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Abstract

Abstract
This work addresses two major issues of the InP-based lasers: the thermal stability of
the lasers and the output power at a single mode operation.
The use of AlInGaAs has been demonstrated to improve greatly the thermal stability
of the InP-based lasers, but it is very challenging in terms of growth. The first part of this
work deals with the optimisation of the MOCVD growth of AlInGaAs for InP-based
lasers. The optimisation

process

was concentrated

on the growth

temperature,

the V/III ratio and the growth rate. The optimised growth conditions allowed the growth
of high quality material, with very narrow (55 nm) linewidth and high intensity room
temperature photoluminescence of AlInGaAs layer. The results obtained during the
optimisation process, were used later in this work for the growth of the laser structures.
The second part of this work concentrates on the issue of application of the thin
p-clad design to InP-based lasers with InGaAs/AlInGaAs as the active region. The thin
p-clad design is regarded to be an intermediate step towards a more novel asymmetric
design, which would lead to the development of high power, single mode InP-based
lasers. The thin p-clad lasers were fabricated, characterised and compared to the standard
thick p-clad lasers. The measured internal quantum efficiency of the thick p-clad lasers
(95 %) was one of the highest ever reported for the AlInGaAs/InP lasers. This value of
the internal quantum efficiency once again proves good material quality of the laser
structure. The comparison of both types of structures resulted in the increase of the
internal losses for thin p-clad compared to the thick p-clad of only 4 cm"', which is in
good agreement with theoretical model.
There is a great demand in the telecommunication industry for high power, single
mode InP-based lasers since they can be used in transmitters as well as for pumping
Raman amplifiers and erbium-doped fiber amplifiers. The results presented in this work
can be used for the development of such lasers.
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Chapter 1
Introduction

1.1 Thesis Structure
This chapter introduces the reader to the motivation for the use of the thin p-clad laser
structures, its advantages and disadvantages. The reasons for utihsation of AlhiGaAs
material as a barrier layer will be also briefly discussed here. Finally, the overview of the
current status of the high power InP-based laser technology will be presented.
In Chapter 2 the experimental techniques and equipment used in this work will be
presented. Chapter 3 deals with the issue of the material growth and its optimisation. The
mathematical model used to design the laser structures will be discussed in Chapter 4.
The characteristics of the lasers will be presented and analysed in Chapter 5. The
summary of the work will be presented, and the ways for future work will be outlined in
Chapter 6.

-

1

-

Chapter 1 Introduction

1.2 Motivation
In the era of Information Age the information or knowledge becomes the biggest
asset. The need for acquiring and sharing information in the quickest and most efficient
way is the driving force for the unprecedented expansion of the telecommunication
networks. For the same reason the scientific community is investing a great amount of
work into research and development of optical fiber, multiplexers, detectors, lasers, etc.
Plenty of interest has been drawn to lasers with the reduced thickness of the p-doped
cladding layer (thin p-clad lasers) in the last decade [1-9]. The main reason for such
interest is the possibility of the simplified fabrication of the distributed feedback (DFB)
lasers. Due to much thinner p-cladding there would be enough coupling between the
electromagnetic field and the periodic structure etched on top of the device. This would
eliminate a very complicated regrowth step, which is necessary for the standard
fabrication of DFB lasers [1],
The second reason is related to MOCVD growth of quantum dot (QD) lasers. Usually
quantum dots are grown at a temperature of about 100 °C lower than the cladding layers.
High growth temperature of the overlaying cladding layers strongly affects the dots, after
they

are

formed.

It

leads

to

intermixing

(which

blueshifts and

reduces

the

photoluminescence intensity) and finally dissociation of the dots [7], Growing a structure
with a thin p-clad can minimise these effects by substantially reducing the growth time of
the cladding layers.
The characteristic temperature of a laser can be improved by simply mounting it
p-side down on a heatsink [12]. Obviously such a mounting of thinner p-clad devices
would result in even lower thermal resistance, therefore greatly improving the thermal
stability of the lasers.
Another advantage of the thin p-clad is the possibility to apply impurity free
disordering (IFD) technique to those devices. As was shown in refs. [13, 14] there is a
strong correlation between the amount of the IFD of the active region and its distance
from the surface. This phenomenon limits the use of IFD with thick p-clad devices, as the
amount of the IFD might not be sufficient or the increased temperature needed for the
sufficient amount of the IFD could cause a degradation of the devices.
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Although thin p-clad design has many advantages there is one major disadvantage,
which is the significant increase of the internal losses. Due to thinner p-clad the intensity
of the optical field in the highly doped p-contact region is higher than that for the thick
p-clad lasers. To overcome this problem an asymmetric design with reduced optical field
intensity in the p-doped cladding layer was first proposed in ref [15].
The internal absorption factor of p-doped layers is more than twice that of n-doped
layers [16] and therefore, it is very desirable to minimise the losses in the p-doped layers.
One way of doing this, is to reduce the doping of the p-clad layers, but due to low
mobility of holes the resistance of the device increases rapidly with the decrease of the
doping concentration, which in turn leads to other disadvantages.
Another way to reduce the free carrier absorption is to restrict or minimise the optical
field penetration into the p-doped layers. This can be done by the use of the asymmetric
design, which introduces a "trapping" layer into the laser structure. The trapping layer is a
thick layer with high refractive index, placed in the n-doped region. A large portion of the
optical field is shifted into the trapping layer, thereby reducing its penetration into the
p-cladding, and hence decreasing the losses. Another advantage of the asymmetric design
is better coupling to optical fiber. Since the optical field is not confined to narrow active
region, the laser beam has smaller divergence. In this work the thin p-clad symmetric
design is investigated, which is regarded as an intermediate step towards the asymmetric
structure.
Another area of scientific interest is the improvement of the thermal characteristics of
the lasers used for telecommunication applications. Since the poor thermal stability, due
to small conduction band offset, is an inherent problem for InGaAs/InGaAsP/InP lasers,
researchers turned their attention to InGaAs/AlInGaAs/InP material system. A better
thermal stability of InGaAs/AlInGaAs material system is expected, due to higher
conduction band offset, (AEc = 0.7 AEg) compared to InGaAs/InGaAsP (AEc = 0.4 AEg).
A higher conduction band offset would lead to better electron confinement therefore
lower electron leakage.
However the use of AlInGaAs/InP material system poses a serious challenge to the
growth of high quality AlInGaAs. The growth of InGaAsP/InP structures requires a
relatively low temperature to avoid In segregation, due to the high mobility of In. On the
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other hand, high temperature is essential for the growth of good quahty A1 containing
materials. Due to strong chemical bonds of A l - 0 and Al-C, a substantially higher
temperature is necessary to break these bonds. The use of the low growth temperature
(the typical temperature used for growth of InGaAsP) would lead to O and C
incorporation into the AlInGaAs layer. These impurities would act as nonradiative
recombination centers, which decrease the internal quantum efficiency and degrading the
overall performance of the devices. Hence to grow good quality AlInGaAs, a compromise
regime is required and there are indeed some encouraging reports [17, 18] demonstrating
a great potential for AlInGaAs/InP material system in InP-based devices.

1.3 Current Status of High Power InP-Based Laser
Technology
There is a great demand within the telecommunication industry for high power single
mode lasers, operating in the range of 1400-1600 nm, since their application in
transmitters, erbium-doped fiber amplifiers and Raman amplifiers increases the distance
between the regenerators and the bandwidth of the network and therefore reduces its cost.
Generally, a high output power of a laser is achieved by increasing the width of the
waveguide ridge of the laser, typically to a value of 100-200 jim. The power increases
linearly with the increase of the ridge width, but the laser starts to operate in the
multimode regime. Output power as high as 4.6 W has been reported for a laser with
200 |im wide ridge [10]. However, the multimode operation of those lasers makes it
impractical to use them in fiber-optic networks, since most fibers deployed in those
networks are single mode fibers.
The narrow ridge lasers can be tailored to operate in single mode regime, but their
single mode output power is limited to less than 500 m W [21],
The advantages of both broad and narrow ridge lasers are blended together in flared
structure lasers. The structure of a flared laser consists of two regions, a short narrow
(single mode) ridge region and a long flared amplifying region. The narrow region filters
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out the high order modes, while the flared region amphfies the mode supported by the
resonator. A number of papers have been published, reporting the utilisation of the flared
structures [19, 20, 23, 25], A single mode operation with output power ranging from
1.1 W [19] to 2.1 W (1.1 W coupled into a fiber) [23] has been reported. However, due to
highly nonsymmetrical optical field, coupling the output light from flared structure lasers
into a fiber is a very difficult task which requires fairly complicated optic [23, 25].
Another disadvantage of this type of structure is the complicated fabrication, since a
standard narrow ridge region does not provide sufficient filtering of the higher order
modes. Extra measures, like the formation of channels next to the narrow ridge section,
proton implantation, or distributed electrodes [19, 25] have to be undertaken to guarantee
single mode operation.
Some very interesting results have been reported for a dual-channel ridge waveguide
structure [22], where a single mode operation for X = 1400 nm laser with the optical
output of 1 W was demonstrated. The single mode operation is ensured by the strong
confinement of the narrow ( 3 - 5 i^m) dual-channel ridge waveguide, but the formation of
these structures requires the etching through the active region. Therefore the lasers with
dual-channel ridge waveguide structures cannot benefit from the utilisation of the
AUnGaAs materials, since A1 will oxidise if exposed to air.
The disadvantages and the benefits of the different designs currently used for high
power lasers show the nonexistence of a clear leader in this area. This allows the lasers
with the asymmetric design to occupy its individual niche in this rapidly expanding area.
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Chapter 2
Experimental Techniques

2.1 Introduction
In this chapter a short description of the experimental techniques used in this work
will be provided. The purpose of this chapter is to present only the basic understanding of
the techniques and the equipment used in this thesis. For more detailed description
references have been provided at the end of the chapter.
The techniques discussed in this chapter relate to:
•
Material growth (metalorganic chemical vapour deposition)
•

Material characterisation techniques (photoluminescence, double crystal x-ray
diffractometry, atomic force microscopy, electrochemical capacitance-voltage
profiling)

•

Device fabrication (photolithography, wet chemical etching, plasma enhanced
chemical

vapour

deposition,

rapid

thermal

processing,

evaporation, cleaving)
•

Device testing (light-current and spectral measurements)
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2.2 Material Growth
2.2.1 Metalorganic Chemical Vapour Deposition
Metalorganic chemical vapour deposition (MOCVD) is an epitaxial technique widely
used for growth of semiconductor materials. The principle behind this technique is the
pyrolysis of compound source materials resulting in growth of the layer with the required
material composition on a substrate.
All the structures used in this work were grown at the Australian National University
by MOCVD. The MOCVD reactor used in this work is an AIXTRON AIX 200/4
horizontal flow reactor with wafer rotation. Rotation of the susceptor during the growth is
aimed to improve uniformity of the growth. The deposition takes place at a reduced
pressure of 180 mbar. The reactor is set up with: trimethylgallium (TMGa),
trimethylindium (TMIn) and trimethylaluminium (TMAl) as the group III precursors, and
arsine (AsHs) and phosphine (PH3) as the group V precursors. Arsine (AsHs) and
phosphine (PH3) are gases, but trimethylgallium (TMGa) and trimethylaluminium
(TMAl) are liquids and trimethylindium (TMIn) is solid at room temperature. Ultra high
purity hydrogen is used as a carrier for the metalorganic precursors. Hydrogen is purified
by passing it through palladium-silver alloy membrane. Diethylzinc (DEZn), carbon
tetrachloride (CCI4) are used as p- and silane (SiH4) as n-type dopant precursors. Gas
flow is precisely regulated by electronic mass flow controllers. Separate lines for group
III and group V precursors are used, such that they do not mix and react until they get
into the reactor. To minimise the transient effects during switching on/off of the gases,
two set of lines are employed. One set called "Run" lines, another "Vent" lines. The
"Run" lines go into the reactor, while the "Vent" lines bypass the reactor directly into the
pump. The "Run/Venf manifolds allow rapid switching between "Run" and "Vent" lines.
A schematic of the MOCVD system is shown in Figure 2.1.
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Figure 2.1 Schematic of the MOCVD (AIXTRON)

system.

During growth the substrate is heated up to the growth temperature (600°C-750°C) by
infra-red lamps. The high temperature causes pyrolysis of the precursors, the resuhant
radicals are chemically very active species, they diffuse towards the substrate, react and
form a layer of the material on the substrate. This process also forms byproducts.
The general reactions, for common III-V compounds, that take place during the
growth are:

In(CH3)3+PH3 = InP+3CH4

(2.1)

xIn(CH3)3+( 1 -x)Ga(CH3)3+AsH3 = InxGa„.x)As+3CH4

xIn(CH3)3+( 1 -x)Ga(CH3)3+yAsH3+( 1 -y)PH3 = InxGa(,.x)AsyP(,.y)+3CH4

xAl(CH3)3+yIn(CH3)3+(l-x-y)Ga(CH3)3+AsH3 = AUnyGa(i.x.y)As+3CH4
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The quality of the grown structure strongly depends on the growth temperature, the
V/III ratio and the growth rate. The V/III ratio represents the proportion of the amount of
group V precursors to the amount of group III precursors supplied into the reactor.
Normally, the growth is done at the mass transport regime (600 °C - 750 "C), and the
group V precursors are provided in excess to make sure that the growth rate is controlled
by the amount of the group III precursors supplied into the reactor, therefore the value of
the V/III ratio is much greater than unity.
The byproducts and unreacted gases from the reactor and "Vent" lines pass through a
toxic gas filter and the dry charcoal scrubber.
The use of highly toxic gases demands a sophisticated monitoring system and
complex disposal procedure of hazardous wastes. Nevertheless, the non-requirement of
high vacuum system, scalability of the process and wide range of materials make
M O C V D very attractive for the industry.
More infomiation on this topic can be found elsewhere [1-4].

2.3 Material Characterisation Techniques

2.3.1 P h o t o l u m i n e s c e n c e

Photoluminescence (PL) is a fundamental technique for characterisation of a
semiconductor material. It is simple non-destructive technique employed to determine the
bandgap of the material, as well as its quality.
The sample is illuminated with a monochromatic light with photons of energy higher
than the bandgap of the sample. Photons are being absorbed by the material leading to the
creation of electron-hole pairs. The electrons and holes then rapidly thermalise into the
lowest possible states of the conduction band for electrons, and valence band for holes.

-
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and recombine, generating photons with energy equal to the bandgap. The light is
collected and measured after passing through a monochromator.
In this work the excitation was done using a frequency-doubled diode-pumped solidstate laser (>L=532 nm). To reduce noise, the laser light was chopped at around 300Hz and
the photoluminescence signal was synchronised with the laser light through a lock-in
amplifier. The photoluminescence was focused on the slit of a Digikrom 480
0.5m monochromator, and detected by a cooled InGaAs photodiode. A schematic of the
photoluminescence set-up is shown in Figure 2.2.

Figure 2.2 Schematic of the photoluminescence

set-up.

Proper interpretation of the PL spectra is very important. The peak of the PL spectrum
corresponds to the bandgap energy, while the full width at half maximum (FWHM)
reflects the abruptness and the smoothness of the QW layer interfaces and also the degree
of alloy fluctuation. The intensity of the PL is related to the quality of the layer.
More information on this topic can be found in ref [5, 6].
- 13 -
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2.3.2 Double Crystal X-Ray Diffractometry
Double crystal x-ray diffractometry (DCXRD) is a very important technique for
epilayer analysis. DCXRD gives information about composition of the grown epilayer
and its quality.
This technique is based on the Bragg diffraction. According to Bragg's Law, for
electromagnetic wave with certain wavelength X incident on a periodic structure with
period d, there is a certain angle 0 at which constructive interference will occur.

Idsm e =

n = 0,1,2...

(2.5)

Semiconductor materials are crystalline structures with related lattice constant a,
hence Bragg's Law can be applied to these materials. Considering a semiconductor as a
periodic structure with the period d equal to the lattice constant a and knowing the
wavelength 1 of the X-ray incident onto the sample, the period can be calculated by
measuring the angle of diffraction 6.
Standard X-ray diffractometry does not provide the resolution adequate for structural
analysis of epitaxially grown structures. Due to a very small difference in lattice
constants of the substrate and epitaxially grown layer it would be impossible to detect
separate peaks with standard X-ray diffractometry. Unlike standard X-ray diffractometry,
DCXRD employs a reference crystal to overcome this limitation. The reference crystal is
employed to collimate the X-ray beam and to narrow its spectrum. Figure 2.3 illustrates
the principle of a DCXRD system.
For quantitative analysis, DCXRD system employs equation derived from Bragg
Law.

d

= -A6coW

Using this formula the distance difference between the crystallographic planes of the
substrate and the epilayer (Ad) can be determined. But if the epilayer is under strain its
- 14-
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reference crystal (004)

detector

specimen (004)

'rocking' axis

Figure 2.3 Schematic of a double-crystal X-ray diffractometer (DCXRD).
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Figure 2.4 Simulated DCXRD spectrum of 5 ^m Ino s4Gao.46As grown on InP.
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lattice is slightly deformed, in either a compressive or a tensile manner, to match the
lattice constant of the substrate in the direction parallel to the growth plane. However due
to the Poisson effect the epilayer is also deformed in the growth direction. Therefore, to
obtain real or "relaxed" value of the lattice constant difference (Aa) between the substrate
and the epilayer, the strain tensor has to be included into this equation:

Aa

_

&JJ

Ad

where e|| and ex are the strains of the lattice parallel and perpendicular to growth
direction.
Figure 2.4 illustrates the standard DCXRD spectrum of Ino.54Gao.46As epilayer grown
on InP substrate (the spectrum was simulated using RADS [7] program package).
For measurements of the samples grown in this work a Bede QC2a diffractometer
was used with a beam of Cu Kai X-rays.
For more information about DCXRD refer to [8, 9].

2.3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is a technique used to evaluate the surface topology
of a sample.
In contact mode the AFM system scans a tip attached to the end of a cantilever across
the sample surface (the tip is constantly touching the surface of the sample). A laser beam
is directed onto the cantilever and the position of the reflected beam depends on
deflection of the cantilever and is detected by a split photodiode detector. Surface
topology of the sample is determined by measuring the changes in the cantilever
deflection. Figure 2.5 demonstrates the schematic of the AFM system running in contact
mode.
The system used in this work is a Digital Instruments Nanoscope III Multimode
AFM, with standard SiN tip. The system was operated in contact mode. A V-shape

-
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cantilever with the SiN tip is attached to a piezoelectric scanner tube. The scanner tube
can create movement along the three major axes. The backside of the cantilever is
covered in gold to improve reflection of the laser beam. A feedback loop ensures a
constant deflection of the cantilever.
In this work AFM was used to estimate the interfacial roughness of the sample's QWs
by measuring the surface roughness.

Position Sensitive
Detector

Laser

Cantilever
Computer Controls
and Feedback
Piezoelectric
Scanner
Figure 2.5 Schematic of the AFM system running in contact mode.
More information on this technique can be found in ref [10, 11].

2.3.4 Electrochemical Capacitance-Voltage Profiling
The performance of all semiconductor devices depends on purity of the material and
the precise distribution of carriers throughout the structure.

- 17-
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Electrochemical capacitance-voltage (ECV) profiling is a powerful technique for
determining the doping profile in semiconductors [12, 13], In standard CV measurements
the impurity concentration is derived from the capacitance-voltage relationship of a
reverse biased Schottky barrier. The main disadvantage of standard CV method is the
depth of profiling, which is limited by the reverse breakdown voltage of the Schottky
barrier.

Electrochemical capacitance-voltage profiling overcomes this limitation by

successively removing a certain amount of the material from the measured area of the
sample, prior to each measurement. As a result the sample can be profiled to any depth
while the voltage can be kept constant.
ECV uses electrochemical dissolution reaction to remove the material. The etching
process depends on the presence of holes, so the process is different for p- and n-type
material. For p-type materials etching takes place at forward bias. N-type materials do not
have enough holes, so etching is triggered by illumination of the sample, which provides
the extra holes. Therefore etchings of n-type materials take place at reverse bias with
illumination.
ECV employs an electrolyte for etching the sample as well as creating a Schottky
contact. After the sample has been etched to certain depth, and a Schottky contact is
formed, a reverse bias is applied to the semiconductor-electrolyte system. Because the
electrolyte is fairly concentrated, there is no penetration of the field into the electrolyte,
and the semiconductor-electrolyte system behaves as a Schottky junction. Therefore,
according to the depletion approximation, the capacitance of the depletion layer, under
fixed reverse bias, can be described as:

C =

(2.8)

where x is the depletion depth, C is the capacitance, A is the effective contact area, e is
the dielectric constant. The local doping density at certain x is given by:

-
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£ e A

dV

(2.9)

where A is the effective contact of etch area, C is the capacitance, e is the dielectric
constant, N(x) is the carrier concentration, e is the electron charge, V is the applied
voltage, X is the depletion depth.

2.4 Device Fabrication
2.4.1 Summary of the Fabrication Process of Ridge-Waveguide
Lasers
The following is the list of the fabrication steps arranged in order of the fabrication
process of ridge-waveguide lasers.
1.

Cleaning.

2.

First photolithography (4 |am photoresist stripes).

3.

Etching.

4.

Si3N4 deposition.

5. " L i f t - o f f of Si3N4.
6.

Annealing of SI^NA ( 3 5 0 ^ 5min).

7.

Second photolithography (50 |am photoresist stripes).

8. First p-side metallisation (Ti/Pt/Ti/Au - 10nm/20nm/40nm/50nm).
9.

Polishing of the backside of the sample.

10. " L i f t - o f f of Ti/Pt/Ti/Au metal system.
11. N-side metallisation (Ge/Au - 20nm/200nm).
12. Alloying (450°C 30 s).
13. Final p-side metallisation (Au - lOOnm).
14. Cleaving.

- 19-
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2.4.2 Photolithography

The laser processing requires two photolithography steps. The first step is to define
the ridge, and the second is to cover the ridge before the Ti/Pt/Ti/Au deposition. The
width of the mask stripes used is 4 jam and 50 urn for first and second photolithography
steps respectively.
Prior to the first photolithography step, the samples were in turn cleaned using
trichloroethylene, acetone, isopropanol and ethanol for two minutes each. To ensure no
solvents were left on the sample surface, they were baked for 5 minutes at 85°C.
To improve photoresist adhesion to oxides, hexamethyldisilazane (HMDS) was
applied to the samples surface before the second photolithography step.
Positive photoresist AZ5214E was spun on the samples at 4000 rpm for 30 seconds
and "soft-baked" in an oven for 15 minutes at 85°C to harden the photoresist before the
exposure.
A Karl Suss MA6/BA6 mask aligner was used to align the samples to the mask. The
samples were aligned in [0,1, 1 ] crystallographic direction to form mesa shape ridges as
shown in Figure 2.6 (b). After the alignment the samples were exposed to UV light for
25 seconds in the contact mode.
The samples were developed in 2:1 solution of the developer (AZ312) and water for
1 5 - 2 0 seconds. The quality of the stripes was checked using optical microscope. Finally
the samples were "hard-baked" in an oven for 2 minutes at 120°C if subsequent etching
has to be done.
For more information about photolithography refer to [14],

2.4.3 Wet Chemical Etching

Etching is one of the critical steps in laser fabrication process. Formation of the ridge
is necessary for the lateral confinement of the electromagnetic field. The performance of
the device strongly depends on the quality of the ridge and the etching depth.
The shape of the ridge is determined by the crystallographic direction in which the
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stripes are aligned. Aligning the mask stripes in [0,1, T ] direction will produce a mesa
shape ridge, while aligning the stripes in [0,1,1] direction will produce a reverse mesa.
A practical way to find the right direction is to look for the direction of "etch pits" on
the back side of the wafer. Because wafers are chemically polished, elongated ovals could
be seen on the backside of the wafer under the microscope.

(a)

(b)
Figure 2.6 Dependency

of the profile of the ridge on the direction of the stripes.

Aligning photoresist stripes parallel to the longer axis of these ovals will give a
reverse mesa shape after the etching. A mesa shape ridge can be obtained by aligning
photoresist stripes parallel to the shorter axis of these ovals. Figure 2.6 illustrates the
dependency of the profile of the ridge on the direction of the stripes.
Choosing the right etchant for the formation of the ridge is very important. The
criteria for a good etchant are: the etching should be fast, but controllable, the surface
after the etching should be flat and uniform, with minimum undercutting and vertical
sidewalls.

-21

-

Chapter 2 Experimental Techniques
In this work two etching solutions were used. For InGaAs H3P04:H202:H20 (1:1:3)
solution was used, while HC1:H3P04 (1:3) was used for etching InP.
All the etching was done in a temperature controlled bath, at a constant temperature.
The etching solutions were mixed for 30 minutes and then left in the temperature
controlled bath for another 15 minutes, to stabilise the temperature.
The structures were etched in two steps. The first step was to etch through the InGaAs
contact layer, and the second step was the etching of the InP layer. The etch rate of
InGaAs in H3P04:H202:H20 (1:1:3) solution at 4 °C is ~ 8 nm/s. For the second step
HC1:H3P04 (1:3) solution was employed, with an etch rate o f - 10.5 nm/s at 18 "C.
To get uniform etching, solutions were continuously stirred. After the etching the
samples were thoroughly rinsed with DI water.
More information about the etching of InP and related materials could be found in
references [15-27].

2.4.4 Plasma Enhanced Chemical Vapour Deposition

Plasma enhanced chemical vapour deposition (PECVD) is a thin film deposition
technique that utilises plasma to initiate chemical reaction between the precursors. The
use of plasma allows deposition at lower temperature, compared to other CVD
techniques.
In this work PECVD was employed to deposit Si3N4. This is done to create an
insulating layer, so current can be injected only through the top of the ridge.
All depositions were done using an Oxford Plasmalab 80 Plus PECVD system. It uses
the principle of nonequilibrium glow discharge, generated by exposing the gas to a radio
frequency (RF) electric field. The electric field accelerates free electrons in the gas. The
electrons collide with the gas molecules, and if the electric field is high enough, the
electrons can reach energies sufficient to ionise gas molecules. This process creates more
free electrons, which in turn create more ionised gas, leading to avalanche ionisation and
glow discharge. Some molecules undergo impact dissociation creating highly reactive
species. These species diffuse towards the sample, adsorb on contact with the surface,
undergo chemical reaction and surface migration, and eventually form a solid film.
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Figure 2.7 shows a schematic of the PECVD system. Plasma is created between two
parallel circular electrodes. The top electrode is connected to a 13.56 MHz RF generator,
while the lower electrode is grounded. The samples are placed on the lower electrode.
The reactant gases are fed in through the gas inlet in the top electrode.
For Si3N4 deposition 5 % silane (SiH4) in nitrogen and ammonia (NH3) were used.
The deposition was made at 120 °C. The thickness of the deposited layer was 200 nm.
After the deposition, samples were soaked for few hours in acetone to remove
photoresist together with

from the top of the ridges, this procedure called "lift-off'.

Q RF power

Top electrode

Processing
chamber

• I

II

\Y

1

-

Lower electrode

—

-

1

Figure 2.7 Schematic of the Oxford Plasmalab 80 Plus PECVD system.

For more information regarding PECVD refer to [28, 29].

2.4.5 Rapid Thermal Processing

Rapid thermal processing or rapid thermal annealing (RTA) was regularly employed
throughout this work for different purposes. It relies on quartz-halogen lamps to heat the
samples. A silicon wafer is used as the sample holder. Due to the small thermal mass of
the heated wafer, temperature of the sample can be ramped up quickly. In order to create
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an inert ambient, the chamber was filled with argon gas.
All the annealing was done with the use of AET Thermal Inc. RX rapid thermal
annealer, in an Ar atmosphere. The temperature was ramped up at 100 °C/s till the
required temperature was reached. The samples were annealed for the required amount of
time, and then they were allowed to cool down in Ar ambient. Different time and
temperature regimes were used for different processing steps. If the annealing
temperatures were higher than 400 "C, the samples were protected using the proximity
cap method (in which the samples were sandwiched between two pieces of InP wafer), to
prevent loss of group V species.
After the Si3N4 deposition and "lift-off, the samples were annealed at 350 °C for
5 minutes, to improve the quality of the Si3N4 layer.
Another annealing was done after the second (n-side) metallisation. This is done to
alloy Ti/Pt/Ti/Au system deposited between the ridges, and to create the ohmic contact on
the backside of the devices. The temperature regime of 450

for 30 seconds was used.

This temperature regime produces n-side contact with the lowest possible contact
resistance [33, 34].

More information about RTA and ohmic contacts can be found in ref [30-39]

2.4.6 Electron Beam Evaporation
Electron beam (e-beam) evaporation is another method of thin film deposition
technique. It utilises a focused beam of electrons to heat and evaporate the source
material. The evaporated material then deposits on all the surfaces of the chamber,
including the samples. The deposition rate can be monitored by a quartz crystal. By
changing the current of the electron beam the deposition rate can be adjusted. To improve
the quality of the deposited layer deposition is performed in vacuum (-10"^ Torr).
A total of three e-beam evaporation steps were needed. First step was to deposit
Ti/Pt/Ti/Au (10nm/20nm/40nm/50nm) on the p-side of the samples. The use of Ti/Pt
system improves the adhesion between the contact layer and the sample's surface. After
the first evaporation, samples were polished to about 100 )im, followed by the lift-off of
the metal layer from the top of the ridges.
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The second evaporation is to make the backside contact. During this step Ge/Au
(20nm/200nm) were deposited on the n-side of the structure. High doping level of the
sample is necessary for creation of good quality ohmic contact, therefore Ge is used to
increase the doping of the InP substrate.
Finally a layer of Au (lOOnm) was deposited on the p-side of the samples. Annealing
of the p-contact would create a very rough contact interface [34, 36, 38], which in the
case of thin p-clad structure would introduce very high scattering losses. Therefore to
keep the top of the ridge flat, no annealing was done after the final evaporation.
Native oxide layer was removed before Ge/Au and final Au evaporation.

It was

removed by dipping the samples into 3 % HCl solution for one minute.

2.4.7 Cleaving

The samples were cleaved into separate devices using a Loomis LSD-100 Scribe
Dicing Machine. The samples were placed p-side up on the wafer holding film. Using
notch and break mode the samples were cleaved into bars in the direction perpendicular
to the laser ridges. Then using peck and break mode separate bars were diced into discrete
devices. Lasers with cavity lengths ranging from 500 )um to 2 mm were made.

2.5 Device Testing
2.5.1 Light-Current Characterisation

The quality of the laser diodes can be assessed based on certain set of parameters. The
majority of these parameters can be extracted from light-current (commonly referred to as
L-1) measurements.

Undoubtedly

it is the most

important

characteristic

of a

semiconductor laser. The light power emitted by the laser is measured as a function of the
injected current. Figure 2.8 demonstrates a typical light-current curve, the value of the
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threshold current is denoted by l,h, where the lasing action commences.
To obtain an L-I curve the laser is placed p-side up onto the laser holder, which is
connected to a laser diode driver. The laser holder is a copper block (cathode) with a
copper clamp (anode). The temperature of the laser holder can be varied by the
thennoelectric cooler placed in the copper block and regulated by a temperature
controller.

Ith 1

2
3
4
Injection Current ( A)
Figure 2.8 An example of a light-current curve. The thre.shold current is denoted by /,/,.
Normally the lasers are mounted on a heatsink and run under continuous injection
current. The use of a pulse current eliminates necessity of mounting lasers on a heatsink,
which is a very time consuming process. The parameters of the pulse current are: 2 ps
pulse width and a duty cycle of 5 %.
A variety of parameters can be extracted from L-I measurements and these include:
threshold current, threshold current density, external differential quantum efficiency,
internal quantum efficiency, internal loss and characteristic temperature.
The threshold current is the injection current at which the device starts to emit
stimulated radiation, usually it is determined as the intercept point of the linear fit of the
-26-
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L-I curve with the horizontal axis. Since the threshold current depends on the dimensions
of the laser diode, it is more appropriate to use the threshold current density to compare
the devices with different dimensions. The threshold current density is determined by:

(2.10)

where Jth is the threshold current density, U is the threshold current, L is the length of the
laser and W is the width of the active region of the laser
Not all the generated light contributes to the output emission, part of it is lost due to
the internal losses. The free carrier absorption, the defect absorption and the losses
introduced by the nonideal fabrication process make up the internal losses.
It is very desirable to produce laser diodes with threshold current, threshold current
density and internal loss as low as possible.
The efficiency of the laser diode operation can be estimated by its external differential
quantum efficiency. This parameter shows how well the laser diode transfers the energy
of the injected current into the output light emission [42] and is determined by:

=2—

M

he

(2.11)

where: rij is the external differential quantum efficiency, (AP/Al) is the slope of the
L-1 curve, q is the electron charge, h is Planck constant, c is the speed of light, and X is
the wavelength of the laser emission. It has to be mentioned that a laser diode emits light
from both facets, but the light emitted from only one facet is measured, therefore the
value of (AP/AI) has to be doubled. Figure 2.9 illustrates an example of two L-I curves of
lasers with different external differential quantum efficiency (the steeper is the curve the
higher is the external differential quantum efficiency).
The internal quantum efficiency represents the fraction of injected electron-hole pairs
that recombine radiatively [42]. Unlike the external differential quantum efficiency, it
represents the quality of the laser structure. The external differential quantum efficiency
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is related to the internal q u a n t u m efficiency through the relationship:

(2.12)
Hi

In

u

w h e r e rjd is the external differential q u a n t u m efficiency, ai is the internal loss, L is the
laser cavity length, r), is the internal quantum efficiency, and R is the reflectivity of the
mirror-facet of the laser. T h u s the internal quantum efficiency, as well as the internal loss
can b e determined by plotting the graph of the inverse external differential quantum
efficiency as a function of the cavity length of the lasers. A n example of such a graph is
illustrated in Figure 2.10.
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Figure 2.9 An example

of the L-I cun>es of lasers with different
quantum

efficiency.
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Good thennal stability of a laser diode performance is desirable. The characteristic
temperature is the measure of the thermal sensitivity of the laser diode and is determined
by:

T =

AT

(2.13)

Aln(/J

where To is the characteristic temperature, AT is the operation temperature change and
Aln(Ith) is the threshold current change on a logarithmic scale. A higher value of the
characteristic temperature indicates that the laser diode parameters will change less
rapidly with the change of operating temperature.
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Figure 2.11 An example of the temperature dependent shift of an L-I curve.
To detennine the characteristic temperature, series of L-I measurements are done at
different operating temperatures. An example of temperature dependent shift of an
L-I curve is shown in Figure 2.11. Then the value of the characteristic temperature is
determined by plotting the graph of the threshold current against the operation
temperature on a logarithmic scale and measuring the slope of the linear fit. The inverse
of the slope of the linear fit is the value of the characteristic temperature. Figure 2.12
illustrates an example of the dependence of the threshold current as a function of
operation temperature.

2.5.1 Spectral Measurements
The optical spectrum of a laser depends on the properties of the cavity and the
bandgap of the material. Spectral measurements allow the determination of the modal
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Figure 2.12 An example of the threshold current dependence as a function of operation
temperature. The line is the linear fit.

d
c

CD

<
>U
CD

•c

799.5

800
Wavelength (nm)

Figure 2.13 An example of the spectrum of a laser diode.
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composition of the laser spectrum. A typical spectrum of a laser diode is shown in
Figure 2.13.
The light emission from the laser was coupled through the optical fiber into the input
port of an optical spectrum analyser Agilent 86142B.
More information about laser characterisation and testing can be found elsewhere
[40-43].
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Chapter 3
Material Growth

3.1 Introduction
The cornerstone of a high-performance semiconductor laser is its material quality. As
for QW lasers, the abruptness and flatness of interfaces of the QW layers are as crucial as
the material quality. The growth parameters have to be optimised to obtain epitaxially
grown structure with good material quality, minimum alloy fluctuation, abrupt and flat
interfaces.
This chapter is devoted to the growth optimisation of the samples used in this work,
in particular AlInGaAs materials. The issues of precise control of material composition
and influence of growth parameters (like growth temperature, growth rate and V/III ratio)
on the quality of grown material will be presented and discussed.
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3.2 Material Composition and Growth Rate
Precise control of the material composition is essential for device applications such as
laser diodes. There are two major reasons why material composition is so important.
Firstly, the grown material has to satisfy the condition of lattice matching, to avoid
dislocations which would ruin the devices. Secondly, the operational wavelength of the
laser diode depends on the bandgap of the QW layer, which is also dependent on the
material composition.
All the structures were grown on (001) InP on-axis (± 0.05°) substrates by MOCVD.
The

sources

used

were

trimethylgallium

(TMGa),

trimethylindium

(TMIn),

trimethylaluminium (TMAl) and arsine (AsHs) and phosphine (PH3). The reactor
pressure was kept at 180 Torr.
For ternary and quaternary materials, the fractions of elements of the same group
(group III or group V) in solid material do not follow exactly fractions of the respective
precursors in the vapour phase. Usually calibration runs have to be done to determine
these relations. Figures 3.1, 3.2, 3.3 and 3.4 represent the empirically determined
calibration curves for various elements of different materials.

InGaAsP - Ga composition
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Figure 3.1 Calibration curve for Ga mole fraction in InGaAsP (solidpoints
experimental

data, line is the best fit through all data points).
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The material composition of the In(i.x)GaxAsyP(,.y) can be determined from equations
deduced from the respective cahbration curves. The Ga fraction in In(i.x)GaxAsyP(|.y) as a
function of TMIn and TMGa flow rates can be defined from:

x(v) = - 0 . 3 2 7 2 x ' (s) +1.3 143X(5) - 0.0299

(3.1)

FiTMGa)

x(v) =

(3.2)

F {TMGa)+ F {TMIn)

where: x(s) is the Ga fraction in the solid material, x(v) is the fraction of TMGa in the
vapour phase, F(TMGa) and F(TMln) are the flow rates of TMGa and TMIn respectively.

InGaAsP - As composition
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Figure 3.2 Calibration curve for As mole fraction in InGaAsP (solid points are the
experimental data, line is the best fit through all data points).

Similarly the As fraction in ln(i.x)GaxAsyP(i.y) as a function of AsHs and PH3 flow
rates can be defined from:

- 4
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F{AsH,)

y{v) =

(3.4)

where: y(s) is the A s fraction in the solid material, y(v) is the fraction o f ASH3 in the
vapour phase, F(AsH3) and FCPHj) are the f l o w rates o f A s H j and PH3 respectively.

InGaAs - In composition
0.60

0.55
D
O
I" 0.50

0.45

0.40
0.40

0.45

0.50

0.55

0.60

X (solid)

Figure 3.3 Calibration curve for In mole fraction in InGaAs (solidpoints are the
experimental data, line is the best fit through all data points).

In the same w a y the fraction of In in InxGa(i.x)As could be determined from:

X(v) = 0.8237X(5)-0.0812

x(v) =

(3.5)

F{TMIn)
F{TMGa) + F{TMIn)

(3.6)

where: x(s) is the In fraction in the solid material, x(v) is the fraction o f T M l n in the
vapour phase, F ( T M G a ) and F(TMIn) are the f l o w rates of T M G a and TMIn respectively.
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InAIAs - In composition
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Figure 3.4 Calibration curve for In mole fraction in InAIAs (solid points are the
experimental

data, line is the best fit through all data points).

For InxAl(|.x)As In fraction could be determined from:

x(V) =

1 . 1 0 6 7 X ( 5 ) - 0 . 0 0 4 7

F{TMIn

x(v) =
F{TMIn

(3.7)

)

) + F{TMAl

)

(3.8)

where: x(s) is the In fraction in the solid material, x(v) is the fraction of TMIn in the
vapour phase, F(TMAI) and F(TMIn) are the flow rates of TMAl and TMIn respectively.
All the data points in the Figure 3.3 and Figure 3.4 are located in the vicinity of
x(s) = 0.53 for InGaAs and 0.52 for InAIAs which are the lattice matching conditions for
those materials grown on InP substrate. Within this small region, the data can be
approximated with good accuracy with straight lines.
In the case of Alx'Inx"Ga(i. x'- x")As three variables (In, Al, Ga), or two independent
variables exist, therefore calibration curves of InAIAs and InGaAs were taken as a
starting point. Because GaAs and AlAs are lattice matched materials, replacing Al in
InAIAs (lattice matched to InP) with Ga will also result in lattice matching condition for
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Figure 3.6 DCXRD spectrum of a 1 nm thick AlInGaAs layer grown on InP.
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AlInGaAs. One of the advantages of AlInGaAs is that the lattice matching condition can
be satisfied for the whole range of different A1 and Ga compositions, which allows a wide
range of the bandgap tuning. PL and DCXRD were used to check the composition.
Figure 3.5 illustrates the PL curve of the optimised 1 jam thick lattice-matched
AlInGaAs layer designed for Eg = 1 eV. The full width at half maximum (FWHM) is only
55 nm. This is the narrowest room temperature PL ever reported for this material.
Figure 3.6 illustrates the DCXRD curve of the same sample. The main peak
corresponds to the InP substrate and the secondary peak corresponds to the AlInGaAs
epilayer. Although the epilayer is slightly compressively strained, a small separation
between the peaks confirms a very good lattice matching of AlInGaAs layer to InP
substrate.
As mentioned in chapter 2 the growth rate is controlled by the total flow of the group
III precursors. Figures 3.7, 3.8 and 3.9 illustrate the growth rates for different materials
used in this work. The growth rate of InGaAsP can be represented by a simple relation:
y = 468.82x
(3.9)
where: y is the growth rate and x is the total flow of group III precursors.
G r o w t h rate I n G a A s P
y = 468.82x
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Figure 3.7 Calibration curve for the growth rate of InGaAsP.
Similarly for InGaAs the growth rate can be expressed as:
y = 468.73x
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where: y is the growth rate and x is the total flow of group III precursors.

Growth rate InGaAs
y = 468.73X
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Figure 3.8 Calibration curve for the growth rate of InGaAs.

Finally for AlInGaAs the growth rate can be expressed as:
(3.11)

y= 505.88x
where: y is the growth rate and x is the total flow of group III precursors.
Growth rate AlInGaAs
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0.0500
£ 0.0400

E
—
& 0.0300

£
I

0.0200

o
o

0.0100
0.0000
0.0E+ 2.0E- 4.0E- 6.0E- 8.0E00
05
05
05
05

1.0E04

Total III (moles/min)

Figure 3.9 Calibration curve for the growth rate of AlInGaAs.
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It is worth mentioning here that the growth rate and composition are nearly
independent of the growth temperature in the range of 600 - 750 "C, which is the mass
transport regime of MOCVD process [15],

3.3 Growth Optimisation
As mentioned earher, to produce a high-performance QW laser it is essential to grow
the structure with good material quality, minimum alloy fluctuation and abrupt and flat
interfaces. Photoluminescence is the most widely used technique to assess these
parameters of the grown samples. High intensity and narrow linewidth of the PL
spectrum is an indication of a high-quality structure, with abrupt interfaces.
Alloy fluctuation and interface roughness are the main reasons for the linewidth
broadening. The way to reduce alloy fluctuation, interface roughness and improve PL
linewidth is to optimise growth parameters such as growth rate, growth temperature and
V/III ratio of the QW layer as well as the barrier layers.
The schematic of the structures used for growth optimisation studies and AFM
measurements is shown in Figure 3.10. The structures consisted of 200 nm InP buffer
layer, 100 nm of AllnGaAs

(A1 = 0.19) barrier layer, 4.5 nm InGaAs (In = 0.65) SQW,

20 nm of AllnGaAs (A1 = 0.19) barrier layer and capped with 5 nm of InP to protect
AllnGaAs from oxidising.
AllnGaAs
barrier layer

InP capping
InGaAs^^
QW

AllnGaAs
barrier layer
InP
buffer layer

InP ^
substrate

Figure 3.10 Schematic of the structures used for growth optimisation and AFM
measurements.
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The thick bottom AlInGaAs barrier layer allows DCXRD characterisation of the layer,
while the thin top AlInGaAs barrier layer and the InP capping allow PL characterisation
of the QW layer and AFM measurement of the residual roughness of the QW interfaces.
According to R. Bhat and co-authors [13] the high growth temperature and high
arsine flow are necessary for growth of AlInAs with good optical and electrical
properties. Later studies [4, 5, 12] report on quality improvement of the material grown at
the temperature of 700 "C or higher. The reports [4, 13] also pointed out the need for high
arsine flow. Although other papers [1-3, 5-12] did not specifically highlight the need for
high arsine flow, they all reported the use of rather high value of V/III ratio for their
growth.
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Figure 3. II Comparison of PL spectra of the samples grown at different

temperatures.

The first step of the optimisation was to determine the optimum growth temperature.
The growths were done at 650 "C, 680 "C and 700 "C, with AlInGaAs layer growth rate
- 2 . 4 pm/h and V/III ratio ~ 55. Figure 3.11 illustrates the PL spectra of these samples.
(All the PL spectra presented in this work are room temperature PL. The main peaks
correspond to the QW layers and the secondary peaks correspond to the AlInGaAs barrier
layers).
The increase of growth temperature to 680 °C improves the PL of the sample, but
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further increase of the temperature to 700

led to the decrease of the intensity of the PL.

This was different with the resuhs reported in ref. [1, 2, 4, 5, 6, 9, 12] where 700 "C or
720 "C growth temperature was used as an optimum growth temperature. However, other
growth conditions, like V/IIl ratio and the growth rates also affect the quality of the
material as discussed below.
As reported in the literature, high arsine flow is very important for the growth of A1
containing material with good electrical and optical properties. Thus, raising V/III ratio
was a logical step for improving material quality of the structure. Indeed, growing
AlInGaAs at a higher V/III ratio resulted in a higher and narrower PL. Figure 3.12
illustrates these results. It is necessary to highlight that while at V/III = 55 the PL
intensity of the sample grown at 700 "C was much lower than that grown at 680 "C
(Figure 3.11), at V/III = 105 the sample grown at 700

produced much better PL

(Figure 3.12). This result demonstrates that V/IIl ratio has to be increased together with
the increase of the growth temperature.
It was suggested in ref. [12] that high growth temperature reduces the interfacial
roughness, while high arsine flow prevents formation of the In rich clusters. To verify this
idea a series of AFM measurements were done.
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Figure 3.12 Comparison of PL spectra of the samples grown at different
and V/III ratios.
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The A F M results, illustrated in Figure 3.13, showed that the roughness is reduced
substantially with the increase of growth temperature. This is in agreement with results
reported in ref. [5, 12].
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Figure 3.13 Mean roughnesses of the samples grown at different temperatures, measured
by AFM.

Taking into account the results demonstrated above, it would be reasonable to further
increase the growth temperature and the V/III ratio to improve the quality of the sample
even more. Unfortunately this was not possible in the reactor configuration, and arsine
source w a s already utilised at 9 5 % of its maximum flow.
A further attempt to improve the quality of the structure was to reduce the growth rate
of both the AlInGaAs barrier and InGaAs Q W layers, since the slower growth leads to the
improved material quality [15], The growth rate reduction significantly improved the
intensity and the linewidth of the sample's PL. Figure 3.14 illustrates the improvement of
the sample's PL with reduced growth rate.
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Figure 3.14 Comparison of PL spectra of the samples grown at different temperature,
V/III ratios and growth rates. (The table shows the details of the samples).
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3.4 Conclusion
The results indicate that high growth temperature and high V/III ratio are essential for
the growth of good quality AlInGaAs material. Also, as expected, the reduction of the
growth rate improved the quality of the AIInGaAs layer.
High growth temperature for A1 containing material is required because of the strong
affinity of A1 to O and C bonds. Also high growth temperature improves the morphology
(reduces roughness) of AIInGaAs layers. However the mechanism behind this is not
completely understood.
On the other hand high growth temperature further increases the already high
mobility of In which leads to a very long migration distances and formation of In rich
clusters. By increasing arsine flow In migration can be limited, thereby reducing the alloy
fluctuation of the material.
The results obtained during the process of growth optimisation allow us to grow the
laser structures used in Chapter 5.
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Chapter 4
Design of the Laser Structure

4.1 Introduction
Designing of the laser structure is the initial step in the process of the laser
fabrication. Properly designed laser structure will result in the required performance of
the fabricated devices.
In this chapter the mathematical model used to design the laser structures will be
discussed. The model uses a transfer matrix approach to determine the optical field
distribution in transverse (perpendicular to the growth plane) direction. The confinement
factor of each layer of the laser structure can be obtained using this model. It also utilizes
a complex refractive index, which allows the determination of the optical losses in the
structure.
Special attention in the modeling process was devoted to minimising the optical
losses. The designed standard thick p-clad, thin p-clad and asymmetric thin p-clad
structures are presented in this chapter, together with their expected optical losses.
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4.2 Modeling of the Field in Transverse Direction
The mathematical model used in this work was first presented in ref. [1], This model
was developed to determine the optical field propagation of guided modes in a
waveguide. The waveguide can be a simple three layer waveguide or it may consist of
many layers, with complex refractive indices. The imaginary part of the refractive index
of each layer describes the gain and/or losses in this layer. The electrical field in layer (i)
is determined by:

(4.1)

where E, is the amplitude of the electric field, Aj and Bj are the coefficients, Pi is the
complex propagation constant, tj is the position of an interface, and x is the coordinate in
transverse direction. The complex propagation constant of a layer is determined by:

X

(4.2)

and the complex refractive index by:

", = «,>e - J An

(4.3)

where Ucr is the effective refractive index, Xo is the wavelength in free space, ni ^ is the
real part of the refracfive index of the layer, j is the imaginary unit and a, is the absorpfion
coefficient in the layer. The modal loss can be determined by:
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nef im

^mod

(4.4)

where nefim is the imaginary part of the effective refractive index.
Due to boundary condition for T E mode the electrical field and its derivative should
match at the interface.

(4.5)

ox

(4.6)

ox

These equations can be represented in this form:

(4.7)

-M; _

(4.8)

i+1

where dj is the thickness of the layer (i). The thickness of the first and the last layer is set
to zero, which accounts for the substrate and the air. Simplifying these equations results
in:

M f u ' ' . '

A.,,

2

\

=

j 2
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These equations can be used to determine the coefficients of the field, but it is much
easier to operate with them in a matrix form.

A

A
(+1

B

i+\

B

(4.11)

where Mj+i is the complex matrix (2x2) with the coefficients determined in (4.9) and
(4.10). Following this scheme, the coefficients of the last layer can be represented by the
coefficients of the first layer.

tot

B

n

B

(4.12)

where Mtot=M2 x M3 x . . . x M^.
For guided modes in the waveguide the field in the first and the last layers should be
evanescent. Therefore one of the coefficients (depending on the chosen direction of the
coordinates x) in both cases must be zero.

'A'
B

a

(4.13)

1

and

'A
B

"0"
1

where a and b are the coefficients. Using these equations in (4.12) results in:
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a

'0"
tot
n

0_

(4.15)

From the resulting equation:

(4.16)

the values of the effective refractive index for guided modes are determined.

4.2 Minimisation of the Losses
High power operation of a laser requires minimal optical losses. Therefore special
attention in the modeling process was devoted to the minimisation of the losses. Four
major loss mechanisms were considered in the design process: absorption in the top metal
layer, scattering at the rough interface (semiconductor-metal) caused by alloying, losses
due to resonance in the contact layer and finally the free carrier absorption in highly
doped regions.
As was shown in ref [2-4], the top metal contact can strongly affect the performance
of a thin p-clad laser. Standard Ti-Pt-Au as a p-side metallisation which was studied in
ref [3], shows a significant increase of the internal loss for a thin p-clad laser due to the
use of Ti. Moreover it was shown that the value of the internal loss of the device is
proportional to the thickness of the deposited Ti film. The same tendency was shown for
the increase of the thickness of the Pt film. The lowest internal loss was measured for the
devices with non-alloyed Au contact. The mechanism of this phenomenon was studied by
M. Buda and co-authors [5]. They suggested that the increase of the internal loss is
caused by leakage of the optical mode into the metal layer, due to high refractive index of
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Ti and Pt. As for Au its refractive index is very small leading to insignificant penetration
of the field into the metal layer and hence the low loss.
Although nonalloyed Au does not increase the losses, annealing of a device with Au
film as a contact would have a devastating effect on the performance of the device.
During the annealing process Au diffuses into the semiconductor, with diffusion length as
large as 200 nm [6], creating a very rough semiconductor-metal interface. When the
optical field interacts with such an interface part of it will be scattered resulting in
additional optical losses. This issue was also very extensively studied in ref. [5], with the
results showing that the mean roughness of 30 nm can introduce additional losses as high
as 5 cm"' for thin p-clad lasers.
Despite the fact that there have been some concerns about the adhesion and the
resistance of non-alloyed Au contacts, a number of papers [5, 7, 8] have reported the use
of non-alloyed Au contacts, with no noticeable increase of the resistance and the adhesion
was good enough for most applications. These results make the use of non-alloyed Au
contact a very attractive solution to the problem of the losses due to absorption in the top
metal layer and scattering at the rough interface. Therefore non-alloyed Au contact was
used as p-side contact for the devices fabricated in this work.
Another source of additional losses in a laser diode is the loss due to resonance in the
contact layer. Normally a waveguide consists of the central region with high refractive
index sandwiched between two cladding regions with lower refractive index, hence the
light propagates inside the central region. In general an InP-based laser diode is a
waveguide with an active region of a high refractive index and lower refractive index InP
cladding layers. However it is very difficult to make a good p-side ohmic contact on InP,
therefore a highly p-doped (p"^"") InGaAs contact layer is grown on top of InP. The
refractive index of the p"^^ InGaAs contact layer is much higher than the refractive index
of the cladding layer, therefore a secondary waveguide is created in the structure. Due to
strong coupling between the main and the secondary waveguide in a thin p-clad structure
a substantial amount of the field can leak into the secondary waveguide. A high amount
of the field in the highly doped region would significantly increase the modal losses.
Fortunately, as was shown in ref [9], the waveguiding effect in the secondary waveguide
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occurs only at certain thicknesses of the p^"" contact layer. The thickness of the contact
layer at which this phenomenon occurs is given by:

1

/I,o

4 lu

"V Y'conlaci

where d is the thickness of the contact layer,

r;;^
"-eff )

(4.17)

is the wavelength in the free space,

r'contact IS the refractive index of the contact layer and Ueff is the effective refractive index
of the mode. This loss mechanism has to be considered during the design process of the
thin p-clad laser to avoid additional modal losses.
Finally free carrier absorption in highly doped regions produces additional internal
losses in thin p-clad lasers due to absorption of the field in p-doped region. This loss
mechanism cannot be eliminated completely, since doping of certain regions of the laser
is required for its normal operation, but it can be minimised. The internal absorption
coefficient of p-doped layers is more than twice that of n-doped layers [10]. Thus this is
especially important issue in the case of thin p-clad structure where highly p-doped
region is very close to the active region. By introducing a trapping layer (a layer with
high refractive index) into the n-doped region of the structure, a large part of the optical
field is shifted into the trapping layer, and the optical field becomes asymmetric to the
active region. This asymmetric design reduces the amount of the field penetrating into
highly p-doped regions, hence substantially reducing the modal losses [11, 12].

4.3 The Designed Structures
In this section the designed structures will be presented, discussed and compared.
Three structures were developed: standard symmetric thick p-clad structure, symmetric
thin p-clad structure and asymmetric thin p-clad structure.
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>i(|am)

doping(cm"^)

L(nm)

Ino.53Ga{),47As (contact layer)

1.670

p=MO'^

100

InP (p-cladding)

0.922

InP (p-cladding)

0.922

p=5-10"'

400

In0.93Gao.07As0.15P0.85 (etch stop)

1.000

p=5-10"'

10

InP (p-cladding)

0.922

p=5-I0"'

100

Ino.93Gao 07AS0 15P0.85 ( s t e p - G R I N S C H )

1.000

undoped

20

Ino 86Gao. 14AS0.31 Po.69 ( s t e p - G R I N S C H )

1.100

undoped

20

Alo.17Gao 30Ino.53As (barrier layer)

1.260

undoped

20

Ino.65Gao.35As ( Q W )

2.005

undoped

4.8

Alo17Gao.30Ino.53As (barrier layer)

1.260

undoped

10

Ino.65Gao.35As ( Q W )

2.005

undoped

4.8

Alo n G a o 3oIno 53AS (barrier layer)

1.260

undoped

10

Ino.65Gao.35As ( Q W )

2.005

undoped

4.8

Alo i7Gao 3oIno 53As (barrier layer)

1.260

undoped

10

Ino 65Gao.35As ( Q W )

2.005

undoped

4.8

Alo i7Gao.3oIno 53As (barrier layer)

1.260

undoped

10

Ino 65Gao.35As ( Q W )

2.005

undoped

4.8

Alo n G a o 3oIno.53As (barrier layer)

1.260

undoped

20

Ino.seGao.i4AS0.31 Po.69 ( s t e p - G R I N S C H )

1.100

undoped

20

In0.93Ga0.07As015P0.85 ( s t e p - G R I N S C H )

1.000

undoped

20

InP (n-cladding)

0.922

n=110"

200

InP (substrate)

0.922

n=l-IO"

-

1500

Table 4.1 The symmetric thickp-clad structure. The calculated modal loss is 4.5 cm '.

T h e s y m m e t r i c thick p-clad structure is presented in Table 4.1. T h e table presents the
s e q u e n c e o f the layers, with the material c o m p o s i t i o n in the first c o l u m n , the value of the
b a n d g a p ( e x p r e s s e d in w a v e l e n g t h ) in the second c o l u m n , the d o p i n g level in the third
c o l u m n and the thickness o f the layer in the fourth c o l u m n . For p r o p e r c o m p a r i s o n o f the
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doping(cm"^)

L(nm)

Ino.53Gao.47As (contact layer)

1.670

InP (p-cladding)

0.922

p=5-10"

375

InP (p-cladding)

0.922

p=5-10"'

25

In0.93Gao.07As0.15P0.85 (etch stop)

1.000

p=5-10"'

10

InP (p-cladding)

0.922

p=5-10"'

100

Ino.93Gao.o7Aso. 15P0.85 (step-GRINSCH)

1.000

undoped

20

Ino.86Gao. 14AS0.31 Po.69 (step-GRINSCH)

1.100

undoped

20

Alo.17Gao.30Ino.53As (barrier layer)

1.260

undoped

20

Ino.65Gao.35As (QW)

2.005

undoped

4.8

Alo.17Gao.30In0.53As (barrier layer)

1.260

undoped

10

Ino.65Gao.35As (QW)

2.005

undoped

4.8

Alo.17Gao 30Ino.53As (barrier layer)

1.260

undoped

10

Ino.65Gao.35As (QW)

2.005

undoped

4.8

Alo.i7Gao.3oIno 53As (barrier layer)

1.260

undoped

10

Ino.65Gao 35AS (QW)

2.005

undoped

4.8

Alo.17Gao 30In0.53As (barrier layer)

1.260

undoped

10

Ino 65Gao 35AS (QW)

2.005

undoped

4.8

Al0.17Gao.30In0.53As (barrier layer)

1.260

undoped

20

Ino.86Gao 14AS0.31 Po.69 (step-GRINSCH)

1.100

undoped

20

Ino.93Gao.o7Aso. 15P0 85 (step-GRINSCH)

1.000

undoped

20

InP (n-cladding)

0.922

n=MO"

200

InP substrate

0.922

n=MO"

-

100

Table 4.2 The symmetric thin p-clad structure. The calculated modal loss is 8.4 cm '.

different designs, the structures were designed to be as similar as possible. Therefore only
the design

of the standard

symmetric

thick p-clad

structure will be

explained

comprehensively, while only the changes to the structure will be discussed for symmetric
thin p-clad and asymmetric thin p-clad structures.
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doping(cm"^)
Ino.53Gao.47As

(contact layer)

1.670

L(nm)
100

InP (p-cladding)

0.922

p=5-I0"

375

InP (p-cladding)

0.922

p=5-10"'

25

In0.93Ga0.07As0.15P0.85 (etch stop)

1.000

p=5-10"'

10

InP (p-cladding)

0.922

p=5-I0'''

100

Ino.93Gao.o7Aso., 5P0.85 (step-GRINSCH)

1.000

undoped

20

Ino.86Gao.i4Aso.3iPo.69(step-GRINSCH)

1.100

undoped

20

1.260

undoped

20

2.005

undoped

4.8

Alo.17Gao.30Ino.53As (barrier layer)

1.260

undoped

10

Ino.65Gao 35AS (QW)

2.005

undoped

4.8

Alo.17Gao 3 0 I n o . 5 3 A s (barrier layer)

1.260

undoped

10

2.005

undoped

4.8

1.260

undoped

10

2.005

undoped

4.8

1.260

undoped

10

2.005

undoped

4.8

1.260

undoped

20

Ino.scGao 14AS0.31 Po.69 (step-GRINSCH)

1.100

undoped

20

Ino.93Gao.o7Aso. 15P0.85 (step-GRINSCH)

1.000

undoped

350

1.200

undoped

190

InP (n-cladding)

0.922

n=MO"

200

InP substrate

0.922

n=MO"

-

(barrier layer)

Alo.17Gao.30hio.53As

Ino.65Gao.35As

Ino.65Gao.35As

Alo.17Gao.30Ino.53As

( Q W )

( Q W )

(barrier layer)

Ino.65Gao 35AS (QW)
Alo.17Gao.30Ino.53As

(barrier layer)

Ino.65Gao.35As

Alo17Gao.30Ino.53As

Ino.79Gao.21 Aso

4 5 P 0 55

( Q W )

(barrier layer)

(trapping layer)

Table 4.3 The asymmetric thin p-clad structure. The calculated modal loss is 3.5 cm''.

As was mentioned earlier, at certain thickness of the contact layer a resonance can
occur resulting in the creation of a secondary waveguide. Hence to avoid this effect the
thickness of the contact layer is set to 100 nm. A good quality p-side ohmic contact
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requires a highly doped contact layer especially in the case of non-alloyed contact, thus
the InGaAs layer is highly doped (p = lO'^ cm"^).
The thick (2 |im) InP cladding is divided into two regions with different doping
concentrations, this is done to reduce the optical losses while maintaining a low series
resistance of the device. A thin (10 nm) InGaAsP etch-stop layer is placed inside the
second region of the cladding.
The cladding

layer is followed by the standard

step-graded

index

separate

confinement heterostructure (step-GRINSCH), consisting of 20 nm of lattice matched
InGaAsP {X = 1 jam) and 20 nm of lattice matched InGaAsP

= 1.1 |im).

The active region consists of five compressively strained 4.8 nm thick InGaAs
quantum wells (QW), separated by lattice matched AllnGaAs (A, = 1.26 jj.m) barriers. The
number of QWs is a compromise between high gain and good material quality, since
higher number of strained QWs could potentially lead to defects due to strain
accumulation.
Finally a symmetrical step-GRINSCH region is placed in the n-side of the structure.
The structures are grown on n-doped InP substrates (n = lO'^ cm"^), with 200 nm InP
n-cladding (buffer) layer.
The refractive index profile and the optical field profile of the symmetric thick p-clad
structure are illustrated in Figure 4.1. This figure illustrates that the maximum of the
optical field is located in the active region of the structure and the field is symmetric to
the active region. The field penetration into the highly p-doped contact layer is negligible.
The calculated modal loss for this structure is 4.5 cm"' which would be a reasonably
good value for InP-based lasers.
The symmetric thin p-clad structure is shown in Table 4.2. As was mentioned earlier
minimal changes were introduced in the structure to make direct comparison of the
structures. The total thickness of the InP p-cladding layer of this structure is reduced to
500 nm, while it is still divided into two regions with the same doping level as in the
symmetric thick p-clad structure. Its refractive index profile and the optical field profile
are illustrated in Figure 4.2. While the maximum of the opfical field is still in the active
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0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Distance From the Device Surface ( |.im )

Figure 4.1 Refractive index profile and optical field distribution in the symmetric
thick p-clad structure, with non-alloyed Au contact.

0.5

1.0

1.5

2.0

2.5

3.0

Distance From the Device Surface ( |am )

Figure 4.2 Refractive index profile and optical field distribution in the symmetric thin
p-clad structure, with non-alloyed Au contact.
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region, the intensity of the field in the highly p-doped regions is substantially higher than
in the case of the symmetric thick p-clad structure.
As expected, the calculated modal loss for this structure increased dramatically
to 8.4 cm"'. The nearly twofold increase of the modal loss is obviously due to increased
intensity of the field in the highly p-doped regions. This value of the losses would be
unacceptable for high power operation of a laser.
Table 4.3 presents the design of the asymmetric thin p-clad structure. The structure
has one additional layer (trapping layer) placed in the n-doped region of the structure.
The trapping layer is a 190 nm thick lattice matched InGaAsP (A, = 1.2 |im). The trapping
layer shifts the field away from the p-doped region, hence reduces the modal losses.
Moreover the losses can be reduced even further by introducing the intermediate layer
(shifting the field further away from the p-clad) between the active region and the
trapping layer. In this structure the last layer of the step-GRINSCH was extended
to 350 nm. It has to be mentioned that the thickness of the trapping layer and the
intermediate layer cannot be increased indefinitely, since higher order modes start to
dominate. The single mode operation can only be guaranteed if the confinement factor in
the quantum well layers for the fundamental mode is higher than for the first order mode.
The refractive index profile and the optical field profile of the asymmetric thin p-clad
structure are illustrated in Figure 4.3. The optical field is shifted away from the highly
p-doped regions, and the intensity of the optical field in the p-doped regions is
significantly reduced. The optical field appears to have two maxima, due to damping of
the field in the intermediate layer, which has lower refractive index than the active region
and the trapping layer. To avoid a strong damping of the field in the intermediate layer its
refi-active index has to be close to the refractive index value of the trapping layer.
The use of the asymmetric structure has reduced the calculated modal loss for
zero-order mode to 3.5 cm''. This value is even smaller than the modal loss for the
symmetric thick p-clad structure (4.5 cm"'), and more than two fimes lower than that of
the symmetric thin p-clad structure (8.4 cm"'). However the asymmetric structure would
require higher injection current to provide the same modal gain as in case of the
symmetric structure, due to lower confinement factor in the active region.
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0.5

1.0

1.5

2.0

2.5

3.0

3.5

Distance From the Device Surface ( j^m)
Figure 4.3 Refractive index profile and optical field distribution in the asymmetric thin
p-cladstructure,

with non-alloyed Au contact.

These results show a clear potential for the use of asymmetric design in high power
single mode InP-based lasers.
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Chapter 5
Characterisation of Lasers

5.1 Introduction
The characterisation of the devices is a very important step in the design and
fabrication process of the lasers. Quantitative interpretation of the laser performance not
only provides insights into the fundamental processes occurring in the devices, but also
allows for further improvement of the devices.
In this chapter the characterisation results of the devices will be presented and
analysed. The first part of this chapter will be devoted to the standard thick p-clad lasers.
The characteristics of these lasers are evaluated and compared with those reported in the
literature for the lasers with similar design. In the second part, characteristics of the thin
p-clad lasers will be compared with those of the thick p-clad lasers. And in the conclusion
the results will be discussed, and the ways to improve the performance of the devices will
be outlined.
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5.2 Thick p-Clad Lasers
Both sets of devices thin and thick p-clad were tested under the same conditions.
The lasers were mounted on the testing stage p-side up and driven by the pulsed injection
current with pulse length 2 |is and duty cycle of 5 %. The injection current ranged
from 0 to 500 mA. The facets were as-cleaved, without any high reflective or anti
reflective coatings. To detennine characteristic temperature of the device, a series of
light-current (L-I) curves were measured at different temperature (10, 20, 30, 40, 50 °C).
Spectral characteristics were measured by coupling the laser light into a single mode
optical fiber connected to optical spectrum analyser.
Figure 5.1 illustrates the typical L-I curve of the thick p-clad lasers, measured
at 10 "C, the length of the devices was 0.5mm. Lasers with these cavity lengths have a
typical threshold current of ~ 80 mA. Due to the limitation of the maximum output
current of the laser diode driver, broad-area lasers

50 |im) could not be tested. Hence,

the threshold current density was calculated using the results obtained from 4 |im ridge
devices.

L - I curve
Linear Fit

200

Current ( mA)
Figure 5.1 L-I curve of one of the thick p-clad lasers. The device length is 0.5 mm, duty
cycle of the injection current is 5 %.
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Although these were nominally 4 ^m ridge lasers, from the SEM image of the laser
(not shown here) the width of the bottom of the ridge was determined to be 11.6 |im.
Using this value of the ridge width to determine the threshold current density resulted in
the value of 1397 A/cm^. Talcing into account that there is still some current spreading
under the ridge, this value is slightly higher than those reported in the literature
(1000 - 1100 A/cm^) for similar devices [7, 13].
The dependence of the inverse external differential quantum efficiency from the
cavity length of the lasers is shown in Figure 5.2. From this graph a very high value of
the internal quantum efficiency of 95 % was determined. This value of the internal
quantum efficiency is an indication of the very good material quality of the structure.
To the best of our knowledge there has been only one report [4] of the internal quantum
efficiency higher than 90 % for the similar devices.
The internal losses of these lasers were determined to be 22 cm"', which is much
higher than predicted by the modeling 4.5 cm"'.

5c
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95 %

a: = 22 cm'''
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Figure 5.2 The dependence of the inverse external differential quantum efficiency of the
thick p-clad lasers from the cavity length of those lasers. The squares represent the
average of the measured data and the solid line is the linear fit.
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The values of Uj reported in the Hterature for the similar ridge-waveguide lasers were
in the range of 9 cm"' - 27 cm"' [1, 2, 3, 4, 9, 10], High internal losses of the devices
probably originate from the fabrication process. Although grown-in (material related)
defects may absorb light, the presence of these sort of defects in the structure is unlikely
since the devices have a very high value of the internal quantum efficiency. The most
likely cause of these losses is the rough surface outside the ridge formed during the
etching step of the fabrication process. Due to high phosphorus concentration of the etch
stop layer the HCl based etching solution made the surface of the layer very rough.
Therefore the optimisation of the etching process, in particular the etching depth and the
material composition of the etch stop layer would decrease the value of the losses and
greatly improve the performance of these lasers.
Figure 5.3 illustrates a set of the L-I curves measured at different temperatures, to
detennine the characteristic temperature of the laser, and the inset shows the variation of
the threshold current with the increasing temperature.
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Figure 5.3 L-I curves of one of the thick p-clad lasers, operating at various temperatures.
The inset shows the variation of the threshold current with the increasing
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The expected improvement of the characteristic temperature is the main reason for the
use of aluminum containing materials in InP based lasers. Indeed, this work, as well as all
the other works done on AlInGaAs/InP material system, showed a great improvement in
thermal stability of the AlhiGaAs/InP based laser over conventional InGaAsP/InP based
lasers. The value obtained in this work of the characteristic temperature for the thick
p-clad lasers (To = 85 K) was about 20 % higher than the standard values for the
conventional InOaAsP/InP based lasers. This value of To is very close to the results
reported in the literature [1, 4, 6, 8, 10, 13] for the similar lasers with as-cleaved facets.
In figure 5.4 the spectral behaviour of the laser is shown. The insets illustrate the
spectrum of the laser radiation before the threshold, just after the threshold and well
above the threshold.
It is useful to know the effect of the operational temperature on the center wavelength
or the lasing wavelength of the laser. Figure 5.5 illustrates the center wavelength change
of

the

thick

p-clad

lasers

as

a

function

200

of

the

operation

temperature.

300

Current ( mA)
Figure 5.4 L-I curve of one of the thick p-clad lasers, with the insets illustrating the
spectrum of the laser radiation at different values of the injection
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The lasing wavelength changed from 1565 nm at 10

to 1587 nm at 50

and slope of

the linear fit was measured to be 0.55 nm/°C.
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Figure 5.5 The value of the center wavelength of the thick p-clad lasers as a function of
temperature.

The squares represent the measured data and the solid line is the linear fit.

5.3 Thin p-Clad Lasers
This section is devoted to the results obtained from thin p-clad lasers. Their
characteristics will be demonstrated and compared to those of the thick p-clad lasers
presented earlier in this chapter.
Figure 5.6 illustrates the typical L-I curve of the thin p-clad lasers, measured at 10
the length of the devices was 0.5 mm. The average value of the threshold current for these
lasers was 82 mA. This is almost the same value as for the thick p-clad lasers (81 mA).
This was unexpected, as thin p-clad lasers are predicted to have higher losses and as a
result higher threshold current than thick p-clad devices.
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Due to the nature of the wet etching process the bottom of the ridge of the thin p-clad
lasers is much narrower (6 pm) than that of the thick p-clad lasers (11.6 pm), even though
the nominal ridge was supposed to be 4 pm wide. Using this value the threshold current
density of the thin p-clad lasers was calculated to be 2733 A/cm^. The increased effect of
the current spreading in the 6 pm ridge devices can account for the increase of 1.5 times
of the threshold current density [16], compared to the 11.6 pm ridge devices. Considering
this, the threshold current density of the thin p-clad lasers is about 30 % higher than the
one for the thick p-clad lasers.
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Figure 5.6 L-I curve of one of the thin p-clad lasers. The device length is 0.5 mm, duty
cycle of the injection current is 5 %.
Shown in Figure 5.7 is the dependence of the inverse external differential quantum
efficiency as a function of the cavity length for the thin p-clad lasers. The slope of the
linear fit gives the value of 26 cm"'. Though this value of internal losses is also much
higher than the calculated value, the difference in losses of only 4 cm"' between thin and
thick p-clad structures correlates well with the prediction made during the design process.
But this value of losses does not fully explain the increase of the threshold current
density.
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Surprisingly, the internal quantum efficiency of these lasers was only 61 %, which
explains their high threshold current density. It appears surprising that the thin p-clad
devices have such a low r^i compared to thick p-clad devices, even though both have very
similar structures (the only difference is the thickness of the p-clad layer).
The increase in losses leads to an increase of carrier density needed for lasing, which
in turn leads to higher Auger recombination, hence decreases the internal quantum
efficiency.
The internal quantum efficiency is given by:
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Figure 5.7 The dependence of the inverse external differential quantum efficiency of the
thin p-clad lasers from the cavity length of those lasers. The squares represent the
average of the measured data and the solid line is the linear fit.
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where A is the coefficient of nonradiative recombination, B the coefficient of spontaneous
radiative recombination, C the coefficient of Auger recombination, R^, the coefficient of
stimulated emission rate, Npi, the intracavity photon density, n the carrier density.
Normally the radiative terms of this equation (Bn^ + Rs.Nph) dominate the recombination
process, making r), ~ 1, but at high carrier densities Auger recombination increases
rapidly, quickly overcoming the spontaneous radiative recombination [15], The use of
highly reflective facet coatings would increase the radiative stimulated recombination by
increasing the intracavity photon density hence improving the value of the internal
quantum efficiency.
As Auger recombination increases even more with temperature, it would certainly
degrade the thermal stability of the lasers. Indeed, this was observed for the thin p-clad
lasers where the characteristic temperaUire was measured to be only 58 K. This is a
significant drop of To in comparison to 85 K for thick p-clad lasers. Figure 5.8 illustrates
the set of the L-1 curves measured at different temperatures to determine the characteristic
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Figure 5.8 L-I curves of one of the thin p-clad lasers, operating at various

temperatures.

The inset shows the variation of the threshold current with the increasing

temperature.
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temperature of the laser and the inset shows the variation of the threshold current with the
increasing temperature.
In Figure 5.9 the center wavelength change of the thin p-clad lasers as a function of
the operation temperature is shown. The slope of the linear fit for thin p-clad devices is
0.5 nm/°C, which is similar to that of the thick p-clad lasers, since they are of the similar
design.
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Figure 5.9 The vahie of the center wavelength of the thin p-clad lasers as a function of
temperature.

The squares represent the measured data and the solid line is the linear fit.
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5.4 Conclusion
High material quality of the structures was demonstrated by the internal quantum
efficiency of 95 % of the thick p-clad lasers, one of the highest ever reported for
AlInGaAs/InP ridge waveguide lasers. Although the internal quantum efficiency of thin
p-clad lasers was significantly lower, it was explained to be due to increased Auger
recombination.
The characteristic temperature To, for the thick p-clad lasers was 85 K which is about
20 % higher than the typical values reported for the conventional InGaAsP/InP based
lasers. As for the thin p-clad lasers, high Auger recombination degraded their thermal
stability.
Even though the losses of the both structures were relatively high, the difference in
the loss values correlated well with the difference predicted by the designing process.
It is believed that the high losses were introduced by the rough surface formed during
the etching step of the fabrication process. Therefore optimisation of the material
composition of the etch stop layer and its position with respect to the active region would
greatly improve the value of the internal losses, as well as characteristic temperature and
the overall performance of both thin and thick p-clad lasers.
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Chapter 6
Summary and Recommendation for Future
Research
This work concentrated on the apphcation of AlInGaAs material in InP-based lasers
to improve their thermal stability and the investigation of thin p-clad design as an
intermediate step to asymmetric thin p-clad structures.
The results presented in the growth section of this work showed that by increasing the
V/III ratio simultaneously with the increase of the growth temperature, AlInGaAs
material of a very high quality can be obtained. The optimised growth conditions allowed
the growth of thick AlInGaAs layer with the PL linewidth of only 55 nm, to the best of
our knowledge this is the narrowest room temperature PL spectrum ever reported for this
sort of material. The growth conditions of AlInGaAs used in this work are: the growth
rate - 1.65 ^m/h, the growth temperature - 700 °C and the V/III ratio - 105. Although the
results indicate that further increase in growth temperature and V/III ratio could further
improve the material quality, this was not possible with the current design of the
MOCVD reactor.
High material quality of the AlInGaAs was also demonstrated by the value of the
internal quantum efficiency (95 %) of the thick p-clad lasers. This value of the internal
quantum efficiency is also one of the highest ever reported for AlInGaAs lasers. Since the
active regions of both structures are identical, lower internal quantum efficiency of the
thin p-clad lasers of only 61 %, was explained to be due to increased Auger
recombination, as a result of higher optical losses.
Characteristic temperature of the thick p-clad lasers (To = 85 K) was about 20 %
higher than the typical values reported for the conventional InGaAsP/InP based lasers. On
the other hand a high Auger recombination degraded the thermal stability of the thin
p-clad lasers.
The comparison of the thick and the thin p-clad lasers showed that, although the
measured values of the losses were much higher than predicted, the difference of the
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optical losses of the lasers correlated well with the difference determined by the
designing process. Higher than expected optical losses of the structures most likely were
introduced by the rough surface formed during the etching step of the fabrication process.
Therefore some optimisation of the composition of the etch-stop layer and its position
with respect to the active region is required. Another option for the improvement of the
etching step of the fabrication process is the use of dry etching. The low optical losses
would result in lower Auger recombination and consequently higher internal quantum
efficiency and better thermal stability of the devices.
The growth issue of the application of AlInGaAs in InP-based lasers has been
overcome in this work. High material quality AlInGaAs was obtained and as a result the
fabricated thick p-clad devices showed a very high value of internal quantum efficiency
and improved thermal stability. However some optimisation of the fabrication process is
required to minimise higher than expected optical losses. Subsequently high power
single-mode InP-based lasers with the asymmetric thin p-clad structure can be fabricated
and studied.

-83-

