field Intensity Distribution Measurement

The apparatus used to measure the far-field intensity distribution of the SLD is
illustrated in Figure 3B.3. In this measurement the SLD is mounted onto a rotary
stage in order to measure the angular spread of the output field. The photodiode is
placed some distance away form the device with an aperture slit positioned close to
the photodiode. A 0.5mm wide aperture slit was used and the distance between the
device and the aperture slit was kept to about 70mm, which subtends an angle of less
than 0.5°. The angular resolution of the measurement is set either by the smallest
division on the rotating stage or by the width of the aperture and its distance from the
SLD facet. The smallest division on the rotating stage used in this work was 0.5°
hence in this case the angular resolution is set by the rotating stage.
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Pulse Generator

Oscilloscope

□ □□□

SLD

Rotating Stage

Aperture

Figure 3B.3: Diagram of apparatus used to measure the far-field intensity profile of a SLD.

3B.4

Spectral Measurement

Figure 3B.4 show the experimental apparatus used to measure the spectral
distribution of a device. The light output is focussed onto the input aperture of the
monochromator. The transmitted beam is then reflected by the curve mirror onto a
planar reflection grating. This grating is angled such that the first order diffraction
peak is incident on a further curved mirror and reflected onto the output aperture.
Any optical power transmitted through this aperture is then collected and measured
on a photodiode. Since different wavelengths are diffracted by different amounts
hence the output aperture for a given grating angle will only transmit a small range of
wavelengths.

Scanning the grating through a range of angels then allows a

measurement of intensity variation with wavelength to be made.
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Plotter

Aperture
Lock-In Amplifier

Curved

Mirror

I
urved

Aperture

M irror

Oscilloscope

Figure 3B.4. Diagram of apparatus used to measure the output spectrum of a SLD.

In this experiment it was necessary to use a photodiode with a lock-in amplifier
because very small signals were seen at the output. From figure 3B.4, the signal
from the photodiode was fed into a lock-in amplifier, which was synchronised with
the pulse generator driving the laser. The output signal from the lock-in amplifier
was then sent to an X-Y plotter and plotted against time while the monochromator
scanned the grating through a range of angles giving a plot of output power against
wavelength for the device.

The resolution of the monochromator is controlled by the width of the input and
output aperture slits. The maximum resolution is 0.1 nm with the slits closed to less
than 50nm. However, as the slits are narrowed the output is reduced until the signal
becomes too noisy and therefore a compromise between resolution and signal
strength is required for some low power devices.
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Appendix 4A
Two Dimensional Etched Deflector

The deflector was fabricated by chemically etching completely through the active
layer and the lower cladding layer using 8 : 1:1 solution of
depth o f 6 //.

to a

The crystal plane, (Oil), was chosen for the etching so that the

chemical etching produced a ‘V’ shaped groove, inclined at 45° to the vertical axis.
Consequently, any light striking the etched groove would be deflected into the highly
absorbing substrate. In addition to this the deflector was etched at a 10° angle to the
cleaved facet to further restrict any unwanted reflected light from returning to the
gain region. The effect that etching at a 10° angle to the

(o\ 1 ) plane had on the ‘V’

shaped groove wad examined with a microscope and the angle to the normal was
found to be 45° for the first 2.5/an etched and 55° or the next 3.5/an.

The solutions H 2SO4 and H2O2 are mixed in a running water bath at 17°C. The
H 2SO4 is slowly added to the water and reaches over 40°C very rapidly. This is
allowed to cool before the peroxide is slowly added while constantly stirring. The
solution is allowed to cool again before it is used for etching.

The etch rate of the solution depends on the agitation o f the solution while in use.
With gentle stirring the first 15 seconds produces a O.lyum etch, slowing to a 0.3/rni
etch after 60 seconds at 17°C.
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Spontaneous Emission Spectrum
5A.1 Measured Spontaneous Emission Curves
The measured spontaneous emission spectrum at several currents from a TSLD made
form material QT543R is given below as a reference.

4A

3A

2A

1A

845

855

865

875

885

895
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