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Abstract

This thesis explores the realization of low facet reflectivity usingadgjhed stripe
buried waveguide configuration and its implementatiomptoelectronicdevices such

as superluminegnt diodes (SLB) andsemiconductor optical amplifie(SOAS).

| exploredthe development of the buried waveguide in AlGaAs/GaAs material system
,since its first preseation in 1974 by Tsukada, in order identify the problems
associated with this tenblogy.

A novel windowfacetd structure is demonstrated. The experimental measurements
demonstrated effective reflectivity <tbas a result of both divergence and absorption
within these windowlike regions(i.e. not transparentjts implementation tsuppress
lasing in tilted and normab-facet waveguide SLDs was thoroughly investigated in
chapters 3 and 4. In the tilted devices, ~40mW output power with spectral modulation
depth < 2% is demonstrated. In the latter types of SLDs, up to 16mW output\pidive

<5% spectral modulation depth was recordekich is the highest powelemonstrated

for such configuratio;m The performance of the two types of devices wesmsured
without the application ofanttreflective coating®n the reafacet,which makeghem
inherentlybroadband.

By incorporating a windowed facet at each end of a waveguide | could realize an SOA
with window structurd facet Promising results were demonstrated in this configuration
including 33dB gain and <6dB noise figure, which are pamable to the statef-the-

art.

A trial was held to extend the concept of absorptive rear window to visdlelengths
available in th&salnP/AlGalnP material system. Problems associated with such devices
were explored briefly and two solutions are segjgd.Simulations were performed to
realize design oén optimized device. Unfortunatelhe experimental implementation

of the design was not successhult suggestions for strategies to overcome these

problems are discussed
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1.1 Introduction:
This thesis describes the implemeittatof a recently developed Gallium Arsenide

based (GaA$ased) selaligned stripe (SAS) technology incorporating Gallium Indium
Phosphide (GalnP) layer, which was born out of attempts to realize GaAs buried
heterostructure, in realization of extremelyle@ffective facet reflectivity. The low
reflectivity facet was used to present high performance superluminescent diodes (SLDs)
and semiconductor optical amplifiers (SOAs) for use in enhanced optical coherence
tomography (OCT). Since the whole thesis iseldasn cutting edge buried waveguide
technology, in this chapter | review the literature on buried heterostructure laser designs
with more particular focus on seadfigned stripes at the end of the review. At the end of
the chapter, | briefly outlined th@wtents of the thesis and the main findings for each of
the four experimental chapters which followed the experimental methods described in

chapter two.

1.2 Project motivation:
SLDs and SOAs have been used as optical broadband emitters in OCT since its

presentation in 1991 by Huargg.al. [1]. SLDs are used alone usually relying on their
ability to provide more than 50nm spectral bandwidth in spedtnadain OCT (SB
OCT). On the other hand, SOAs are usually accompanied with a narrow linewidth
tunable light sorce (e.g. tunable semiconductor laser or external cavity laser) in order
to provide high brightness light source in swsptirce OCT (S®CT). 1.3m
wavelength was the main interest for plenty of efforts since OCT presentation in order
to enhance the imaging quality. Most of this development was focused on the Indium

Phosphide based (IAfased) devices which can offer wavelengths in the -1IZ30nm

l|Page



by the Indium Gallium Arsenide Phosphide/ Indium Phosphide (InGaAsP/InP) material

system.

The recent interests of OCT development are the retina, choroid, and vitreous
imaging for diagnosis/theraf®], [3]. The main obstacle faces such wavelengths in the
case of living tissues is the high absorption of such wavelength in the biological fluids
such as water, haemoglobin, anxidized haemoglobin as reported by Huang and

shown in Figure 41 [4].

. Diode
Alexandrite
Absorption (log scale) Ruby Nd: YAG
M v
100 |- .
Pigmented lesion >{ l‘ Bulk tissue

10

Oxyhemoglobin Water

‘ | Vessel
5
GaN

0.1

Vessel

0.01

00 700 1000 2000

Wavelength (nm)

300

Figure 1-1: A re-print of the biological window graph published by Huang their
paper[4] .

Figure 11 shows absorption minima in the spectral region that can be offered by
GaAsbased devices. This fact increased the intaredeveloping GaA$ased SLDs
and SOAs which emit in such wavelengths and can be used as OCT broadband sources
as can be seen in Figur€hich plots the bandgap as a function of the lattice constant
for a range of IHV semiconductor material. It wasrqven that the quality of the
resultant image of an OCT system is in direct relation to the emitted light quality which

is governed by the quality of the source.
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Figure 1-2: A Figure l-showing the bandgap and the operating wavelength as a
function of tle lattice constant of the IV semiconductor material. Examination of the
figure can show that InGaAsP/InP operates mainly in the-22rh while the
GaAs/AlGaAs system can operate from =0m in case no strain was applied. In

case of strained quantum structures, operating wavelength of-Gagesl material can
be extended up to 1600nm.

A number of methods were used to transform thealiaser into SLD/SOA which
will be reviewed briefly in chapters 3 and 5. One of these methods is windowed (buried)
facet structure. Such facet is usually achieved by a process includes etching and
overgrowth. This process was developed in the InP platforaneate windowed SLDs
[5]and windowed SOAS]. The problem associated with such structures in the GaAs
based devices is that Aluminium Gallium Argmi(AlGaAs) is key element in any
structure and exposure of-8bntaining layer during the etching process results in poor
quality overgrowth. This problem was solved by incorporating GalnP protecting layer
as suggested by B.J. Steveli§. In this thesis | used this method to present broadband
devices with high performance which are suitable for biomedical OCT imaging in
chapters 3, 4, and 5. In addition to that, | suggested in chapter 6l{aaég devices

emit at the very edge of the GaBased spectral range. These devices can be realized

3| Page



via a similar method to those presented in chapté&rsvBh one key factor differece in

their optical confinement method.

1.3 Optical Coherence Tomography
Optical coherence tomography is a high resolution imaging technique first presented

by Huanget.al[1], this method enables measurement of the thickness layers that
comprise the scanndissues with no need of further processing or specific preparation

for the tissug8]. In any imaging system the key features to be considered is itile ax
resolution and penetration depth. While the classical imaging technologies such as
ultrasound provide very deep imaging the resolution is limited to larger thram, 10
ultrahigh resolution <1pm can be achieved
penetration is limited to less than 1mm. The essential properties that can be offered by
OCT compared to other imaging techniques is that the axial resolution fr@ul@an

be achieved for a relatively deep imaging, which plays a key role in tissue diagnosis and
imaging. Fujimoto located OCT with respect to the other imaging techniques as shown

in Figure 23 below in his book8].

1mm -+
Standard
Clinical
100 um 4 ULTRASOUND
2
= High
5 Frequency
|_
g 10 um -
@ OPTICAL COHERENCE
o TOMOGRAPHY
1 um .
CONFOCAL
MICROSCOPY
100 um 1 mm 1cm 10 cm

IMAGE PENETRATION (log)

Figure 1-3: The conventional imaging techniques used for biomedical imaging from
clinical to laboratory based systems as reported by Fujimof8]in

4| Page
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OCT operated in two domains, tindemain OCT (TBOCT) in which OCT was
presented for the first time and Fourier spectraldomain OCT (FROCT or SDOCT)

which replaced the oldpproacmowadays.

1.3.1 TD-OCT
The technique presented for the first time by Huangl. [1] was based on a nen

coherent light source (SLD) emits a light which is split by a 50:50 beam splitter to a
form a reference and information signals. By detecting the interfetetogen them

based on the time difference, the tomography of the specimen is detected. This type of
OCT s called timedlomain OCT Figure 13 below shows a simplified diagram of the

operation.

Moving
Mirror

{[ 5| —> /—> Optics&
D Sample

Detector

Figure 1-4: simplified schematic of tirrdomain optical cohence tomographia] .

TD-OCT had a limited sensitivity and a sigitelnoiseratio that is lower than the

one provided by SEDCT.

1.3.2 SDOCT
The SDOCT differs from the TBOCT by considering the frequency of the

information (or the wavelength) in order totect the thickness of the tissue layers.
Instead of using a moving mirror and compare white optical powers of the information
and the reference signals in terms of the time variation which results in a phase shift

between the two signals as occurs in-ODT, SDOCT comparsthe reflected optical
5| Page



intensity across a range of wavelengths, since each wavelength results in a constructive
interferenc]. This is performed by either changing the detected wavelength using a
spectrometer or a lindetector as happens in the case wH&lD is used (as shown in

Figure 15 below), or by using a fixed detector aalterthe injected wavelength.

Optics &
<— | Sample

Spectrometer

Detector

Figure 1-5: a simplified schematic of a spectddmain OCT utilizing broadband
emitter

In the latter case, a tunable laser is commonly usdteasitial light source and it is
usually combined with an SOA to amplify the signal to the desired level. The OCT
operation is called a Swepburce OCT (S®CT) which a simplified diagram of its

configuration is shown in Figure-@ below.

i| Fixed
1 Mirror

. A—p ' |~—»| Optics &
¢ dzy | 9 “| Sample

Figure 1-6: Simplified schematic of swepburce OCT.
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1.3.3 Impact of light source on the OCT operation
The light source used in the OCT apparatus is the most essential part of the setup.

The properties of the source govern the image quality. The equation thahgtver

axi al resolution, Az, of (1-1) leelo0dDdh thaty st em |
Ya —5 e (1-1)

where A is the | ight source wavelength
Examining equationlfl) reveals thathe axial resolution is directly proportional to the

squared value of the source and inversely proportional to the bandwidth of the source.
This means that in order have a better resolution the light source bandwidth should be

increased at the same wavejéh or decrease the operating wavelength.

While the broadband emitters are not the main interest in this thesis, | presented a
study on realization of buried semiconductor laser device operate at 650nm in chapter 6.
This can be developed into a broadbandtter operating in that wavelength using the

same concepts | presented.

The other feature that can affect the OCT operation is the output power of the light
source which directly related to the setup sensitivi§jand the signaio-noiseratio

[10] of the system.

In chapter 3 of this thes | presented a tilted SLD that can operate witpput power
up to 38mW with no observable noise if it was run under pulsed operation. Also |
demonstrated a very high gain and low sigioahoiseratio SOA which can benefit if it

was used for S®CT.

1.4 Superluminescent diodes :
Superluminescent diodes are widely used essentialadpttronic elements in a

broad range of applications such as optaahmunication[11], [12], fibre-optic
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gyroscopeg13], sensing14], [15], and optical coherence tomography both industrial
[16] and biomedica]15].
1.4.1 Device Emission:

SLDs makeuse of Amplified Spontaneous Emission (ASE), provides relatively
broadband emission with relatively high brightness. In a laser diode the ASE is found as
a transitional state between thmadband low brightness spontaneous emission of the
laser below threshold (essentially act as light emitting diodes (LED)), and the very
narrow band very high brightness amplifisttmulatedemission above lasintpreshold
where lasing occurs. This proseis demonstrated iRigure 17 which plots the three
emissions in three different colours with their related emission in teetirAmplified
spontaneous emission is the spontaneous emission that undergoes amplification through
stimulated emission as ftitavels through an optical cavity under population inversion.
Generally the SLD emission can be described as a broadband high brightness emission.
While the bandwidth of the LED can be as wide as 300nm or more, a bandwidth of ~
30-50nm is typical for the ID [8]. ASE (the superluminescence) occurs in all of the
laser devices for a small range of injection current prior to lasing threshold, when
feedback bcoherem photons with a specific band of wavelengths start to stimulate the
excited carriers to make thafsitions at that band. Figure7shows the common LI of
the any laser device with the spectral transitions from spontaneous emission to

amplifiedstimulated emission.
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Figure 1-7: The Common Lights-Current Characteristic curve of any semiconductor
laser. In this process three types of emission is emitted from the same device according
to the pumping level 1) The spontaneous emission (the bleleitiis low brightness

wide spectrum, this emission results from almost random transitions along the device
spectral band, 2) the amplified stimulated emission (the red line) which is a very narrow
band as shown in the related inset with very high brighs and this is because the
transitions are now more driven by the wavelengths already active in the device cavity,
3) the transition in between is the Amplified Spontaneous Emission which has a high
brightness (sometimes compared to the laser) and wadd,lthe ASE results from a
driven transition from multiple wavelengths rather than just one as in laser.

An SLD exploits this by suppressing the optical feedback through reduction of
reflectivity provided by the optical facets to effectively extend asimeshold to such a
point that it will not be reachedlore comprehensive study regarding the applications

and the used techniques to achieve low facet reflectivity is presented in chapter 3.

1.5 Semiconductor Optical Amplifier
Semiconductor Optical Aplifiers (SOA) are key devices used in wide variety of

applications since their presentation by Crowe and Craig Jr. from IBM in [1964

Applications like optical communicatiorj&8] [18], OCT [19], high power laserf20],

9| Page



optical signal processin@1] and optical logiagates[22], andwavelength conversion

[23] are all coverd by SOAs.

Since optical communications and optical fibre applications were the mais dield
interest for a very long time, the main bandwidths that SOA were developed in was
1550[18], 1300[19], [24], and 85Q[25]. As the erbium doped fibre amplifier EDFA
technology grew bigger and the presentation of the optical coherence tomography the
need for amplifier to enhance these devices performance increiied980nm
amplifiers and 1050nm amplifiers were presented by implementing InGaAs strained
guantum wells in the GaAs/AlGaAs material systej@@]. Emissions at 1550 and
1300nm were usually achieved by implementing InGaAsP/InP material systems, while
the 850nwas achieved by the GaAs actives. Recently, reports on 1550nm band using
different material systems such as AlGaln®&] and GalnNAsSJ27] in order to
enhance the SOA performance (e.g. noise reduction, temperature performance
enhancement) in the 1550nm. The 1300nm band also reported with diluted nitride

(GalnNAs)[28].

As most of the semiconductor devices privileged over their counterparts, SOA size
and volume production cost are considered their main advantages. Integratability with
other semiconductor comporeras lasers, LEDs, or SLDs is opening a new field of
applications especially when the coupling losses are minimized when the SOA is

integrated monolithically.

1.51 Operation principle:
The simplest description for the SOA is that the input light sigtialulates the free

injected carriers to recombine and emit photons coherent to the injected optical signal

Figure 18 explains the operation schematically.
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Figure 1-8: The simplest schematic diagram of @A showing a buried waveguide
within a pi-n junction (shaded retllue-green) in which the input signal with intensity
lin enters the active waveguide and get amplified todheutput signal. The SOA gain,
G, is the ratio of §y:to Iin. The device gain i®lated to thenaterial gain g, where (G®

gL) such that L is the active cavity lengiFhe rightfigure on the other hand is the two
level energy system showing that the amplificatibthel/P signal to O/P is due to the
transition of the excited carriers from the upper level to the lowet.|Baantaining the
population of the excited carriers defines the devices performance.

The gain relates directly to the device ability to produce spontaneous
emission/amplified spontaneous emission which is the spontaneous emissiogfate R
As the punping current increases the gain at specific input power increases as we can
see in all gain measurement done by develof#sk [29]{33]. What happens when
the input power increases is the thing that governs the modal limit of the device. The
increase in the photon density (more optical power) of the input signal results in an
increase in the freearriers recombination according to theg,J® of the device, this
increase will reach a point that the fregariers population cannot maintain this rate so
this rate will decrease and eventually reduce the gain providéen the gain is
decreased by 3dB from the maximum value it is called the saturation gain and the
associated output power is donated as the saturation output power. Further discussion

regarding the reflectivity reduction and device evaluation is presented in chapter 5.
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1.6 Buried Heterostructure Lasers:
Isolating the medium carrying transmitted signals is a coniegptdevelopedin

1960 when International Telephone and Telegraph (ITT) Corp. developed what they
called a cylindrical and flexible waveguide to be used amdmission of television,
radioand telephone signals durihgavy traffic period§34]. This development enabled
operation ofalong distance service withdecreased number of repeaters. In spite of the
fact that the whole technology is quite different from the semiconductor laser
technology yet it was the first developed technology w&itlvaveguide that is isolated

from the surrounding environment.

Optical waveguids in the semiconductercapturelight in a small cavity made of a
semiconductor material of refractive indexsurrounded by a semiconductor material
that has a refractivendex n such that pn, (SeeFigure 19). This difference in the
refractive index causes limited expansion of the optical mode outside the core by total

internalreflection.

Optical Optical

mode mode

Figure 1-9: simplest Buried Heterostructure schematic diagram showing the two
materials with different refractive indices and the optical mode confined

The semiconductor laser in the first 12 year of its development did not have a
waveguide that is buried within the structure but they mostly tended to have a mesa
(ridge) structurehtatoperates byhe difference in the refractive indices between the air
n=1) and the active semi[8536dThe devetopmerdat er i al

of a buried stripe was delayed until the maturity of the heterosteuginction in
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GaAs/AlGaAs material systenn 1974 Tsukada submitted a paf#@f] demonstrating

the first luried structure which was a GaAs filament in arand p AlGaAs cladding.

The fabrication process was very simple where grooves where etched chemically on the
n-AlGaAs grown surface followed by growth of a few microns thick GaAs active layer
and ending ta structure with fAlGaAs layer using liquid phase epitaxy (LPH) the
buried structure the optical confinemest realized througithe stepndex change
between the core material (guiding) and tkerrounding material and carrier
confinementis realizedthrough the fp-n-p (i.e. a reverse biasedjructure that
effectively cancels the electric field at either sides of the active Teukada described
how the small lateral sizes gave rise to smaller current densairegared to the ridge
devices presead at that time With the help of Y. Shima, Tsukada presented a thermal
characterization and compdré to an episide up mesaridge) waveguide lasdB8].
Thear study demonstrateduperior characteristics of the buried structure and less
sensitivityto change in temperaturBigure 110 showsa schematic representation of
the structure Tsukada presented[37] The structure was simple pn junction of
AlGaAs material with a GaABlamentin the middle which has a smaller bandgap, the

operating wavelength of the device was 817nm.
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Figure 1-10: The processing of Tsuka@lalevice (a) and thelectroluminescence (EL)
spectrum showkasing (top (b)) and théarfield pattern which provethe singlespatial
mode operation37].

The advanages of the buried heterostructure encouragiel/elopment ofmore
complicated structusesuch asDFB laser by adding grating to the structure allow
wavelength selectivityExamples of such structures atescribedby Nakamura [39]
and Burnham [40] in 1975 and 1976, respectivelyhe ldter one wasdentical to
Tsukada’ shutsvithrtheadditiorroka distributed feedbackDFB) corrugated
layer cbser to the fside of the structure as shown in Figurellg40]. Buried
heterostructure lasemere also realizeavith DBR mirrors at each ends the one
presented by Tsang and Wang in 1948]. Successful wavelengthelection was

presented in this study which desistructure is shown in Figurelllh
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Figure 1-11: The same device presented by Tsuk§®ig earlier with integrated
gratings. (a) Schematic diagram of the device presented by Burrjd@hand the EL

below the diagram shows the wavelength selection and (b) is the device presented by
Tsang and Wang with integeat DBR at each facet with the EL showing the wavelength
singularity.

A theoretical analysis of implem#ng the buried structure side-side with double
heterostucture configuration suggestegreater reduction in the threshold current
density (&) [42]. Following that, Kirkby presented aimpler technique to process the
buried heterostructufd3]. In this technique channels were etched in the substrate prior
thegrowth of the whole laser structysehich enabled stripe formation without the need
of growth interception. A simplified procate can be explained in Figurel2sg first
the n-GaAs substrate was etched dofinst to provide grooves with specific widths
which would be the active stripe widths. Followinlgemical etching(n-AlGaAs, p
GaAs, pAlGaAs, and p-GaAs contact layenvere grown successively by LPBs a
result of thesubstrateetching, the active-@aAs will be surrounded by-AlGaAs from
3 directions and topped with-plGaAs (seeFigure 112 b), limiting the recombination

to the stripe area.
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a b
Figure 1-12: A schematic diagram of the channelled substrate buried laser presented by
Kirkby and Thompson [9] where (a) is the growth process startiity shemical
etching (1) then depositing theAlGaAs layer (2), later depending on the substrate

tomography the {6aAs active is grown (3) and finaly the tofAliaAs. (b) showing
the schematic diagram of the grown devices.

p'Go As contact i [
plGaAllAs passive —
p GoAs aclive —
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n GoAs substrate——  Chonnel

A number ofarticles describedthe superiority of buried stripes over other laser
structures such as thaby Takahashiet.al. [44], which directly comparedetween
buried structure anthe stripe lasers, and the more comprehensive reyaeawsdedby
Panish45] and Tsukadat.al.[46]. This studyopened a new field of intest around the
buried heterostructure laser different structures, growth methods, and operating
conditions where demonstratedver the next 1045 years.Buried heterostructure
technologywas first demonstrateid the InRbased system by Hsieh and Shen 97
[47], who comparethe* new” technology with oxide and
stripesthat were common at the tim&he new platform enabled the device to watk
the wavelengthoffering the minimum absgtion/dispersionin the glass fibreand
development of buried heterostructure in these wavelengths had much of attention in the
telecoms developments over the subsequent dec@idesburied structures showed a
decrease in thiaresholdcurrent density ttalf the value required for the oxide defined

geometrywith a differential quantum efficiency of 10%.

Efforts were madeto enhance the buried structure by adding more elements to
improve the optoelectronic confinement in both vertical and parallel idinsctOne of
the earliestreports by Tsang and Logarf48] demonstrated a buried structure

incorporating a reverse biased-junction at eithersides of the stripe to provide
16| Page
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electrical confinementThe new methods used this design is that the two reverse
biased prunctions in order to limit the current spread along the whole from top to

bottom as shown in Figure1l3 below.
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Figure 1-13: Tsang and Logan device showing the biased area, where red shaded areas
were revesed biased and the green ones were forward biased. (b) shows the threshold
current density as a function of the channel width with the inset showing LI curves of
the devices as published[48].

They presented two configations to achieve current confinement via the two pn
junctions. The authors proved that the precise alignment of the two junctions (or the two
stripe regions) did not have a significant effect on the device performance. This was
proven by making a shifif 10>m between the top and bottom stripes in a group of the

devices, Figure-14 b shows that the two groups of lasers were identical.

M.J. Adams[49] presented an analyticatudy ofthe optical waveguiding in both
vertical and parallel directionshich canenablethe single mode operation of the laser
system if the structure was tuned properly. This became the main method goal to be
achieved by thdollowing enhancement presented to the buried heterostructure in the
AlGaAs material system. In addition to that the fact that a small refractive index step
could benefit toward a single mode operation more than the high step by releasing the
higher ordemodes to the material outside the stripe rather than capturing them into the
active stripe. Since then different methods were developed to achieve this sort of

optoelectronic confinement in the system. The main method used is to change the
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effective refrative index of a number of layers rather than relying on the actual
refractive index between two materials as
index of a material was found to be affected by the thickness of the material; this
concept was imgimented by 1td50], they presented a laser structure that contained

only AlGaAs material with different AIAs mole fraction. In this structure the inner

layers were made of fBa.-xAs layer (x=~0.25) and the cladding lay&sere made of

an ALGa.xAs with an x value of ~0.4 while the active was@&.As of x=0.1to

produce adser that can operate in thB50 nm.The measuredll curve was recorded

with no kinks up to 2xJwhich was the maximum achieved until that time.

Another method to achiewingle mode operation was by absorbing the higher order
modes. An example othis was presented by Aiket.al. [51]. In this structure
GaAs/AlGaAs structure was grown on a groovéedGaAs substrate butinlike the
channelled substrate laser (CSL) mentioned eather layers were planarized rather
than transferring the depth variation to the upper layers. This resulted in a similar
expansion of the opticahodes along the active layere@use of the difference the
GaAs substrate between thesinipe and oubf-stripe areas, the optical mode was
absorbed in the areas outside the stripghasvn in Figure 414. This is because the
GaAs was actually absorptive to the lasing wavelength produced here (~850nm). This

configuration achieved single mode operation and stable LI with no kinks ugp.to 2J

k Netrective

Parallel to pAunctions

Figure 1-14: Schematic diagram of the laser structure publisheld1y, the elimination
of the higher order mode was done by absorption of the higiter modes since they
would be located where the GaAs substrate was closer to the GaAs active.
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Wang and Figueroa presented a structure that could achieve optoelectronic
confinementwia a structure referred to as Inverted Ridge Waveguide IRY82]. This
structure was tesewith two sesof di mensi on‘anwdi 3h?®&8w8.8 hpy m
The structure was grown in two steps LPE, firstapd rGaAs layers were deposited
on the n-GaAs substrate, then, the wafer was patterned and etched to the required
widths, the etching was performed frometnGaAs grown layer to the *rGaAs
substrate. Following the etching; and pAlo/GaAs guiding layers, sandwiching the
GaAs active layer, were grown and the structure is finished by adding the contact p
GaAs layer. The final structure is shown in Fggarl5 below with the pr-p-n layer is

highlighted on the sides of the IRW.
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Figure 1-:15. Schematic diagram of the device presented by Wang and Figjis&ja
The red highlighted regions are the regiamsere current blocking is performed by p
n-p-n junction.

The structure provided a good optoelectronic confinepfewever high threshold

current densitiesvere exhibitedcompared with the otheeportsas a result of using

bulk actives where the activ@aAs layer thickness varied betweeh 1 3 y m.

One of the early examples of theeof different materiad in the GaAsplatform to
grow semiconductor laser structures was the incorporation sshal concentration
(~1%) of phosphorous in the GaAs alloy tooduce a high réstance polycrystalline
GaAsP layer for carriezonfinement. This was the main point presented by [&8] in
which they showed that creating a layer of Ga&% ( 0 < x < Qnded & kpecific
pressure conditionsesulted in an increase in the layer resistance to 3 orders of
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magnitude compared to that afpure GaAs layerThey found that setting the arsine
(AsH3) pressure to 11.4 times the trimetiggllium (TMG) pressure results in a series
resistance of the GaAsP layer of 5%1This 1% of phosphorous does not cause a large
lattice mismatch to GaAsnd so did not affect the crystallography of the whole
structure for the chosen layer thicknesses. The whole lasetusérwof GaAs/AlGaAs
containing the required optical confinement layers were grown first, then a ridge mesa
was etched chemically and the GaégPlayer was overgrown to planarize the
structure, as shown in Figurel® a, using MOVPEFollowing ths the ontact p-GaAs

layer was grown t@ompletethe structure. This configuration was one of the first high
linearity, low threshold current examples where the threshold current density was four
times lower than a referenabelectricdefinad stripe laser of # same material, as
shown in 16 b. Inear LI wasexhibitedup to severalmultiples of threshold current

density.
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Figure 1-16: Embeddesestripe laser structure as published by Itof53] and the
comparison in th threshold current reduction between the embedti&oke laser and
the oxidestripe laser as a function of active stripe width.

The easiest way to achieve electronic confinenoahy is to rely on different types
of doping in the same crystal. A study svaresented by Leet.al. in 1978 [54]
concerning the zinc diffusion speed with respect to the aluminium composition in
AlGaAs alloy and compaddt to GaAs asareference. It was fowhthat by changing the

Al composition from 0 in GaAs to 0.7 in AlGaAs the diffusion depth was changed
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from 1.b5uym uvaoad&r the same conditions. T h
for Al-compositions> 0.5 yet two trends could be expected from the stuebyr
moderate temperature the diffusion depth started to-lgveind even decregsehilst

at higher temperature case with a short contact time or a low temperature with long
contact time the diffusion tended to expand even more and can be expected to reach

~8 um.

Changing the shape of the channel etched in thetratdhsand consequently the
active stripecan improve the beam quality of the output laser due to the enhancement
of the optical confinement. This was proved by Wang and Figueroa in their paper
presented in 197&5] when theyusel different etchant to form their IRL structure.
This caused the resulted channel to haveurvedshape rather than a squdushape.

This improved the confinement since the circular beam shape céettdr in the
circular channel. This increased the fio@mentfactorto a pointwhere ~90% of the
beam overlappedthe active regionwhere lossesvere minimizedfor the operating
wavelength. Farfield and spectral measurements provesinigeemode behaviouof
the device both in horizontal and vertical ditens with respect to the growth axis.
Again, the electronic confinemennt this IRL structurewas providedby the pn-p-n

junctionat eitherside of thestripe

The challenges at that time that faced the buried heterostructure in GaAs/AlGaAs
system waghe low power since the output power is proportional to the active stripe
width, whichweretypically ~ 1nuto maintain single mode operation. Tsang presented
a laser structure that benefitbdm a moderate Al composition between the active
GaAs and the urying high refractive index materjalvherethe Al-composition was

0 < x[S6] Figure 17 a shows a schematic diagram of the laser structure presented
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and highlighting the new guiding layer added and the LI curves for a group of identical

devices are shown in Figurel? b.
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Figure 1-17: the laser structure psented by Tsang ifp6] (a) and the LI curves of 3
identicald evi ces had an act°iby A recotd routgutepowerfof 1 07 380 e m
260mW with single longitudinal and transvers modes.

This sepaate confinement heterostructusseroperatedn the fundamental mode
over a wide range of pumping current ahis fed to the demonstratiorof thefirst “high
power buried laseras shown in Figure-17 b A Pulsed output power as high as
260mW was recorded from devices with 10pm wi
operation in both transverse and longitudinal direstioTo provide the electronic
confinement for the device arAlGaAs was grown and stripeetched on the top of the

device before the metallization.

Aiki et.al. presented a more comprehensive stoflyuried heterostructure laser
with channelled substi@s in [57], in which theoretical calculatienproved the
relationship between the actitikickness and width with both the effective refractive

index and the internal losses fauried heterostructure laser operatinga@dnm.

The main limitto the output power in GaAs/AlGaAs laser was the COD due to
oxidation of aluminium containing layerbat were exposed at the facets and/or the

dislocationthat occurred in the crystal structure due to the increase in the junction
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temperature up to the melting poi@is a result ofhe very high optical flux intensity at

the facets. Various solutions to em¢ome this problem were present€he of the
earliest was the buried facet structure presented by Takaadhivhen they presented

a standard stripe geometry configuration laser structure with atéirragatedprior to

the facet[58]. The structure was simplevith no opticd or electronic confinement
applied. The devices were grown in common-st&p LPE method in which portions of

the active pGaAs were etched dowrto the i-GaAs substraterior to regrowth as
shown in Figure 418. The resulted wafer had lines of activeGpAs separated by

1 5 0 wimdow regions in which no GaAs was growfhree different structuresere
evaluatel 1) a standard stripe laser device with no unpumped windows at the facets, 2) a
device that had an unpumped window at one of the facets, and 3) a device that had
unpumped vindows at each end. The results plotted in Figuré8 1showed
improvemend in lasers withburied facetswhich were not affecteby the environment

asthe standardasers(Type 1)were. Lasersvith no buried facets or one buried facet
experiencedricrease in the threshold current after being boiled in DI watate the

buried facet deviceshowed a constarthreshold currenthroughout the experiment

[58].
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Figure 1-18 the structure of buried facet laser device presented dlyahashi [58]
(left) and a simulation of facet damage by boiling theaein deionized water (right).
Thefigure showed protection of the device facet by burying them.

Kanoet.al.demonstrate alaser in the 1.3 . 6 wawvelength regionvhere the fibre

loss is minimized59]. The deviceeomprisedan InGaAsP active with InP burying laye
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which provided the current confinemeiihe demonstrated structure could operade
CW operation at room temperature with 60m(équivalent to 4kA/crd) with 9mw

output power at 120mA and differential efficiency of 14%.

Single mode operation was aeliednotonly by the indexguided structures but also
by usinggain guiding. An example dhis wasdemonstrated by Bahaimet.al.[60],
in which they used ionmplantation (Beryllium was used as doping ion) to confine
carriers to specific arsain which was limited to. Outside of this, absorption by
unpumped active material resulted in loss, confining the optiodk to the gain region.
By comparing diffeent Bedoped Alcompositions with different annealing
temperatureand junction dep#) parameters for achievinginimum surface resistivity
were determinedA 3.5x1 2 5 qdavice had dow threshold currenof 21mA (pulsed

and output power of 20mW with differential efficiency of 45%. AS2xBFWHM spot

size was obtained for 3b stripe width.

R. Lang suggestefbl] that the three maimechanisms fomode instability wee
spatial hole burning, negative dependence of refraatidex on the carrier density, and
lack of the perfect symetry in the laser structuresie to the poogrowth controlin
LPE compared tdVetal Organic Vapor Phase Epitaxy (MOVPE) and Molecular Beam
Epitaxy (MBE),and the presence ofl00>m thick GaAs substrate on thesideof the
device Since thedevelopmentof (MOVPE) as acrystal growthoffering superior
controlon layer thickness and doping concentrattompared to LPE, improved device

characegristics could be demonstrated

Zinc diffusion was commady used to produce buried double heterostructure lasers
Studies showed controllable diffusion under dielectric maskssuch cases only a
single epitaxial growth was required tcompletethe growh and diffusion is used to

producethe pn junction in the structuréd number ofpublications studied the effect of
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diffusion on the refractive index of the device suchtltet discussedy Ueno and
Yonezu[62] who formed a pAunctionstripein a plana of a structure with all {tloped
layers except theontact layer which was'-GaAs Following the growthp-doping was
providedby zinc diffusion through a mask of SIBy increasing the doping levels in
the layers a stemdex was formed between theand pdoping This step provided the
optical confinement radred for single mode operatiorwith fundamental mode
operationmeasured usingearfield, farfield, and EL measurement¢hen the device
was doped selectively totgpe in the middle and-type at eitherside a gainguided
type buried stripe was formesimilar tothe devices demonstrated by Bouktyal. [63]

and Thompsoret.al. [64]. In the first one, the gain guiding was not achieved by zinc
diffusion only butby usingthe protonimplantationapplied to the areas around the
stripe to increase the resistance and decrease the leakage current. This configuration
resulted in a laser withhy# 35 mA f or 4 devic2 ¥dwewerutine optical

confinement wamsufficient to result irsingle mode operatiaio high power levels.

To overcome the problem of COBwindow structure was used in a similar manner
to that presented by TakahafbB] but here usingelective zindiffusion to definethe
active stripe. Yonezet.al.[65]d e monstr at ed de vactweaglthandt h 5
250pm |l ength in addition to a 100pm sepa
wafer which formed the window used to protect the facet. The key factor isttidis
was theuse ofgain controlvia the doping levelThe high doping level in the active
region resukd in high differential quantum efficiencgnd a very high pulsed output
power (1.51.8 W).The reducedlifferencein the doping concentration lovest the
COD threshold of the device to 700mW of the same device configur&iigure 119
shows the main resultchieved. The pulsed power was measured up to a maximum of

1.5W. Darklinesdefects appears in the SEM imagesulted from the dislocations in
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the crysal structure caused by the sudden increasdhe optical power density

(localized heating).
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Figure 1-:19: The window structure laser presented by Yon§&b| where stripes are
opened and different configuration can be achieved. The SEM image shows the dark
line defects in ta low doped light emitting region (~1E18 &evice. The LI curve is

the one recorded for the highly doped (1E18%cin which an output power of 1.8W

was achieved.

In the late1970s the mainmotivation for buried heterostructure lasesassociated
with application of semiconductor lasein optical communications. The fact that
buried heterostructure (buried stripe) lasers provide the best geometry for optical fibre
coupling. Nakamur a’ s and H ahkdketicalgudigsintp e r s
operation stabilityNakamura focused on the design aspects and available geometries
that could present stable single mode operaaod the pulse response of the devices
[66]. Hakki presented a theoretical stumythe factors that cause mode instability in the
buried stripe laserf67]. Gain satiration in the active medium was falto affectthe
mode stability directlywhere devicesvith unsaturated gain worked more stable than
devices with saturated gain as the internal faekbloop can be affected by gain

saturation.

Kano and Sugiyama preged an InGaAsP/InP buried stripe laser emitting atrh.3
[68]. The processusedto achieve the buried structure included two LPE growths
interrupted by etching to define the optical waveguide. Low threshold cus@nA
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was recordedh both pulsed and CW operatiahroomtemperaturewhichincreased to
~120 and 160mA for the pulsed and CW operation, respectifety,ambient
temperatureof 85°C. The maximumCW output power recorded was 40mW with

differential quantum efficiency up to 24% per facet.

Tsanget.al. [69] developed an enhanced mettck overgrowth technique to achieve
an improwed interface between the grown layef&his resulted in a threshold current
decrease to 70mA from the 180mfreportedin an earlier version. This enhancement
enabled the authors to integrate DFB gratings on both sides of the active stripe to limit
the hgher order modesvhich otherwiseappeared in high power operation. The
structureprovided the transverse optical confinemehthe buried heterostructure, as
well asa longitudinalmode selection througihe DFB gratind70]. Single bngitudinal
and transverse mode lasavere demonstratedip to Xly,, and wavelagth unability
overthe temperature range betweeto@5°C. In early 1980 Tsang and Logapplied
the newly developed (MBE) technology to produce buried heterostructure tysar
hybrid growth method71], as shown in Figure-20. The initial double heterostructure
was grown using MBE then, after the mesas were defibP& was used under
enhanced conditiondevelopedearlierto producehigh qualityinterfaces between the
MBE and the LPEgrown layersThis resulted irvery low threshold curreatompared
to the earlier versions of this structuvath 15mA and 26mA 4 and 68% differential
efficiencyr ecor ded f orlonglaserbaond W6 QA hm5puym ,a de a
shown in Figure 0. The uniformity of the heterostructure layetsrough use of

MBE, played a major role in this reduction.
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Figure 1-:20: The buried structure that was groviny the meklback method developed

by Tsang where (a) is the standard buried stripe and (b) is the one with integrated DFB
gratings. (c) is the threshold current as a function of ambient temperature for the buried
device in (@) while (c) and (d) are the amBeld pattern and the LI and EL
measurements for the DFB integrating devices, respectively.

The stripburied heterostructure was the most common buried laser device
configuration used at that time to produce single masersin optical communications
systens and optical disc read/writeThe strige-buried heterostructure design was
presented by Nelsoet.al. [72] grew an InGaAsP/InP junctionmpon an InP substrate
Through use of SgN4 mask a mesa was chemically etchieéfore layers of nand p
InP weregrown by LPE melback tobury the stripe angrovide enough optoelectronic
confinement. In spite of the fact that the threshold current wasreitively high
~120mA f or ?activé areh,2athglemodeoutput power up to 100mW and

500mW maximum output powéeefore thermal roll over werecorded.

Most of the stripe laser structures presented includes dielectric mask deposition. This
mask needs toebremoved completely and leave clean semiconductor material in order
to obtain very low series resistance when tluoptact is processed. In fact, this process
always has a possibility of leaving some contamination on the device surface, which

will affect the electrical features of the device and might result in a relatively high series
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resistance. Seliligned stripe are commonly processed throughgtep growth process
interrupted by etching process without the need for any post growth dielectric
deposiion. Figure 121 shows a simplified version of a salfgned stripe laser showing

the upper and lower cladding separated by the current confinement layer.

p-upper cladding

n-Current blocking layer Etched Active stripe

Active layer Active layer Active layer

n-Lower cladding n-Lower cladding n-Lower cladding

Figure 1-21: simplified schematidiagramof seltaligned stripe buried waveguide. (a)
1 growth stopping at the current blocking layefb) etching through the current
blocking layer (c) the overgrowth of the upper cladding.

An early example of the sedfligned stripe devices is the one demonstrated by
Coleman and Dapku§/3] which they presented it ithe AlGaAs/GaAsmaterial
system. The wafer was grown by a tatep MOCVD methodAn undopped GaAs
active of 70nm was growbetweenupper and lower cladding, followed by etching and
regowth to complete the structur€he threshold current wa& and 90mA for pulsed

and CW operationsespectively, of a 450n.

The main problenassociated the use tio-step epitaxy method®r realization of
buried waveguides in GaAs tise oxidation of the Atontaining layersvhen exposure
to atmosphere following the etching and prior to the overgrowgtutiSns like theone
suggested by Yariet.al. when a single LPE growth was developed to overcome the
oxidation problen{74]. This process staed by depositing and etching 38i, slabsfor
selective area growthiThe selectivity caused the structure to have pyrdikedshape
with aflat topto enable the contacthe eliminaion of any oxidatio resulted ina better

interface which led to low |, ~9mA forl5m and highcharaceristics temperature up
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to 175°C, and daifferential quantum efficiencyf 45%. Single mode operation was

observed up to 12mW/facet.

Chinoneet.al. presented a buried heterostructure laser that is very similar to the

separate confinemeheterostructure (SCH) lasgr5] in which additionalayers were

inserted sandwiching tk active layerthe proposed structure is shown in Figw221a

These additional layers had a larger refractive index thannttex of the cladding

layers and smaller thahat ofthe active region icausingA n t o

be

decreased

to ~0.1 for theoperating wavelengtbf 850nm.The threshold current for this device

was

~25mA

f o f devaceaBd aShigl®et Bifferantial quantum efficiency of

85% was recordeds shown in Figure-22 c
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Figure 1-:222 A schematic diagram of the buried opticalidg laser presented by
Chinone [75] (a), a COD comparison between the conventional bunegdrostructure

and the presented lasers, and (c) the primary results showing the LI of the device and
the vertical/horizontal farfield of the device which proved sikmtele operation.

This technigue waslsoused by Saito and Ito with a thinner actiagdr[76]. Thar

structure shown in Figurel-23 a,was moe similar to the SCH used todayith fine-

tuning of the layers the device could openaitt threshold current as low as 5mA with

an increase in the COD up to 120mW/facet due toattt®mpanyingncrease in spot

size andthe correspondinglecrease in the optical density at the facets. The devices
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presented ifi76] showedsinglemode laterapower scalability with stripe widthzigure
1-23 shows the structure presented both in Chif@b¢and Saito & Ito[76]with some

related performanceigures.
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Figure 1-23: The BOG devicpresented Saito & 1t§76] is shown in a, the increasef
the COD threshold power can be seen irafd fundamental mode operation was
achieveds can be seeninc

Ishikawaet.al.[77] presented an enhanced waveguide called the separateciadilti
layer (SML) stripe geometry lasan the GaAs/AlGaAs systemWave guiding in this
structure was based on the step refractive index (effective refractive index) in the
layered material to divert the light to the stripe rather than absorbing the higher order
modes in order to achieve single me operation. The authors compared this
configuration to the seldligned stripe laser. The SML structigrabledthe device to
work with afundamental mode + leaky modd$e improved waveguiding enabled the
device to work in single mode up to 20mwith a threshold current 060mA for a
devicemeasurin 0 O pmn g and Reperdeviwds gresented by Chinenal.

[75], Saito and Ito[76], and finally Ishikawaet.al[77] all employedthe Separated

confinement Heterostructure SCH

Following the implementation of a guiding layeiffering refractive index between
the high index of the active and the low one of the cladding layer as the lasers shown by

Ishikawaet.al[77] and Saito & Ito[76] which gave more stability to the optical mode,
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Tsang and Logan added a graded index layer and used it as a separate confinement layer
[78] by putting an AlGaAs layer with gradual increase (mcrease) in the Al
composition. Figure -R4 shows the difference between the step index SCH and the
graded indeXSCH Using the graded index SCH, tAresholdcurrent as low as 2.5mA

was achieved. The growth method was a hybrid technique betweernghdBih of the

planar wafer and.PE usedto overgrowthe burying layer. MBEprovidedthe required

control for grading the SCldompositionand thicknessas well asthe better surface
uniformity for the laser structure, while LP@rovided the routdo create the 4p-n

blockinglayer. Adifferential quantum efficiencgf 80%was demonstrated
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Figure 1-24: A schematic diagram showing the difference between therstep SCH
and the graded index SCH structures (left) and on the right are the LI (pulsed and CW)
and the EL measurements of the low threshold current buried heterostructure laser

presented by Tsanfy8].

Tsang, Logan and Ditzenburger demonstrated in 1982 a buried structure that could

emit multiple wavelengths, which could be of use in WO¥B]. The multimode
operation could be achi evedinlrderta dedrdaseng t he ac
the effective reflectivity of the facets and cause the radiative transitioasttibtbe from
multiple energy levelsather than one. Thaysed similasstructure reviewed earli¢rl].

Tilting the active stripdy 5° with resgct to the normal to the facetas sufficientto
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destoy the optimum coherence normaltke facet andallow competingspectral modes
oscillating in the cavity to be amplifiedhe proposed device and he associated results
including LI curves, EL spectra, and the farfield patterns are all shown in Figiie 1
Single spatial mode operation was maintained in this device since the active stripe was a
few microns as can be seen in 26 b. The differential efficiency was improved by
inclining the active stripe by 2.5° and 5°, as shown in 26 c, due to the margoneasie

in the facet reflectivity, this reduction allowed more optical energy to escape the device.
A successful multimode operation was observed via the EL measurement as shown in

25d

a i —n-Afg g5 60,35 AS T T T

/ A 20
8.4/ - —p-ALogs 60035 As WAFER 5075 P
OHMIC CONTACT. /4 y
Zn DIFFUSION " ALoss 6doas AS
" 4/ ls—n*Gaks SUBSTRATE
P

P=ALg 3 Gag 7 AS
/
P—ALgy5Ga0esAS
p—cans'/_
n—AZ g 45 GOg gshS
n—af g3 6ag7 AS

o

OHMIC CONTACT:

5

POWER QUTPUT/ MIRROR (mw)
)

INTENSITY (ARB.UNIT)

POWER

o 1 1 1
by 20° ) 20 40 60 80 100

CURRENT (mA)

FAR FIELD PATTERNS PARALLEL JUNCTION PLANE

Figure 1-25. The tilted cavity buried laser configuration is shown(a) with single
mode operation is shown by the farfield pattern shown inalomparison between
devices with cavities tilted 0°, 2.5°, and 5° with respect to the cleaved facé&ibd EL
spectra measured at a range of pumping currédisshows thebenefit of tilting the
cavity to achieve multi spectral mode

With the advent of improved uniformity, interference quality, and control of MOVPE
and MBE compared to LPE. Performing a structutyy grown by MOVPE or MBE
became a priorityAn early examfg wasthat demonstrated by Milanet.al. [80], who
used metalorganic chemical vapour deposition (MOCVD) twice to grow a buried
heterostructure laseEnhancement of the surface morphology andgitoevth interface
between the two growth stepsabledeakage currenio beminimizedand theoptical

quality of the structurdéo be improved leading tothreshold currest of 9mA for
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6 x 2 5 Dsjzed laser (compared to 45mA of a similar structure and dimensions grown
using a hybrid or just LPEAnother example of buried structures grown by the newer
technology was the twinhannel structure presented by Ackley and H8di which
was grownusingMOVPE. This was a simple structure ofifN diode laser grown on
an n-GaAs channelled substrat€he channelsvere vgrooves obtained bgelective
etching in the <111> plan&imilar to the earlier gamplesthe optical confinement was
achievedusing very low refractive index material (aigdjacent to side ofhe active
stripe forming cladding layers which is in addition to the high Adlomposition layer
above and below the optical mode in the cerdf the waveguide. lommplantation
outside the groovemited the curreninjection to the centrarea as shown in Figure
1-27. The device=xhibitedsingle mode operation. The uniform and controllable growth
using MOVPE enabled active lay#nicknessas thin as 50nm (one of the thinnest
available at that time) whichllowed the threshold currertb be decreasedown to
40mA f or ‘asize?l de¥ite0 Application cdisymmetric ARcoating of AbOs

increasedhe COD threshold poweupt o0 8 0 mW/ f acet (47mW/  pm).

Tsanget.al.reduced active layer thickness down te3@mm|[78] essentially using a
guantum vell (QW). The main benefits of thizwere the low threshold currenwhich
was <5mA and high differential efficiencyvhich resuted from the high electrical
optical conversion. Thorntoat.al. realizedburied heterostructurlasers incorporating
multiple QWs [82]. In this structure the electrical confinement was achigkiesligh
use of impurity diffusion method in whichi was diffusedo a specific area around the
active stripe and byaising the diffusion temperature to ~850°C for 7 hours the 5QW

active area was disordered atgresistivity increased.

Anot her example of the single ddsaippdepi taxy t

earlier[74] using LPE growth is the device presented by Yoshikewal. [83]. In this
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device MOCVD wasusedto benefitfrom the mass transport phenomenon to grow the
deviceupon the ridgeetched substrate. The first step was to form the undercut ridge
profile by chemicaktching. Following thisthe wafer was entered the MOCVD reactor
and the growth was completed by growirg buffer r-GaAs layer, then the
GaAs/AlGaAs PI-N structure of an activeetweentwo cladding layersFigure 126
shows an SEM image of the grown atevand some of the related results including LI,
Farfield, and the threshold current as a function of temperalfutbe growth was
stoppedat this point it would be easy to notice that two regions were created 1) on the
ridge which formed the active gie in the final structure and 2) the exact same
structureadjacent to the ridgehich was electrically isolated by theAiGaAs burying

layer. To achieve this the ridge height should be> the thickness of the
cladding/core/cladding structure. ARAIGaAs burying layer coverethe structure and

the growth was completedith an rGaAs layer to protect the whole structure from
oxidation. Selective Zn diffusionabove the formed stripe joloped this area and
provided the current confinement required. The présénstructureoperated via the
fundamental mode with ~30mA Thehhamstensi¢c d c

temperatureT,, was 190°C, indicative of excellettystalgrowth using this method.
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Figure 1-26: The single growth device developed byhiava [83] is shown in the
SEM image. The LI curve at room temperature and thead a function of the
temperature is also shown showing a charasti&r temperature of ~190K, the Farfield

pattern shown is a proof of the fundamental mode operation.

An early method to design a semiconductor laser with a strained active layer buried

in the GaAs/AlGaAs system wagported byYork [84]. The device had aingle

InGaAs/GaAgquantun well active that containelthy ,3Gay 77As layers sandwiching the

Ino.41Gay 50AS layerto relax the strain between taV and the surrounding GaAs layer

this laser structure operated at ~1074nm waveleddthGay gAs layer formed the p

and ncladding layers to finish the structure. The final structure didexbibit any

dislocation or polycrystallingrowth due to theuse of a Si@ layer between the two

growth steps to define the ridge for etching before the regrowth of the burying AlGaAs

layer. COD threshold powevas increasedince the burying layers were all transparent

to the operating wavelengtidigh powerup to 130mW/facetcould be obtained with

high linearity up to 30 times the threshold currdrite differential efficiency and the

threshold current measured were 61% arfimA f or

405 |omg.

a

d e vwiide and wi t h

Another early example of an InGaAs SQ\Wtige device on the GaAsased system

with operating wavelength in the 9Q4@00nm (designed for Etoped fibre application

as pumping sources) region is the device presented by Miaghr[85]. Active stripe
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were defined usingmpurity induwed definition. A thin GaAs layer of 69nm thickness
sandwiched a 15nm InGaAs quantum welhich was confined byAlpsGayAS
confining layerandtopped with a 150nm*pGaAs contactlayer. The first GaAs layer

was etched chemically through aM mask ancanother layer of Si@was used athe
impurity source. After cleaning of photoresist and SiN layer from the unwanted areas,
the wafer wasinnealed in a furnader 7 hours at 850°CThe diffusion of Si caused the
layers underneath it to disorder and destitee pnjunction in the areas outside the
active stripe A 2 ym woultl®perate with @reA threshold current and up to
20mW output powerwas achieved before nonlinearity teplaceas a result of self

heating.

A shift in the operational wavelengtiould alsobe achievedhroughdisordering the
bandgap structure of the system to selectrsge ofwavelengts shorterthan the

originally given wavelengths both GaAs and Inf92][93].

To improve the device performance frahat of Majoret.al. designlow threshold
current GRIN&H structure were integratedwith the straied quantum well
INnGaAs/GaAs.Offsey et.al. [88] demonstratedhreshold current-12mA for a device

wi t h wi8egand4d 0 O jomgactivestripe with an operating wavelengthf30m.

Chen et.al. used the MBELPE hybrid egaxy method to present a SQW
semiconductor laser operating @0nm for application impumping Er-doped fibre
amplifier [89]. The first growth by MBE involved growing a single InGadsantum
well, sandwiched by a GRINSCH AlGaAs laydfollowing this mesa etchingand
subsequentvergrowth of p and rAIGaAs burying layers waperformedusing LPE.
As-cleaved devices showedaximum efficiency of 90% witlsingle mode operation
When therear and front facets were coated withgh-Reflective/AntiReflective

(HR/AR) coating of 90% and 5%, respectively, the output power fromAReoated
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wasincreased t@30mW. Thermal roltover limited the power at this levdle to high

injection currendensity No COD was observed ovédre measured rangas a result of

AlGaAs and GaAs matermbeingtransparent to the 980nm wavelength. According to
thereportCOD t hreshol d power was more than 100mW
replaced byMOVPE overgrowth for this material system as shown by labal. [90]

where they presented a structure similathe design oChenet.al. grownusinga two

step MOVPE. The structure had dan differential quantum efficiency with threshold

current decreased tdamal $ mB8mAof ddeviced. 3 x40 O wm
Comparison the pulsed to the CW operatievealedhe LIto beidentical up to 10xj,

attributed to improved thermal chatagstics resulting from improved surface and

interface quality.

Oxidation was the main problem facing any buried structure AlGaAs/GaAs system
during devece processingVail et.al. presented a replacemeat the AlGaAs/GaAs
system by incorpotang InGaAsP layer to create the separate confinement
heterostructure instead of AlGaA91]. Following the growth of the GRINSCH
InGaAsP sandwiching a single InGaAs quantum well in an Ingegding layersa mesa
was etched and the AlGaAs optoelectronic confinement layers were grown to finish the

structure.

Shima et.al. presented @uried ridge heterostructureBRH) laser by selectively
growing an AlGaAs burying layer utilizing chloride during the MOCVD prodé&3.
The authors grew two structures which operaetivo wavelengths 780nm for CD
drivers and 980nm for fibremrap | i f i er pumpi ng. x1Choeachiever get ed An
strong index guiding at high powers. This index step was achieyvdnkibg the Al-
composition ¢ 0.7 in the confinement layewith the cladding layexr beingcomprised

of Alg4GaAs. By tuning the cbtide flowrate, growthselectivity could be achieved and
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laser diodes wereealizedoperatingat 780nm and 980 with good operating parameters
(high power, low threshold, and linear (single mode) operatidri)e narrow stripes

width usedenabled high coumg efficiency.

Reviewing the presented buried waveguide structures shows that most of the
techniques used to realize buried structures included etching through the active layer
and exposing it and the #A&bntaining layer to the atmosphere. Although both
processing and growth techniques were developed to overcome this problem, it had to
be executed to perfection and also it might not be so commercially applicable. For that
reason the seliligned stripe is explored in the following section in which thesags

left intact.

1.7 Self-aligned stripe background:
The term stripe comes from the fact that the final wafer has a planar top. The

realization of buried stripe configuration includes deposition of dielectric for selective
etching, growth, doping, axidization. This process has to be followed by a thorough
etching and cleaning and sometimes even a successive overgrowth process. This is a
source of a potential contamination which may cause an increase in the series resistance
for the associated comts. SeMHaligned stripe (SAS), is a process that enable
realization of stripe geometry without the need of dielectric deposition. Instead an etch
process in a current blocking layer followed by an overgrowth is used to achieve the
stripe geometry. Depemdy on the material crystallography and the direction of the
growth of such material the stripe is formed and the material isalsgifed in the
designated location within the epitaxial structure. This technique provides protection to
the active layer othe structure since the SAS realization process is limited to the

current blocking layer which is usually located at a distance above the active layer.
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Nishi et.al. [93] presented this technique for the first time in the InGaAsP/InP
material system whkh operated in the 8. The device shown in Figure2ll was
realized in a slightly different process included deposition of &i@ opening windows
in them to define the stripes, recently the stripes are defined using basic
photolithography patterningplowed by selective chemical etching. The device was
grown by two growth LPE process. Single mode operation was achieved in a laser of
8>m wide and 318m long. This device had threshold current of ~120mA with

differential quantum efficiency of 0.17/facet.

p-ELECTRODE n-lnGa AsP B
[ANTI-GUIDING) .p-InGadsP 25% CW
3 .
{CONTACT)  R10F x:130um
p-InF - W=8 pm }
(CLADDINGY & | Le3t0pm et
- _~InGoAsP g
—— . '- sy ':ACT].'I"E} = N:17%
T - T LT - T = 5__ =
- -'.1\;-"1-"- T ———n=|nP =
—— 5 .~ | (CLADDING) 3
' | - - -‘-"_‘_'r.l—lﬂ
Vv :
=== =t (SUBSTRATE)
e k SRS | N
STRIPE WIDTH T~ n-ELECTRODE ° 100 0 129 1298 136 1308
CURRENT [mA} WAVELENGTH  jarm )

Figure 1-27: The seHaligned stripe laser presented by Nisf83]. In addition to the
schematic diagram of the structure, the LI curve and the EL spectrum is shown.

In 1985, Watanabeet.al. [94] developed a processing method including etching,
growth, etchback, and overgrowth of a GaAs/AlGaAs systemdalizea self-aligned
stripestructure, as shown in Figure28. The process started by growing the lower n
cladding and the confinement lagan addition to the active GaAs and topping it with
an n-GaAs layer which form the seed of the electrical confinement layer. Half-the n
GaAs layer was etched following an overgrowth of the other part of 4t@rant
confinement layer finishing the curiteconfinement. Using the left@aAs material on
the top which was melted and removed and an overgrowth of&i€&gAs layer and

the p+GaAs capping layer finished the whole structure.
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Figure 1-28: The seHaligned stripe device developed by Watan§®4] is shown in (a)
with the performance measurements EL, LI, and farfield proving the mode singularity is
shown in (b), (c), and (d).

Yamadaet.al. [95] presented a structure that was grown on a groovE€@hAs
substrate ancexploited the effective refractive index change caused by thickness
variation in the layer grown uponthis corrugated surfacéo achieve optical
confinementElectrical confinement was achieved by growing a shalle@ais layey
grown selectively viaa SiN maskwhich was initially usedo form the grooves. Despite
the differencesn the methodologies uséd realize théwo structures above, they both

operated with almoghe same threshold current and fundamental modénement

A process developed by Nidz.al. [96] was used to fabricate a saeligned stripe
device by MOVPE growth onl{96]. This device had featur@s common withthe two
devicesabove andt avoided exposuref the Al-containing layerso air by performng
the stripe etching and overgrowth inside vacuumed chamber in the MOVPE reactor.
The process method can be described using Figd@& The GaAs layers sandwiching
the AlGaAs layerwere selectively etchedtilising the difference in the etching rates
betveen the GaAs (fast) and theoAdGaAs (slow). The first growtltomprisedof a
70nm AlGaAsactive layer with separate confinement structure and lower cladding
layer, while the final three layers were th&naAs current blodkg layer, an AlGaAs

etch stodayer, and a GaAs layer protecting the AlGaAs layer. The wafer was patterned
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usingstandard photahographyto form the stipes followed by chemical etching to the
lower GaAs layer through the etch stop layer. By maintaining the flow rate of HCI and
AsH3 © 5cc/min and 50cc/min, respectively, and the ambient temperature to, 8©°C
n-GaAs current blocking layer could be etched and stopped just beforeth&#s
cladding layer. Following this process cleaning and overgrowth was held without the
need toremove the wafer from the reactor which ensubedh cleanlinessand
protection against oxidatiorkigure 129 shows a schematic diagram of the process

steps and some results tharepublished.
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Figure 1-29: The insitu process desloped by Nido[96] is shown in (gb) while an
SEM image ofhe final device is shown ig)(showing high quality surface.

A number of alternative approaches were employed to provide electrical and optical
confinement. One examptbat utilized impurity induced disorder to achieve vertical
electrical confinement.nl such processes the impurity was selectively diffieetie
sides of what became later an active stripe in ordemadify the optoelectronic
properties of the material adjacent to the strfpe.example ofthis waspresented by
Zou et.al. [97] who grewthe full separate confement heterostructure laser structure
comprisedstrained InGaAs quantum wells active layer. Following the grpwth
dielectric layer was depositethd amaskformedby opening windows in the dielectric
layer. Stdiffusionwas appliedhrough the opened windows afcause the Si is more
uniformly diffuse in the GaAs/AlGaAs systetiman the zincthe diffusion occurred only

in the areas underneath the opened wind®¥§ The diffusion caused disorder the
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band structure of the structuséethe sides of the stripghich change both the electrical
and optical features of the stripenablingthe formation of a buried stripe in the

structure. A fundamental mode operation was achieved.

Anothermethodwasto use selective oxidation in an oxidization furnace such that the
oxidized layer provides resistive path. This method, developed byeish[98], was
prepared by first pwing the whole structurep to the capping p-£aAs layer The
capping layer wathenremoved by wet etching from the area around the active stripe
and the Ad sGayAs layer was exposed@he wafer washeninserted in a furnace with a
steady rate of nitgen gas bubbled in water at 450iCorder to oxidizethe upper
AlGaAs cladding layerSEM and TEM images proved a steady and controlled process
where the oxide did not expand to the area under tH@aps capping layer. The
nativeoxide provided excelldrelectrical confinement due to the very high resistance in
the area outside the stripe and also the optical confinement was achieved as the
measured refractive index of the native oxide was fourlgktel.6 providing a3.1-1.6
index sted98]. The device operated in a fundamental mode over the measured range of

power and current.

Although the nativeoxide and the IID structures showed good output features, they
did not match thegerformance of the analogous nudtepgrowth devices in term of
mode stability, efficiency and thermal properties. The researchers tended to develop
different methods to achieve the saligned stripe structure by changing the processing
conditions orchanging the material systentajt the main goal was to keep the-Al

containing layer away from the atmosphere to eliminate any probability for oxidation.

Ishikawaet.al. presented a more comprehensive stadyvavelength tuning in the
spectral range betwa 9801020nm by changing the quantum well compositiqi® .

xAs and the separate confinement layeyGa.yAs [99]. Broad area laser structures,
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showed low current density, stable and high differential and internal efficiency, high
characterisation temperature, and low internal loss. Fallphis study, the broad area
laser structure was integrated with apsBa sP-GaAs confinement layeas shown in
Figure 130, to provide the electrical confinement bge if ap-n-p-n structure and the
optical confinement by the real index sige. kuried heterostructure) heintegration

of an InGaHayer increased the design flexibility of the device where theistigx can

be changed fromx102 down to %10° by changing the InGaP layer thickness over the
whole range of the Atomposition studiedh this paper. This range of index provided
enough confinement to operate in a stable fundamental mode. The processed devices
were HR/AR coated on the rear and front facets of the device, respectively, before
testing in pulsed operation. The low thermasistance of the InGaP layer resulted in
high internal efficiencies up to 85% and high aitpower where powers ~550mW
wereachieved for the 980nm devices and output power up to 415mW was achieved for
the devices that operate at 1020Mmmaspite comprisin@ structure based on overgrowth

up on exposed AlGaAshé¢ device operatedbr ~2400 hours at an output power level
greater than 100mW with nobviousdegradation. The LI measurédm an AR/HR
coated devices, 550mW maximum power to the measured rangeesasired from the
980nm and while 415mW maximum power was measured from 1020nm operating
device. The figure also shows farfield for the two devices at 100mW output power
which showed singlenode operation at least up to this leveiff@ential efficiencyof

~0.49W/Awas expected for the two devices.
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Figure 1-30: The InGaAs DQW device developed by Ishikd@®8] is shown in (a) the
ability to operate from 980nm to 1020nm with modified facet reflectivities is shown by
the LI curves with the farfield inset.

An alternative approach was exclude the aluminium from the material system used
to grow the devices in a way similar to the device presented IBt.&lr{100], in which
they used InGakladdinglayers instead of AlGaAs. InGaP lattice matched to GaAs for
indium compositions ~0.5 and has=E1.9e.V. Such material is transparent to
wavelengths >700nm, and this can benefit in using them as optical confinemeetat d
the smaller refractive index than GaAs or InGaAs. In this struetustandard buried
ridge configuration was used where two layers -oaimd pInGaP layers sandwiching
the GaAsIinGaAs single quantum well actiwgere grown andtopped with a pGaAs
contact layer. Following the first growth a ridge was created by etching the layers down
to the lower AiInGaP layerHnally, the two layers of fnGaP and finGaPwere grown
to form the pn-p-n current blocking structure outside the active stripe. Thecdevi
performed welwithl ow t hreshol d current ngthsewith t o <
the ability to perform at high power as the maximum power measured was ~95mW at
190mA, and high temperatureperationas the device operated at 100°C with <13mA

threshotl current and 23mW output power.

Whil st replacement of Al GaAs witahand nGaP
optical confinement it does not offer the flexibility of .&la.«As, which is lattice

matched to GaAs for all compositions of;Aherefore dcks the design flexibility of the
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AlGaAs, which by changing the Alcan tailor the optical modeTo this point,
aluminium oxidation was the main problem facing the development of buried
waveguide in the AlGaAs/GaAs material system. A number of methods wged to

avoid oxidation of Adcontaining layers. Solutions varied from the rieltk method

used in the LPE growth (which is not being used recently), to the single growth
processes as the one shown by a number of examples shown earlier or performing in
situ growth/etching/overgrowth process developed by others, and ending with the
solution of changing the cladding material from AlGaAs tefrake cladding. Despite

the improved performance of the previous examples in this section and section 1.6, the

improvement targeted a specific wavelength or material system.

Stevenset.al. [7] suggested an alternative process to bemefin the flexibility of
Al Ga.xAs and the fact that GalnP does not suffer oxidization when exposed to
atmosphere. They introduced a structihat incorporates GaA&a singsP/GaAs
optoelectronic confinement layer, lattice matched to GdAgealize a seltaligned
stripe laser structurg’]. This layer enabled formation of the stripe by wet selective
etching easily whiout exposure of rich Atontaining cladding layer to oxygen. Figure
1-31 shows a simplified schematic of the process followed in realization of this
structure. The structure was grown by tstep growth process which both ends at Al
free containing layemamely upper GaAs etch stopping layer for the first growth and
the p-GaAs contact layer for the latter overgrowth. The first growth started with growth
of lower cladding, the active layer, a 300nrelad as a separation between the active
and the optoetdronic confinement layer. Following the first growth, the wafer was
taken outside the reactor and selective etching to define the stripes was performed. The
etchant used was highly selective to GaAs. This resulted in a smooth and clean GaAs

surface whenhte GalnP layer is removed. Following a thorough cleaning of the wafer,
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it was returned to the reactor to perform the overgrowth of the upper cladding-and p

contact layer.

Figure 1-31: A simplified schematic showing the process followed by Step@nt
realize seHaligned stripe laser with GalnP layer.

The published datdemonstrated lasing in the fundamental opticatie for stripes <
5>m wide andoutput powes of ~100mWwerer ecor ded from 3pum wi
external quantum differential efficiency was ~50%. The recorded characteristic

temperature was ~80 K.

In addition to the QW active region, QD active layer operating at ~1250asn w
implemented in this structure to test the structure durability for delicate active layer. The
measured data showed no shift in the emitted wavelength compared to the
photoluminescence (PL) measurement performed forutiprocessed material. This
provedthat, in addition to the protection from oxidization offered by the GalnP layer,
the optoelectronic confinement layer protect the active layer during the fabrication
process which included two annealing processes and SiN deposition at high

temperature.

It was found that the se#fligned stripe process can present, in addition to the
protection of Alcontaining layer, an extra protection to the active layer during the post
regrowth step. Since the scope of the thesis is to implement buried facets, whizgh wil
defined and explained in chapter 3, whose realization process include termination of the
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buried waveguide prior to the cleaved facet to use it to achieve ultralow reflectivity, it
was decided to use the salfgned stripe process presented by Stewtras. to realize

these facets.

The structure developed by Stevezisl. is discussed in more details in chapter 2
and its implementation to realize low reflectivity facets is discussed in chapters 3

where it was used as SLDs and SOAs.

1.8: Thesis oulines:
An abstract overview of the experimental chapters presented in this thesis are

outlined below.

1.8.1 Chapter two
To avoid replication of the growtand fabrication processe® realize thedevices

presented in chapters53the common informatioiis discussed in this chapter. The
epitaxial structure and growth, the fabrication process, andxperimentaketups are
describedin the first three sections in this chapter, followed by a spectral and gain
characterization of the DQW material to bedisThe wafer provided devicesth tilted

and normato-facet waveguides which are used in thésequenthree chapters in

different configurations.

1.8.2Chapter three
In the third chapter | characterized the devices with tilted cavities with a wiatlow

one end as superluminescent diodes (SLB&rting by explaining the differences
between the SLD and the semiconductor laser detheemethods commonly us¢al
convert one to the othare outlined. In my devices lemployedthe rear unpumped
window @nfiguration to achieve low facet reflectivity in addition to tilting the active
stripe with respect to the crystal axiBefore characterizing the tilted device, |

characterized thproposedvindow as a feedback suppression element by measuring the
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refledivity of straight cavity devices. Since tlspectral modulation depth (SMDg &

key factorin evaluaing the SLD performance, | firstleterminedthe SMD power
dependencef the structure byuse ofa simplified theoretical model based on the
measured refictivity and comparing withactual SMD measured from devices with
different cavity geometrieResults demonstrated a significant therragiéct on the
device performance ando differentcavity configurations wereexplored in order to
optimize the deviceerformance. ifst the structure wasounted epside down to
increase the heat sinking, second thissege down mounted device was tested under
pulsed conditions, and third a resistor was integrated at the unpumped window region of

the device to contra@bsorption of the window.

1.8.3Chapter four
The outcomes of the third chapter increased my interest in such device performance

in SLDs with waveguides processedrmalto-facet since théow Ref is suggestive of

the potential to use this more desiglbbnfigurationIn chapter four such devices are
processed and characterized thoroughly with different geometriesmber of design
parameter limitations are discussed in this chapter such as the active cavity dimensions,

and the propagated beam diverge angle.

1.8.4 Chapter five
Following on the footsteps of a number of researcherthe InP world | presented a

study onwindowed SOAs,using the sameGaAsbased material combination as the
previous two chapters but which had a window region at eatlofes waveguide. This
chapter describes the experimental design and the measurem#rg @dur main
parametersised toevaluatean optical amplifiers performance which revealed excellent
performance in number of aspedBased on this characterizatioretkevice showed
contrasing performance points associated mainly with the material used as an active

layer. The recorded small signal gain of the device was >33dB which is considered in
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the high range of quantum well amplifiers. The bandwidth of the dexasdimited due
to the limited bandwidth of the structure. The saturation output powgy, Was
<10dBm which is considered low compared with the commgnréported in the
literature, this low value is expected to be resulted from the low pumpingnturre

density which was <2kA.cin

1.8.5Chapter six
The GaAsbased material system enables emissioross the spectral region 600

1600nm however due to absorption by GaAs at wavelengths shorter than 700nm, it is
not possible to simply extend the SAS schestudied in chapters3to such regions.

In this chapter, | usthe AlGalnP/GalnP system to design a buried stru¢hatecould
operateat ~645nm wavelength. As an introductitm this chaptera review of the
developmenbf the red laser is first presed Next, the problemsssociated withhis
spectral rangare outlined These two problembeingthe shallow energy barrier and

the high refractive index of the material used whetréé containing layers are used.

The first problem waaddressethy placing a multiquantum barri¢gMQB) layer in the

active portion, and the second problem vealslressed by changirte principleof
operation used to confine the ligtet an antiresonance reflecting optical waveguide
(ARROW). Simulations were made to optei the design However, reliance on
aluminium-containing layers could not be overcome, and an (Al0.3Ga07)0.5In0.5P
needed to be etched down and exposed to air. The chapter concluded with suggestions

of how this could be overcome in future iteration.
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2.1 Introduction.
This chapter focuses on the materials grown and the methods used to fabricate the

devices explored in later chapters. The wafer structure and its subsequent processing
steps are described at the beginning of this chapter, followed by a description of the

setups used to characterize the processed devices.

2.2 Growth and fabrication:
The maerial described in this chapter was used in the investigations detailed in chapters

3, 4 and 5. In order to avoid repetition of the same information regarding the growth,
processing, and sample preparation, | describe the whole process used in thagollowi
sections. Minor deviation from this regarding specific devices will be mentioned
whenever occurred.

2.2.1 Growth, stripe formation and regrowth:

The superluminescent diodes (SLDs) studied in this thesis emplegligakéd stripe
(SAS) optical wavegueels. The realization of these SLDs is achieved via-diep
growth method previously utilized for realization SAS lagEy. The active layer
consists of two 7.6nm gn-GaAs quantum wells (QWSs) separated by 20nm GaAs and
sandwiched by a 100nm GaAs confinement layer. The structure emits at central

wavelength ~980nm.

The wafers used in chaptersb3wvere all grown and overgrm using Thomas Swan
horizontal MOVPE reactofThe growth process starts by depositing &@Bafs buffer
| ayer an dAlgaGaAs.cladding layer on an+4GaAs substrate. Following the
AlGaAs deposition, the active region described above is grownoapeéd with 300nm

p-Alg 41GaAs separation layer, prior to growth of a 600nm thick GalnP (lattice matched
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to GaAs) current blocking layer, which will provide both optical and electronic
confinemens. This layer is sandwiched in between two 10nm layers ofsGaArder to
use the lower GaAs layer as an etch stopper and to protect the lowentAining
layers from exposure to atmosphefde growth temperatures were set to 715°C to
grow AlGaAs, 703°C for QW growth, and 715°C for GalnP growigure 21a shovs
the schematic diagram of the grown structure to this pointFagure 21 b shows

wavelength as a function of lattice constant for the GaAs and InP systems.

(a) GaAs _|[ , (b)
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Figure 21: (a) schematic diagram of the grown structure ending at the second GaAs
layer worls as etch stopping layer (the GaAs substrate was excluded in this figure). (b)
Energy Gap and Wavelength as a function of lattice constant for commémiditerial

[21,
Stripes are formed in this wafer by etchihgwn regions through the@alnP layer

and filing the gaps created with-AlGaAs upper cladding. First the wafer was

patterned using standard vacuum photolithography utilizing SPR350 photoresist. This

specific photoresist is originally chosen due tar@solution, potentially able to resolve

600nm features, s o0, widths down to 1lpm are
sampl e patterning starts wi t h spinning SPR3
photoresist coating the wafer. After UV exposure through @v8ptics of an MJIB

mask aligner, the wafer is developed using MF26A and finished witser cleaning

to remove any residue from the stripes. Following the patterning, the wafer is dry etched
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using inductive coupled plasma (ICP) etcher, usingACko remove the upper 10nm
GaAs and penetrate into the GalnP. Then the wafer is etched chemically using
CeHsO,/HCI (1:1) selective etchant to totally remove the GalnP and abruptly stop at the
lower GaAs protecting layer which cannot be etched by this solufihe photoresist is

then removed to rgrow the upper cladding and contact layers. The resist removal is
done by dipping the wafer into a warm EKC830 photoresist stripper and then rinsing it
in isopropyl acetate (IPA) before 1min, flasma ash. The fah step before reloading

the wafer into the MOVPE reactor is to wash the sample in 1% buffer HF for 30sec and

rinse in D.I. water.

The mask used to pattern this wafer has
grouped in to sets of five elements. Two configurations can be taken from this wafer,
the first one is the full active devices in which the active stripe is extended fano e
end, the second configuration is the configuration in which the active stripes are stopped
prior to the cleaved facet. Also, the wafer is divided into two regions. The first has
stripes aligned along the <010> direction which can form SAS laserd latse in the
length dependant gain measurement) and devices that have -tofagdt stripes and
window regions will be used in estimation of the effective reflectivity of the window
section (see section 3.5 for more details). The second has the safigaraton but

stripes tilted 10° w.r.t the <010> plane.

The designated target for this work is to present SLDs with window structures, which
could easily coupled to standard single mode fibres. For that reason, the mask included
3 and 4puym wigyant H oamagd s500Pes to allow or
flexibility. Figure 22a shows a schematic diagram of the etched planner wafer with the

stripe formed. It also shows cressction TEM images of test stripesHigure 22b.
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Figure 22: (a) a schemtic diagram showing the etched planner wafer, (b) a TEM
image of a crossection of a test stripe showing the long side wall , and (c) a section
taken in the longitudinal direction (along the stripe) showing the ends of the stripe.

Following formation of he stripes, a 100nm of undoped GaAs was first deposited,

foll owed

-Aly,GdAs, Svipiaim wags grown to form thegadding layer. The

structure was finished with 300nm of-@aAs capping layer. The doping density was

setto 5x13’cm? in the rGalnP ad the pAlGaAs separation layers, while the doping

concentration of

was maintained at 5xiem?whi | e

selected to have slightly higherging of 1x13%m?. The contact layer was doped to

t

he

t

cladding

he

750pum

|l ayers

farther

wer e

from

2x10"m? and the active region containing the quantum wells, the GaAs barrier, and

the GaAs guiding layers are left undopped.

The <111> cut caused a slight aluminium variation above the angled edgdsjsvh

typical for overgrowth of AlIGaAs on ngplanar surfaces, and has previously been used

for growing quantum wir¢3].

Figure 23a shows a schematic diagram of the final grown SAS structure, while the

PL spectrum is recorded from unprocessed planar wafer at room temperature is shown

in Figure 23b.
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Figure 23: (a) A schematic diagram of the fully grown wafer with a-akdfned stripe
etched and refilled. (b) the photoluminescence spectrum of the fully grown sample at
room temperature.

Photoluminescence emission recorded from planar wafer at room tempehnatwee s
a peak at 990nm and a FWHM bandwidth of 18nm. Such a narrow bandwidth is
expected for a material designed originally as a laser device active medium with
identical quantum wells. This type of active is unusual for SLD devices which usually
employ brodening techniques (e.g. QW chirping) to achieve a broader emission. The
intention of my work was not to present broadband SLDs but to present a technique that
can provide ultrdow facet reflectivity used to suppress the parasitic FRignpt
resonance witin the SLD. For this reason | used an active that provides high gain with
narrow bandwidth to make lasing suppression more difficult and in this way | can
investigate the maximum limits of the proposed low reflectivity facet. Suppressing the
lasing in bradband actives is expected to d@sierbearing in mind that the gain is

smeared over a broad range of wavelengths and the peak gain is correspondingly low.

The wafer was processed with both straight waveguides (i.e. normal to cleaved

facets) and 10° tilek waveguides using the same mask. The only penalty in this mask
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design is that the adjacent devices in the same group have some difference in the active
and passive parts length. For each pair of adjacent devices, the length uncertainty is
~ 7 0. 5 p menalty wili bg apparent if we compared two devices at each end of a
cleaved chip.
2.2.2 Post growth process:

Laser and SLD devices were processed from the overgrown material described

earlier by the following process flow shown below.

1- P-ohmic contact m etallization
The wafer is first patterned with PMGI and SPR 350 to provide a bettefflift

photoresist profile. A 1 minute cleaning in the &her is used after the patterning,
t hen, 20puym wide Au/ Zn/ Au 20/10/250nm thick
SAS stripes regions. The deposition is done using the thermal evaporator under low

pressure (~I®mbar).

Following the deposition, lifoff is performed using acetone and the sample was

annealed for 3 seconds at 360°C to minimize the cosgaigtsresistance.

2- Electrical isolation trenches
To isolate the adjacent devices trenches are etched. We stop the etch®agla® n

layer since italready has high series resistance between the adjacent devices. As
done with the metallization, the etching is started with patterning the wafer to
protect the metal coated areas (the ohmic contacts) of the device. Trenches were
etched down usingiBr:C,H40.:K,Cr,O 1:1:1 wet chemical etching. Later, the
photoresist was removed using EKC830 photoresist stripper and a three step
solvent cleaning was performed to prepare the etched wafer for the next step.
Figure 24 shows the etched wafer with the ohnwontact stripes onit and
demonstrates the effect of the trenches on the carrier flow highlighted by the arrows
in the figure 2 {.e. isolation trenches provided individually separated devices but
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they are sufficiently far from the stripes so as not to interfeith the operation of

the SAS.

Ly2aSod LyaSoi
[ dzZNNXB 'y / dzZNNB'y

| |

Figure 24: A comparison between the (a)retthed, and (b) etched. The
carriers flow without etching will spread to the adjacent devices in the first
case will the carriers will be driven to the device underneath timaping
area only.

3- SiN deposition and BondPads windows
The ohmic contact is only 20um wi de,

individual devices for electrical connection using the gold wire ultrasound bonder.
A dielectric layer (namely SiN) is deposited to enhance the electrical isolation
between the adjant devices. By the plasma enhanced chemical vapour deposition

(PECVD), 500nm of SiN was deposited on the wafer surface.

The deposition of SiN required a window opening to connect the devices. To do
this the surface was patterned using SPR350 and tlezrattwafer was loaded in
the Reactive lon Etching (RIE) for detching. Q/CHF; gas mixture was used in
the process to etch away 500nm of the SIN from the areas covered with metal to

open up the contact.

Following a thorough cleaning to remove any phescst residue, the wafer was
patterned by the same photolithography method used earlier. The patterned wafer

was loaded to the thermal evaporator andAdi layers of 20 and 300nm
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thicknesses were deposited and -bft was performed.Figure 25 shows the

processed device to this stage.

Ti/Au bond

Dielectric

Au/Zn/Au

Figure 25: Device structure after depositing SiN, windows etching and
bond pads deposition.

4- Wafer thinning and n-contact
To improve heat sinking and allowing cleaving, the wafer was thinned down to

<120pdPm.

The final step in the device processing before dicing the wafer into individual
devices was to create the back contact. An InGe/Au (20/300nm) alloy was
deposited on thedekside of the thinned wafer and annealed at 340°C in an RTA.

Figure 26 shows the final processed device.

Ti/Au bond

Dielectric

A

/
Au/Zn/Au
120>m

InGe/A

Figure 26: the final grown structure
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5- Cleaving and packaging

Although the wafer was cleaved in different massnaccording to the device
(sedion) required, the mechanism is the same. Cleaving was performed in a Loomis
LSD-100 scribe and break system. Chips were mounted on a range-misuks

using INPbAg coating paste.

Goldwireh a | | bonder , at a rate of t wo bond:

the SLDs to the leadut of the submount.

2.3 Measurement setups:
The measurement setups used in the experiments included in the thesis are described

briefly in the following sectios
2.3.1 light -current characteristics:

The setup shown schematically figure 27 is used as a mean to measure the
emitted optical power from the characterized device as a function of the injected
current. This setup implemented an InGaAR hotodetedr connected to a Hewllet
Packard(HP) 1810 power meter. The current was supplied from a CW current source
integrated with a temperature controller in a laser diode modular controller ILX LDC
3900. The whole set of equipment was connected to a desktgprfa@ller running

Labview that enables both manual and automatic control.
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Figure 27: Light-Current Characteristic setup

2.3.2 Low resolution electroluminescence (EL) setup:
This setup was used to measure the EL spectrum of the tested device with a

resolution range between 10 nm to 0.1nm. Usually, this setup is used as initial screening
of the devices, in order to determine whether the devices exhibits lasing or not. The
setup consists of current sources (pulsed and CW) for current injection intevibesd

under test, which are situated on a temperature controlled stage. The emitted light is
collected by a multimode fibre fixed on arY%Z translation stage, and the collected
light in the fibre is delivered to an HP 70004A optical spectrum analyssh)@\gain,

the whole setup is driven by a desktop computer, enabling automatic or manual data
collection. The spectral range, maximum resolution, and number of samples per scan is
governed by the limits available in the OSA, which are-6000nm, 0.1nmand 2048
sample points respectively. The setup is shown schematicatigime 28 with all its

parts highlighted.
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Figure 28 Low resolution EL measurement setup.

2.3.3 High resolution EL setup:
The high resolution EL setup, shown schematicallfFigure 29 is very similar to

the low resolution counterpart, but replaces the multimode (MM) fibre with a single

mode fibre.

Positioning of the single fibre is much less tolerant to-alignment compared to the
MM case. For this reason, the XYZ stage is rait@ached to an adaptive positioner that
enables the position of the lensed fibre tip to be automatically controlled 4o sub
alignment precision, which will enable high and consistent coupling efficiency and
more accurate data collection The OSA usedhis setup is the Q3804 Advantest
optical spectrum analyser. The resolution range is now expanded from 0.5nm to
0.01nm while the number of sample points is almost increased to five folds to reach

10001 sample points over the same wavelength range. Tihef tbe apparatus is the
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same as that shown for the low resolution EL setup. This setup is used to inspect the

FabryPérot modes of the device as it can resolve them easily.

Desktop OSA
TEC  Current /\
RN |

Beam 8;
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Figure 29: Setup used for the high resolution EL measurements

2.3.4 Photocurent setup:

The photocurrent setup, shownRigure 210 below, is used in this thesis to identify
the absorption peaks of the unpumped material which corresponded to emission peaks
if forward bias is applied to the structure. When optical excitation piegpto a
semiconductor structure; @d H pairs are excited through interband absorption. If the
charge carriers are able to escape before they have the chance to recombine, then a
photocurrent (PC) signal results. The PC signal provides a quangpresentation of
the absorption spectrum of the sample (whére® | ). Excitation light is modulated
by a mechanical optical chopper, enabling the small PC signal (usually in nA range) to
be extracted from the background using laclamplifier. The spectrometer of the setup

is synchronised with the logk amplifier through a desktop PC.
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Figure 210: Setup used for photocurrent measurement.

2.3.5 Farfield setup:

The farfield setup used for the measurements described in the thesis is simply an X
plane detector covered with a swinging slit, and intensity data to produce even the
farfield in the x (horizontal) direction or Y (vertical) direction anedi®ensional
measurement. The swinging slit is positioned at a specific distance from the aagiut f
of the device, this distance need to be accurately inserted to the running program since it
will be the reference point to be used in the measurement. The divergence angle is
calculated by the program from comparing the exposed length in the slithand
distance between the slit and the output facet. The running device is operated under

conditions controlled as in the previous measurements.
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Figure 211: The setup used for farfield measurement.

2.3.6 SOA

In order to charactere the SAS waveguides as semiconductor optical amplifiers, a
setup was assembled based around a Thorlabs TLK1050 tunable laser with a maximum
power of 16mW and a central wavelength around 1050nm. This laser was used as an
input signal while the output isbserved on an HP 70004 optical spectral analyser. The
tunable laser is centred at 1050nm+40nm; unfortunately this is some distance away

from the central wavelength of the grown material which was at 993nm. However, a

characterization setup

3dB intensity of ASE of the two devicean meet at ~997nm as can be sedfigare 2

12.

»
>

Intensity (dB)
T

Tunable Lage=—
SOA
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Figure 212: the relative
spectra of the SOA (red line
and the tunable laser (blu
line). The central wavelength ¢
the SOA is at 993nm
(represented by point A) whil
the central wavelength of th
tunable laser is around point |
(1050nm). The spectra of tr
two devices meet point C whic
is around 997nm; at this poin
the two devices can provide ¢
output power within the 3dE
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The assembly is shown Figure 213. A variable attenuator is fitted at the output of the
tunable laser in order to control the intensity of the injected light. Also, since the SOA
can have any pola@ion (a typical property of the edge emitting device) a polarizer
was inserted between the attenuator and the input facet of the SOA to tailor the tunable
laser polarization to the polarization of the SOA. The polarization effect can be sensed
as an intesity of the amplified signal on the OSA, when the two devices have the same
polarization the maximum intensity will be observed while the intensity drops once the
polarization differs. The light was driven in the setup using a single mode lensed fibre
to achieve the best coupling efficiency. The lasing peak was tuned using a thermo
electrical controller (TEC) integrated with a CW current source feeding the tunable

laser. The SOA was pumped using a separate CW current source.

. Manual Fibre
Variable Polarization controller
Tunable Attenuator
—
7/
C—1
OSA Single mode g Single
l fibre sample mode fibre
; Xyzmovin
Current TEC GBI Xyzmoving ystage ’
Driver stage
Desktop

— R

Current Driver

Figure 213: The assembly ed to characterize the material as a semiconductor
optical amplifier.
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2.4 Photocurrent Spectroscopy:
Photocurrent is one of the spectroscopy techniques used to investigate the behaviour

of the semiconductor structure. Presented for the first time bycdagiet.al. in 1992

[4]. If an optical signal with specific energy (E) is applied to a specific quantum
structure (QW or QD), the carriers within these structures will be excited accordingly.

If this energy a greater than or equals the bandgap (Eg) of this structure the excited
carriers will possibly escape the bond of the structure and become free charge carriers.
If a complete circuit is connected to this structure, the charge carriers appedommihe

of dark current.

This technique is considered the opposite of the other two techniques presented
before it (the electroluminesceniggd[6], and photoluminescen§é]) where in the latter
two the optical emission from the excited structure is collected at a range of
wavelengths to identify the emission peakgure 214 shows a simplified schematic

of the latter two spectroscopy methods.

External electrical source External optical source
fCE /h
\ _y
-{ % NN\s ¢ _
f=E/h T ~ A~ f=E/n
) % T TE;u%: a

(a) (b)

|—

Figure 214: TheElectroluminescence (a) and Photoluminescence (b) mechanisms in
simple two level system with active and cladding region having Ea and Ew,
respectively. In (a) an external source pump the structure with excited electrons which
undergoes transitions in thectwve region and emit light with a specific bandwidth
corresponding to the available stfands in the active. On the other hand, the external
optical source with energy xEin the PL spectroscopy excites the electrons from the
valance band in the claddingyers, these excited electrons relax to the lower energy
levels available in the active layer and do the transition which results in light emitted
associated with the emission peaks available.

To detect the higher energy emission in EL and PL spectriescgmjuires filling the
guantum states with enough energy to move to shorter wavelength (higher energy). On
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the other hand, since the photocurrent is resulted from the free carriers created from any
transition, higher order emission does not require tatg §illing as long as an emission

with enough energy is applied. For that reason, the photocurrent spectroscopy method is
superior over EL and PL methods in detecting all the available absorption peaks in the

case of unbiased structure.

These peaks aithe emission peaks in the cases of active (forward biased) devices.
Figure 215 shows a schematic of the photocurrent spectroscopy mechanism and a PC

spectrum measured by Polland eff@).for a GaAs/Ab .Ga sAs structure.

External 10 | r b
optical —T
el o
A L v
5 AT || 444 % O '
e}
i %0 [, |®° ?_'g_ A~
x
QB QB |Cladding 9?- a , | 0-‘“’.
— S 160 165 170 175 180
PHOTON ENERGY (eV)
a b

Figure 215: a simple schematic of QW/QB system showing the concept of photocurrent
(@) and the PC spectrum published by Polland efg}l.(b). The incident optical energy
excites the electron in the undopped region these excited carriers can be collected in
form of dark current, the intensity of the current collected latee directly to the
absorption capability of the device at the associated wavelengths. Polland et.al
presented devices that could absorb light with photon energy aro@d@\iwhich
correspond to GaAs and AGaAs.

2.4.1 Sample Preparations
Measuring he photocurrent requires a sample to be prepared with optical access

mesa and annular top contact. Such mesa diodes are prepared with diameter equal to
100pym in design with top contacts (Aul/ Z
80um i nner rdquieedmeesas were pibdessed at the same time as the stripes

were done in some areas in the mask, these mesas also had the current blocking layer
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etched away to create aiqm junction. Figure 216 shows the mesa diode used to

characterise the materialing the photocurrent technique.

A

AlGaAs

GaAs

I_nGaAs

GaAs

AlGaAs

v

z-direction
Figure 216: A simplified schematic diagram showing the epitaxial structure with the
band structure of the active layer and the surrounding area. The energy diagram shows

the material that can provide a radiative recombian if the photocurrent technique is
used.

2.4.2 Measurement and Results
The sample was set on the photocurrent setup deséni#8.4 The measurement

was conducted with no applied bias on the structure and no temperature control. The
output in this ase will show the natural absorption peaks of the grown material. Such
absorption would be expected in the unpumped regions of window structure devices,
where the active region remains intact below the current blocking layer. The light
source used is a kmdband mercury lamp which provides light signal from the UV
wavelengths up to the near IR. The wavelength was swept using the monochromator

from 750nm up to 1050.

Figure 217 shows the absorption spectrum measured from this mesa diode. Six
peaks are obseed in the spectrum, taking into account that thg,88As absorption
peak is located ~620nm it can be assumed that the six peaks appeared are the absorption
peaks of the I GaAs (990, 960, and 915nm) quantum wells and GaAs (855, 813, and
776nm) quanton barrier and guiding layers. The thick GaAs layers results in higher

absorption compared to the thin InGaAs quantum wells. The GaAs 776nm is expected
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to be e-lh; of the strained GaAs barrier between the two quantum wells while the
810nm is the £hhy transition. The 850nm is the common absorption/emission central
wavelength of the relaxed GaAs material, such material is available in the guiding layer

sandwiching the active DQW layer.

400 - 960nm 990nm
915nm e;-lhy  e-hh,

750 800 850 900 950 1000 1050
Wavelength (nm)

Figure 217: The photocurrent spectra showing the absorption peakablai

The three peaks that appear between 910nm and 9@3mespondo the absorption
maxima related to the strained IrGaAs QWs. The maximum absorption is at the QW
basic e-hhy transition at 990nm which appears usually at the pumping levels used in
most of the devices presented in the thesis. The higher order transitions, second and
third peaks, require high pumping levels to fill the states in between the ground state
and the higher ones. The second and third absorption peaks cannot be obselyed usua
by pumping the related device electrically at room temperature especially the shortest,
the ~960nm absorption/emission peak can be observed in the EL spectrum at room
temperature if the pumping level was high enough to fill in the quantum states in the

first transitions to move to the next one (the 960nm).

2.5 Length dependant measurement:
A number of techniques are available to accurately characterise the optical gain, such as

segmenteagtontact method9], or HakkiPauli method[10]. However, perhaps the
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simplest and the quickest method is the length dependant method shown in this section.
Devices with different cavity lertlgs are processed from the same material used. All the
devices will have the same internal properties and differ only in their cavity lengths. By
measuring the slope efficiency as a function of cavity length, both the optical gain and
the internal lossesat be extracted. By tracing the variation of the threshold modal gain
as the threshold current density changed, a gain vs threshold current curve can be
constructed relating the modal gaigtG the transparency threshold current densiy (J

the relatioships are described thoroughly by Coldren and Corzifi#]in

Devices with straight waveguides were used as SAS lasers to measure the gain of the

grown material. Multiple laser cavity lengths were selected andteylar focus was

made on devices shorter than 1000pupm in order
The reason of that is to ensure accuracy of the fit to the experimental data at high

current densities employed in the SLD devices. The gain measor@nocedure can be

summarized by measuring the LI of the devices1kA.cm? after the threshold. Then

by extracting the internal losses combined with the mirror losses, the materialgain G

can be estimated.

The devices were first cleaved to obtaivides with 250350, 400, 500, 600, 70350,

1000, and 1500 microns. The devices were operated to maximum a current of 25mA for

the shortest devices up to 70mA forth®@1buy m devi ces. These values a
3.333kA.cn? and ~1kAcif, for the 250um devices, respec
current density for each device was found and set in groups according to their cavity

lengths. The threshold current densities@otted inFigure 218 as a function of the

reciprocal cavity length (1/L) in order to find the transparency current degswsith

is the threshold current density for an infinitely long device. The measurement showed

J.to be 560KA.crif.
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Figure 218: shows the threshold current density curve as a function of the reciprocal
cavity length.

From the examination of the LI curve of every device beyond the threshold the slope
efficiency (dP/dl) was extracted, representing the ratio of the collectpdtquawer to

the injected current. From this ratio the differential efficiency can be found by:

- —82%;— ...... eqgl (2
While q is the elementary charge, A s
990Nm) hisPlmk’ s constant and ¢ is the | ight

efficiency is the number photons leaving the laser to the number of electrons injected in
it, including the losses inside the laser cavity and the light reflected back into the laser
cavity due to the facet reflectivity. If the inverse value of the differential quantum
efficiency is calculated for each cavity
the internal quantum efficiency since in this case the other parameters areseotgx.

Figure 219 shows the differential quantum efficiency as a function of cavity lengths.
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Figure 219: Re c i ¢xfenf@sa ffunction of cavity length.

From the relationship betweé¢nanddy the internal losses can be extracted where:

- -8p —& eg2) (2

wh e r;es the internal losseg, is the cavity length an® is the reflectivity of the

facets. Rearrangemented. 22 allows the internal losses to be calculated:

To achieve lasing, the gain should be greater than the combined losses of the device
( & @). The threshold gain is the value of gain for that specific device where the gain
of the materihis exactly equal to the losses. For simplicity, the losses were limited to

mirror losses and internal losses.

Internal losses can be extracted following the procedure described above while the
mirror losses depend on both the reflectivity of the facatd, the active cavity length.
Since both of them are constant for a specific device, each device will have a constant
mirror losses added to the internal losses. This will result in a specific thresholdggain G

for each device. By putting the resultegl & a function of the relating threshold current
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density ¢, , the resulted curve has a logarithmic behaviour which can be fit to the

equation relates tHeur parameters & G, Jn, and J:

o o84+~ . eqgd) (2

If Jois fixed to the value extracted from the measured data, the calculateahGit
the measured data if the material gaignisGbetween 80 and 85¢mThe final GJigure

shows that three curves can be fitted for the three widths in the mask used.
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Figure 219: The Modal Gain as a function of Current density, square dots are the
threshold gain estimated at the measured current density.

2.6 Summary and Conclusions:
In this chapter two main subjects were highlighted, the first one was the meaduremen

setups used in this thesis to characterize the devices and the material used in this study.

Measurement setups are explained briefly combined with schematics that show how
they are connected and how they operate. 5 systems are demonstrated, tbemaght
characteristics setup which can be used to measure the emitted power from the device in
free-space. Additional information such as the efficiency of the device and the heating
effect can be extracted from such measurements using this setup. Thispseitipally

helped measuring the modal gain of the developed structure by the length dependant
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gain measurement method. The second and the third setups are very similar in function
in which they both measure the electroluminescence of the developetamatesr low
resolution setup is used mainly to confirm the spectral range of the devices presented in
the thesis, the high resolution setup on the other hand is used in the characterization of
the superluminescent diodes that will be presented in tleedhot fourth chapter of the
thesis. The maximum resolutions of these systems are 0.1nm for the low resolution
setup and 0.01nm for the high resolution one. The fourth setup presented in this chapter
the photocurrent setup is used to identify the absorpgaks of the grown material as
detailed in section 2.4. The fifth setup shown in 2.3.5 is the farfield setup which is used
to define the farfield pattern of the light/laser emitting devices studied in this thesis.
Finally the sixth setup is the one usea ¢haracterize the semiconductor optical

amplifier as will be detailed in chapter five.

The second part of this chapter is the one related to the material grown and used in 3 of
the next 4 chapters of the thesis where first started with detailed growr@essing
methods used to achieve the sdifjned stripe devices (SAS). The final wafer included
sections that included windowed and neimdowed areas with tilted and straight
waveguides. The tilted waveguides are studied thoroughly in the upcomapterh
where the straight waveguides are characterized as laser devices with different cavity
geometries to measure the modal gain of the grown structure. The gain was estimated
by setting a curve showing the threshold current density as a function thir¢sbold

gain of the devices, the modal gaig Was found to be fluctuating between the 90 and

75 cmil.

Since the absorption (or in the suitable conditions emission) peaks play an important
role in the device performance, the photocurrent of the devasemeasured at a range

of wavelengths. The main peaks detected by this measurement was the ground state
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peak at 992nm, the first excited state peak at 960nm and the second excited state at
915nm. Extra peaks related to the cladding layers of GaAs anaA&I@@ detected too
in the short wavelength part of the spectrum showhigure 2(4). The photocurrent
measurement was done on the mesa diodes that were available on the same grown

wafer.

2.7 Future Work
Further investigation can be done on the mategaah where two other methods are

available which are Hak#raoli[1], and the segmented contactthodf?]. These two

methods are done in the gesing range of pumping.
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3.1 Introduction:
In this chapter | describe the design and characterisation of wisttaatured self

aligned stripe SDs based on the structure described in 2.2. Analysis of the spectral
modulation depth (SMD) and its dependence on the device geometry and the pumping
levels revealed a high output power could be attained with low spectral modulation
depth, which was not hgevable before without the additional application of -AR

coating.

The presence of t he alcitk e’ meglii amMm atn ta
enhances feedback suppression compared to the transparent window counterparts. The
SLDs were able to suppresasing to very high pumping levels, despite being
manufactured from a material based on an active medium designed for low threshold
current lasers. With improved heatsinking, | was able to present SLDs that are
competitive with commercially available deviceSLD output with spectral modulation
depth of 12% and output power up to 38mW was achieved under pulsed operation and
5.5% SMD at 30mW output power in CW operation. A relationship between the
emission band in the active stripe and the absorption battteimvindow region is
revealed and suggestions for potential improvements are discussed at the end of the

chapter.

3.2 Background:
SLDs played essential role in the development of applications such as -optical

communicatior{1], [2], fibre-optic gyroscope§3], sensind4], [5], and both industrial

[6]and biomedica]5] optical coherence tomography.
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As mentioned earlier, ASE is described as high brightness broadband emission. This
type of emission combines the benefits of the low brightness broadband emission of the
spontaneous emissiomnd the very high brightness narrow bandwidth stimulated
emission. Figure-¥ showed a common LI curve of a semiconductor laser highlighting
the transitions take place during the operation from the linear increase in spontaneous
emission at low pumping cnt, then the exponential increase which represent the
amplified spontaneous emission, and ending with the linear increase in intensity of the

amplified stimulated emission.

The common bandwidth of SLDs ~83@nm{[7] which is narrower than the common
bandwidth of LEDs which can exceed 400nm. However, recent reports demonstrated
SLDs with bandwidth up to 150nm for improved application of Q8T As mentioned
above, ASE appeakshen the spontaneous emission undergoes amplification in a gain
medium with population inversion before reaching the threshold gain. The feedback
provided by the device facets enable stimulation of excited carriers to emit light
coherent to the propagategdht. In order to stop turning ASE into amplified stimulated
emission, feedback should be suppressed. Feedback suppression can be achieved by
reduction of facet reflectivity to effectively extend lasing threshold to such a point that it
will not be reackd.

3.2.1 Single Pass Amplification

Single pass amplification can be described using FigteThis type of emission
results from amplification of incoherent light generated at point x=0 propagating in an
optical cavity of length L. To keep this emissibroadband the reflectivity of the device
facets/mirrors should ideally be zero in order to suppress feedback and permit light to
pass through the cavity only once, where it subject to amplification according to the
gain provided by the material, G. Figug1 shows a simplified version of a tievel

energy system in a semiconductor device in which spontaneous emission is taking
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place. If we assume that the spontaneous emission generated at facet number 1 (at x=0)
of an edge emitting SLD traveses the ogiticavity to x=L, the generated photon

population at x=L (facet 2) is proportional to exp(GL).

Output Beam
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Figure 31: A simple twdevel energy system showing that the light generation and its
amplification depend on the transitions from the excited to grouradsleBoth of them
start as norcoherence, while the light travels along the active that have a gain profile
shown in the rightiand sidefigure with an exponential rate. In SLDs the reflectivity
should be zero to disable any amplification for the amplifiagielengths.

The gain envelope shown in Figurel 3epresents a probability of the transitions to
occur in the system. With the presence of feedback the probability of having more
transitions at the central wavelength and though more amplificatiomgthiis in faster
accumulation of optical density in the related wavelength and eventually lasing. The
effect of feedback suppression is mainly to keep the probability of all the transitions to
remain the same as they are and so no mode is preferabée amglified than the
others.

3.2.2 Common structures

The basic form of an SLD is very similar to that of an edge emitting laser but with an
essential difference in the reflectivity of the facets. Facet reflectivity should ideally be
zero in order to achve the single pass amplification. Reduction of facet reflectivity to
zero remains a significant challenge, one which has been discussed widely during a

number of attempts to reduce facet reflectivity using a variety of methods which | will
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outline in the ext section. If facet reflectivity cannot be reduced to zero there will exist
some residual reflectivity which results in an unwanted feedback loop in the active
waveguide. This feedback allows formation of FaBgrot mode from the standing
wave set up whin the cavity. These parasitic Fad#®¢rot modes appear as ripples, or
spectral modulation, in the electroluminescence spectrum of the SLD. With sufficient
electrical pumping these modes could eventually reach threshold and lase. The period of
the spectrl modulation therefore corresponds to the Fdt#yot spacingvhich can be
calculated from the cavity length between the two facets, L, the propagated

wavelengths, A, and the related refractive 1in
Y — egl (3

This ripple is considered as a noise superimposed upon the SLD performdritse a
existence has a negative effect in all intended applications. In communications
applications it can affect the coding of the transmitted signal, for example in wavelength
division multiplexing, WDM. To understand the effect of ripple on such evasssime
two signals sent in two clod®y wavelengths, one of them is 0 (with low intensity) and
1 (with high intensity). The modulation can alter the values of the two signals. In optical
coherence tomography (OCT) applications the ripple affects the tmpera two
aspects. The first one is that the ripples amplitude appear as ghost images accompanied
by the original image, whilst they also decrease the resolution of the whole system since
the resolution is directly related to the squared value of thealbandwidtH9]. Figure
3-2 below shows the Fourier transform of a practical SLD with some spectral

modulation on the top of the electroluminescence spectrum.
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Figure 32: The fast fourier transform of a signal with high SMD values showing the
components that appear as ghost imsgethe final image. Image taken frigth

3.2.3 Spectral Modulation Depth
The noise added to the electroluminescence spectrum of the device cantifeedua

as the ratio between peaks and valleys formed. This ratio is called the spectral
modulation depth and will be briefly described bel¢®0]. Figure 33 shows a typical
SLD EL spectrum with the associated ripple. Around the peak intesfsitye spectrum
the ripple can be observed as a region of noise atop of the broad SLD emission. The
inset plots the ripple over a reduced range showing three periods. The spectral
modulation depth is the pedd-valley difference ratio to their sum as ig. €3-2) which

returns a unitess quantity.
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Figure 33: A common electroluminescence spectrum of a practical SLD (facet
reflectivities 0) measured by a spectrum analyser with resolution high enough to
detect the optical modes. The mode spacing oEthé highlighted in the zoomed in
wave of the top part of the spectrum. The peak and valley intensities are spotted in the
inset. Those intensities are used to determine the spectral modulation depth of the SLD.
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Spectral modulation depth,

YOO —— eq2 (3

wherelpeakandlyaiey, are peak and valley intensities, respectively.

Examination of eq. (2) reveals that SMD values are in the range 0 to 1 (or 0% to
100%), with the SMD othe device that has ideal/veggpod performance tending to

Zero.

Shidlovski quantified the accepted range of ripples in SI[@s with devices
exhibiting 1% spectral modulation depth considered noise free and treated as ideal.
With particular attention of applications of SLD as the light source for OCT, he
suggested the 5% SMD as a suitable maximum limit for the OCT application.
Commercial suppliers likeSuperlume and Thorlabs offer their SLDs with -5%
spectral modulation depth depending on the output power and the operating wavelength.
3.2.4 Output Power

Output powers greater than 10mW are typically required for most of SLD
applications. However, peer in SLD is usually accompanied by large spectral
modulation depths. This is because SMD and the output power are both related to gain
as we will see in section 3.6. Therefore an increase in the gain to increase the output
power results in an increase BMD. In applications where high power must be
accompanied with low SMD, further pressure exists on reduction of facet reflectivity, R.
3.2.5 Research fields

Many articles discussed design criteria and device performance of SLD whether
describing a methibfor higher powef10]-{24],broader output spectfa], [12], [13],

[22], ripple level[11], [17H19], [21], [25], [26] or other performance featurg0],

[27]-{29] they all aimed to deliver an SLD that can provide the highest power with the
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widest spectrum without the penalty of high ripples. Other reports were more concerned
about the ripple development withetincrease of the output power. Reports such as the
one of Kwonget.al. [23] and Alphonsest.al. [17], [18], and [25]suggested that ripples

do not develop randomly with increasing the power but they follow a specific trends
regarding the amplitude increase and the mode spacing varigiraily some reports

were more interested in investigating other methods for low effective reflectivity.

3.4 Techniques used to achieve low facet reflectivity:
A number of methods have been used to reduce the facet reflectivity in SLDs,

including AR-coating, tilted facets, and windows, and variety of combinations of these.
These methods seek to reduce the reflectivity, R, directly or reduce the effective facet
reflectivity, R, and are outlined below.

3.4.1 Anti-Reflective (AR) Coating:

This methodis considered one of the oldest used to suppress the facet reflectivity.
Anti-reflective coatings have long been used since their presentation by Bauer G. as a
mean to decrease the reflectivity of the optical surfaces (e.g. mirrors, lense80gtc.)
Decreasing the reflectivity in this method is done by depositing a specific ¢islat
the related transparent optical material. For a simple single lay@oAfnhg, depending
on the wavelength emitted by the device

material at that wavelength (n), a coating layer is required whose théckhes

Q - eqg3) (3

Figure 34 shows a simplified schematic of two devices with and without AR
coating. This method has been used widely in the fabrication of optoelectronic

components such as SLDs, SOAs, solar cells, and DFB.lasers
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Figure 34: Simplified schematic showing two devices, one witkc@d®ing on both
facets (SLD) and one without (laser). The main difference between them is the facet
reflectivity to be 0.33 in the laser device and1®3in the SLD.

Since the layethickness which controls the facet reflectivity is governed by the
refractive index of the deposited material at a specific wavelength, the bandwidth of the
AR-coating is usually limited compared with other methods, especially if the coating
comprised &ingle layer. A multilayer coating has been used to achieve reflectivity as
low as 10 -10° for broadband devicef81], [32]. Furthermore, R is limited by the
quality of the facet coating. Although <10Oeflectivity is theoretically available using
AR-coating, thickness control to 208 iequired as suggested by Alphonse dil.

3.4.2 Tilted Optical Cavity:

This method was first presented by Tsahgl. in 1983[33] for multimode laser and
it has been developed to realize broadband emission. It is based on deflection of light
outside the waveguide by misienting the SLD waveguide with respect to the crystal
axis by an angle ~%0°. This simple method of reducingsRs naturally broadband

(compared to ARcoating) and has been used to enable-20* [19], [27].

Feedback suppression is via deflection of the reflected light from the facet to the
cladding layers as shown in Figureb3According to the matelliaised and operating
wavelength the tilting angle can be selected accordingly but generally angles between 6
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and 10° are chosen to process SLDs. Angles greater than 10° cause extensive

deformation of the output beam that cause increase in the coupliag.loss

&
y
/

Figure 35: A simplified schematic of a tilted cavity SLD. The optical mode reflects to
the cladding layer (grey) rather than the active waveguide which reduce the
constructive feedback of the resonating signal. Reflectivity down‘ts Ehievedand
lowered to 10 when ARcoating is added.

The advantage of this method over the previous method is that it is less wavelength
dependent which makes it more flexible, especially given the recent push towards
broader active materials such as thesegu®Bs or hybrid QD/QW material. The tilted
cavity configuration is able to achieve facet reflectivity down t& when combined

with AR coating34].

An example of such devices was reported by Alph@tse. [19] in which the tilted
cavity is combined with the ARoating to achieve low reflectivity facets of 40The
disadvantage of this method is the excess matesedl and the quality of the output
beam and the corresponding coupling efficiency and packaging complicity (further
discussion will be given in chapter 4).

3.4.3 Transparent Window:

Another method commonly used to achieve low effective reflectivity, R to
terminate the active waveguide before achieving the rear facet. This method was the
first method used to fabricate SLDs when Miliral. included a transparent window
at the rear facet to provide the required loss to push the threshold carsesafficient
high level to enable the device to provide amplified spontaneous em[8&pto a

higher power before the onset of lasing.
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The feedback suppression in this method comes from spreading out of the optical
beam in the transparent, unguided, window region in such a way that light which
travelled all the way to the rear facet will have spreaidlaterally and after reflecting
back only a small percentage will be coupled back into the active waveguide. This can
be seen in Figure-8 below which shows a simple schematic of the transparent window
structure SLD. The divergence angle of the progayaeam, which eventually governs
the resultant effective reflectivity, is determined by the index step, the interface shape,

and also the waveguide widths.
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Figure 3-6: A schematic of an SLD with a windowed rear facet. The optical waveguide,
which is tke pumped part of the device, is terminated at a distance x from the rear facet,
which is usually unpumped. The optical mode propagates from the active waveguide to
the unguided window. According to the index step betweeana, n, of the core and
claddng, respectively, the optical beam divert at divergence ahgte,

This chapter focuses on characterization of an SLD device with a rear window
combined with the tilted cavity configuration to achieve very low effective facet

reflectivity.

3.5 GaAsBased Buried Facets (Window Facets):
The catastrophic optical damage (COD) that limited operation in high power laser

diodes resulted from two reasons. The first one, which has the larger effect and the
quicker to notice, is the fast damage due to localizedingeaue to high optical

densities nearby or at the facet. Such high density can result from light generation (due
to radiative recombination), reflection from the facet, and local heating generated by the

nonradiative recombination. The other reason ttaatses COD is the facet erosion due
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to the surrounding atmosphere (oxygen, water vaptel, yet, the facet degradation
due to this takes long running time (multiple thousands of running hours) to be

noticed36].

A method to prevent COD is to implement a shiansparent window at each facet.
By comparative study, Takahashi proved t
minimize the erosior{37]. The transparent window is also used to stop the facet
degradation due to the localized heat, which is caused by the high optical density.
Leaving an unpumped section prior to the facet was sufficient enough to decrease the

optical density, and eventually decrease the facet degradia@ilpas].

The dimensions used for COD threshold increase wergetinto few tens of
microns. Figure & demonstrate a windowed device having two regions, an active core
of Al,GaAs with refractive index of 3.5 and a window section ojGalAs with
refractive index of 3.3. The device is presented in two cases in Figurétg first one,
shown in figure 37a, is the one used for the increase of the threshold power of COD
where only a very short window is used. The other case is the windowed SLD where the
window length is now hundreds of microns as shown in Figufe. e short window
used for COD will not change the threshold current of the device dramatically.
However, increasing the length of the unpumped region allows the light to expand more
and by duplicating the length for a full loop only a small percentage obrigaal

signal is feedback into the active waveguide.
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Figure 37: shows a comparison between devices with the same features except the
window length where (a) device with short window of 4 a.u. length and (b) of 140a.u.

length

The device configuratio shown in Figure -3 has two materials active (grey) with

high refractive index for the operating wavelength and passive (white) with lower

refracti

passive materials. At the inface the propagated light beam will undergo divergence
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step
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change,
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which alters the beam size. Since the materials and the active geometry are identical in

the two devices, the propagated beam size is only governed by the separation between

the termination of the aet stripe and the rear facet. For material system with a specific
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is the window length. Assuming that the window length of the device in Fig8tei8

10 times the om which is in Figure Ja, this means that beam size of the first is

and

increased 20 times than that of the second. This increase will cause the effective

reflectivity of the case in Figure &b to reduce much less than the one in Figtra.3

Based on thisdea, TieAPei Lee presented the first SLDs with rear window section
and also the first ever presentation of SL[3%]. Such configuration is usually

combined with antreflective coating and/or tilting the active waveguide.

In chapter two | showed that the pattern of the processed wafer can provide devices

with unpumped rear section and since the acticéaseis left intact the section is not

only unpumped but also absorptive to the central emission wavelength of the processed
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devices. In the following sections the proposed windikes SLD devices are discussed
and analysed starting with the facet reflatt and followed by the device performance.
3.5.1The proposed window -like structure

The window structure studied here is also based on the beam expansion in an
unpumped laterally unguided region. However, in this structure the active region
remains intat below the optoelectronic confinement layer. The presence of the active
region in the unpumped window section increases its ability to decrease the effective
reflectivity through absorption of light by the unpumped active medium, in the case of
the preseted devices, by the virtually limitless absorption provided by the QWSs. This is
in contrast to traditional window facets in which the window is formed by etching
through the active region. Therefore, light propagating through the window will be
absorbedmeaning that only a very small portion of the light will be coupled back to the
active waveguide. Figure-8 shows the effect of the absorption in the rear part of the

device.

P 0
Pbeame | beam C|

Figure 38: a simplified schematic of a window structure with an absorptamtof
WvindowC O Mbi nes all the | osses caused by the
to geometry.

Although the buried facet structure described here is not transparent, | will continue

to refer it as window throughout the thesis

3.5.2 Estimation of the buried -facet reflectivity
The mask used to process the devices could provide SLDs with both electrically

pumped active and unpumped (and therefore absorbing) sections. When the device is
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processed normdab-the facet with no ARoating on either fzet, the effect of the
presence of the window can be determined from measuring the effective reflectivity. To
measure the effect of the unpumped window region on the structure, devices with a
1mm active stripe were fabricated with a range of window lengidscompared to a

1mm long laser (i.e. without a window section).

Figure 39 shows the device used in this experiment, and traces the modal-gajn, g
added to an optical signal generated at the front facet and took a round trip to the rear

facet.

In a FabryPérot laser device with facets reflectivity @ont) and R (rear), a
materialgang | osses a, and cavity |l ength L, the mo

from the front facet can be calculated by:

o ovYyYQ . eqd) (3

where G, is the threshold gain required to overcome internal losses.

An identical device but with an additional window section at the rear facet can be
described in a similar manner. Two factors need to be added which are the window
length,l,, and the | osses c Q.Thiglosbterm eochbinesyboth he wi ndo
the absorption in the active DQW region and the losses due to the geometry (e.g. beam
expansion) as the schematic shown in Figu8 8 The modal gain for a round trip

through tls structure can be estimated as.

o ovYyYQ . eqg5 (3
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Figure 39: A schematic tracing the gain of the laser device (a) and the SLD device (b).

3.5.2 Facet effective reflectivity:
The effectie facet reflectivity can be calculated from comparison of the threshold

gain (the gain required to start lasing) of the device with window of lengihe the
standard Fabrpérot laser (L,=0). The difference in the (Gbetween the two devices

comes fronthe excess loss associated with the presence of the rear window section.

In the case of a laser at threshold, modal gain G is Gth, so substitutirg)in (3

YYQ o eg6) (3

YYQ P eqg7?7) (3

Since the two equations-@ and (37) are equalitie®f 1, they can be combined

into:

Y'YQ Yye . e g8) (3
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Assuming that™Q | is the amount of gain required to reach lasing thresgld

for the laser device and tl¢her device with the absorber, rearranging e®) (@to:

¢ O 0 ¢| O ¢ O o ... eg9 (3
By reformulating(29) t he i nt egr a/tadmbecadulatedasy | osses a
)/ @ -—— e g-10) ( 3

Back to the original equations-@3 and (35), they are exactly the same accept the
part added to represent the rear window. Comparing the two equations gives a formula

that can predict the effective reflectivity of a device with rear absorber structure. Where

o ovYyYyQ . eqd) (3
0 OYYC QL eqg5 (3
Y ye o e gl11) ( 3

3.5.4 Experimental measurements:
To characterise the effective reflectivity of the rear window structure, ndomal

facet SLDs were fabricated. The SLDs have 1mm active stripe and different window
lengthsvaried r om 20 R 50pupm with an increment of 25
from the SLDs is measured as a function of current and the threshold current was

recorded. From the transparency threshold currgniantl the material gain, (Gthe

threshold gain, ¢, of the SLD can be estimated by

o o&e~ Ll e g-12) ( 3

Fixing the active stripe of the SLD to 1mm enabled comparison with a 1mm laser

(without a window), where eq. {B0) can be applied to estimate the excess losses
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provided by the window. The effective reflectivityedRof the window facet can then be
determined using equation-3), and taking into account thatiR the reflectivity for

an ascleaved uncoated facet (0.33). Figurd@shows threshold current densignd
threshold gain plotted as a function of window length. The FigtgleoBvs an increase

in threshold current, as a result of increase in the threshold gain, as the window length
increases. Recalling the length dependent measurement described in 2égtithe
threshold current densityJfor a 1mm laser device was around 740 AZdin the case

of the measured device it was 725 A9mvhich represented a threshold gain,, Gf
~24cm’ (23.5 cni in the case of the measured devicg)wés increasd about 6 times
from 725 to 4250A.cffi when the window length was changed from 0 in the laser up to
2250>m in the SLD. By comparing the threshold current densjtytalthe transparency
current density, o) and taking into account modal gain, &e threshold current of the

SLD device with 2258m is increased up to 173.8¢m
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Figure 3-10: the threshal current density,d (a) and the gain threshold, G(b). An increase
in J, from 0.725 to >4.25kA.chresulted from an increase ingG@rom just off 23cm up to >
170cn.

Figure 311 shows the excess losses (a) and the effective reflectivitye@gured as

a function of window lengths for an SLD witkr#h wide and 1mm long active stripe.
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Figure 311: The window excess loss (a) and the effective reflectivity measured for
different window lengths.

The excess losses increased dramatically as can be seen in FigLag s3arting
from Ocmi® in the lasedevice (with no window) up to 82¢hwhen the window length
is Imm. The excess loss starts to level up following this value with a slight decrease to
~70cm’ in the longer window lengths. This saturation is expected to result when the
propagated beam sizie already 108m, the same as the separation between the
trenches. Following that point the expanded light will reflect at the trenches and no
more expansion will take place, so the losses will be mainly related to the material

absorption.

On the other hand, the effaat reflectivity of the rear facet is found to be related to

both the length of the window,,] and t he

@, asccansbs comcloded fom |, a
equation 10. For that reason the effective reflectivity did not saturate as the excess
losses did, but deased throughout the range of window lengths. The minimum

reflectivity recorded for #Am wide stripes in this experiment was 8.4%10

The mask used in device fabrication gave 3 different stripe widths 3, 4>amd 5
When the length dependant gain measurésneone as described in section 2.5 the
4>m wide stripes was considered the central and the main trend while the trends
related to 3 and>8n are considered as the limits of the values as shown in Figl8e 3

in chapter two. In order to estimate the winaokacet reflectivity as accurate as
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possi ble the modal gain resulted from th
excess losses and the effective reflectivities based on the measurements dene for 4

wide stripe.

3.6 Expected Spectral Modulation Depth.
In any FabryPérot resonator with an active medium in between the mirrors, +abry

Pérot modes are developed which will lase once threshold has been reached. In the case
of SLDs, the low facet reflectivity should ideally suppress the internal fekdbac
permitting only single pass amplification. However, it is practically impossible to obtain
zero (Rg) and therefore there is always a residual feedback that causes these modes to
develop. Residual Fabi#yérot oscillation can be observed in the EL spectas a
spectral modulation, typically at the peak of the emission. As a result of the long
cavities used in SLDs, the resolution of the OSA must be high enough to resolve the
individual closely spaced modes. FiguredlB shows the difference between the EL
spectrum of the same device measured once with OSA that has resolution lower than

required (a) and other with resolution high enough to resolve the individual modes (b).

(a)

AT

Intensity
Intensity

Wavelength Wavelength

Figure 312: The EL of the same SLD (a) when the resolution of the OSA thaess
required and (b) when the OSA resolution is high enough to resolve the-Féatoty
modes. The inset in (b) is a portion cut from the top of the spectrum showing the
individual modes. Note in the inset that many points can be recorded for one period
which ensures the detection of the peak and the valley.

SLDs with different cavity lengths are assumed to simulate the development of the

spectral modulation depth as a function of the output power from each device.
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The output power of an ideal SLD (0%c# reflectivity and no selfieating) can be
calculated by considering the spontaneous emission rate in theseohesmal area at
the central wavelength of the output emission; this rate is amplified along the active
cavity of length,L, by the modal gai, G. The amplified spontaneous emissiéh,is

calculated a§39]:

CA

-12)3

Wherehi s P11 a n k' Asani€tbhenbeameciogsectional areag-is the central
wavelength RspontiS the spontaneous emission rdeis the modal gain, and is the
active ength.Rsponids the rate of light that is generated spontaneously within the active
volume (areaq) x thicknessd)) with quantum efficiencyls, when current is injected

[39]

_ B c)'c

g is the elementary chargeofsimplicity the injected current is fixed, which will give a
fixed spontaneous emission rate. A plot of the output power as a function of modal gain
can be generated, v takes an exponential path towards higher gain. This is plotted
in Figure 313 for active stripe lengths 1, 2, and 3mm. In the case ofideah facets

(i . e. refl ecti viR)s stit ~10dd hasenegligibteieffect tory the( 1
output. SeHheating due to current density injection is also assumed to be zero which

would otherwise results in gain reduction and/or a shift in the central wavelength.
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Figure 313: The simulated output power from an ideal SLD as a function of Gain.
Reflectivities ee zeros for front and rear facets

The modal gain of a semiconductor laser can be determined from theHeabty
modulation depth as described by Hakki and Pgdl]. For a given cavity length, L,
and efective reflectivity for both rear and front facets, &d R, respectively, the
modal gain, G, can be extracted using the measuredtpealey ratio, M, across the

electroluminescence (EL) spectrum using:
' -1 e 1122 e 21433
M can be defined as a function of the modal gain G by rearrangiid) (Such that

where2 2 2 .

If the valley is considered as the basitensity | while the peak is the basic intensity

in addition to the increase in the inten:

y

-16)3
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The spectral modulation depth (SMD) of an SLD is defined by equati@ip 8 the
ratio of the difference to the summation of the peak.§land valley (hin) of each

spectral mode.

3-% ——

&

3-% -1(7)3

&L

Substituting equation ¢25) in equation (7), the spectral modulation pt& can be

related to the Gain as shown in the following equation.

YOO —— . 183

SMD is plotted as a function of gain in Figurd 8 for SLDs stripe lengths 1, 2, and

3mm, the reflectiies are considered constant for the three devices. We observe that

SMD also takes an exponential path until it reaches 100%.

100
——1mm
80 A —2mm
3mm

N A O
o O O
1 1

Spectral Modulation
Depth (%)

o

0 25 50 75 100 125150 175 200 225 250
Gain (cmt)

Figure 314: The Spectral Modulation Depth (SMD) as a function to gain.

Since the output power and the SMD are both functodribe modal Gain, a plot of
SMD versuspower can be constructed. This is shown in Figuli& 3or a reflectivity
provided by a tilted device with 2mm window and for stripe lengths 1, 2, and 3mm. The

resultant curves are in agreement with Kwahgl.[23], in the rgime of low R¢, who
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made similar studies on SLDs using AR coating and a grounded internal absorber. In
Figure 315, the SMD is observed to increase with an increase in the output power. The
gradient of the curves is observed to reduce with increasinty ¢avgth, implying that

the SMD/power condition can be optimised through choice of active stripe length

(lower SMD at higher powers for longer active stripe lengths).
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Figure 315: The spectral modulation depth as a function to the output power for
different cavity lengths. The lowest SMD calculated was obtained from the wider
devices as shown (the green line is 3mm long active) while the shortest exhibited the
highest SMD (blue line, 1mm long stripe).

3.7 Output Power Characterization:
Window-structued SLDs were grown following the process described in section 2.2,
where 3 and Am wide selfaligned stripes were formed in as&p growth process.

SLDs were cleaved and characterized with a range of active stripe and window lengths.

SLDs were charactam@d using the LI characterization setup described in 2.3.1 to
obtain parameters such as maximum output power, slope efficiency, and the

temperature dependence.

Devices with 1, 1.5, 2, 2.5, and 3 mm long active stripes were cleaved. These SLD
had varying wndows length due to the mask design issue mentioned in 2.2.2. The LI
curves recorded from these SLDs demonstrated typical superluminescence and

eventually rolled over at current densities greater than 4KA.cthe lack of laser
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threshold or kinks in thel curve suggested that the SLDs did not experience any lasing
throughout the current range operated in. this was later confirmed by the low and high
resolution EL spectra collected from the devices but this will be discussed in more
details in later seatin. Figure 316 shows the LI curves of devices with 1.7, 2.1 and
3mm active stripes and 1, 1, and 2mm windows, respectively. The fractions in the
devices lengths came from the way the mask was designed; | put the numbers this way
just seeking data accuracyhe slope efficiency was extracted for each of the devices
from the LI curves in Figure-36. Slope efficiency of 1.7 was ~10%, 14 % for the

2.1mm and ~16% for 3mm.
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Figure 316: LI curves of the eg@ideup SLD devices. As expected the longest device
has the maximum differential efficiency.

3.7.1 Geometry effect on the output power.
In order to ascertain the effect of the device geometry on the performance of the

SLD, a set of SLD were tested and compared to each other. All measurements were
conducté using pulsed injection for a bare chip unmounted SLDs using the LI

characterisation setup described in 2.3.1.

First, fixed active length was chosen (1800 with three different window lengths
77>m, 2500>m and 3608m at the rear facet. They were testdroom temperature

under pulsed conditions (28ec pulse width, 1% repetition). Figurel3a plots the LI
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curves for the three devices. The performance of the three devices was very similar,
with output power >25mW achievable in all SLDs. In fact, althotlgere appears to
exist a trend of increasing power with increased window length the difference is very
small, and the three devices in Figurd7a were, within experimental uncertainty,
identical. Therefore | believe that the window length has a netgigeffect on

performance for window length > ¥in.
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Figure 317: The results of the experiment that revealed the device geometry on the
device performance. (a) The stripe geom
window | engt hs. (b) The window | ength an
4 m while the stripe length is changed according to the number shown in the figure,
and (c) the stripe and window | engths ar

widths were 3 and 4.

Comparison of Figure-37 and Figure 36 suggests that the main @ioutor to the
difference observed in Figurel® is from the increase in active stripe length. This was
confirmed from the next set of devices in which devices with a fixed window length and
three different stripe lengths were tested. Figufe/B compags 3 SLDs with 508m
long window and active stripe lengths 1300, 2500, and 3&00utput power is
observed to increase with increasing stripe length, with output power 50mW for the
device with 3608m long active stripe compared to <12mW for the 30@&t the same

current eknsity.
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Up until now, | have concentrated on SLDs wittmdstripe width. Our mask design
allowed for two stripe widths 3 and>eh. Figure 317c compares SLDs with these two
widths. The slope efficiency of 3 andm wide stripe SLDs can be grouped according

to the width, with x2ncrease in power for-n compared to the>8n width SLDs.
3.7.2Temperature Effect:

The temperature dependence of the devices was explored by testing a device with
2.1mm active stripe and 1mm window and another device with 3mneasttipe and
2mm long window. The two devices were mountedsige up on gold coatedrmount
and operate in CW over a temperature range from 10 to 70°C. The pumping current was
limited to 250mA which is equivalent to 2.98kA.érand ~2.1kA.crif current desities
for 2.1 and 3mm long stripes, respectively. These are the currents at whibbageif
is minimized using the-mounts used. | focused on these two lengths since they have
shown better performance than the one with 1.7mm long stripe. The Llscoithe
two tested devices are shown in Figurd&8over the temperature range mentioned
above. The results show the expected reduction in the slope efficiency with increasing
the temperature. By sweeping the temperature fror70RC the slope efficiency
decreased from 15% to 8% in the 2.1mm devices while in 3mm device the efficiency
dropped more to be ~3.6% in the 3mm device. Although the current density is lower in
the 3mm device leading to less heat being generated in the junction through Joule
heating,the reduction in the output power with increasing the temperature is greater in

the 3mm long stripe SLD than the 2mm SLD.

A possible reason for this behaviour could be due to the amount of heat stored in the
device and the ability of the window sectiomtaintain the temperature. The amount of
unpumped semiconductor material surrounding the buried stripe and the material of the
rear window play an important role in distributing the heat across the structure. With

stabilized thermal control the junctiomiperature can be maintained. Another reason
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that can affect the device performance this way is the heat dissipation, generated in the
intrinsic region, provided by the rear window. Move of the heat generated in the shorter
stripe can dissipate, reducingettemperature of the junction, compared to the longer
stripe which may suffer a thermal gradient along the stripe with the heat generated

toward the front facet unable to dissipate through the window.
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Figure 318: LI curve at different heatink tempeature. (a) for 2.1mm active stripe
devices, and (b) for 3mm active stripes. The arrows show the lowest to highest
temperature as set on the heatk.

This evidence supports the idea that the unpumped window region at the rear facet
can provide an extraoute for heat sinking for the active stripe to the surrounding
semiconductor, since the heat transfer at the semiconductor/semiconductor interface is

higher than the one at the semiconductor/air or semiconductor/metal.

3.8 Spectral Characterization:
Spedral characterization of the SLD emission was performed using two different

setups which are the low resolution EL and the high resolution EL. These apparatus are
described in sections 2.3.2 and 2.3.3, respectively. Low resolution EL was used to
confirm nclasing in the range of pumping current at which the device was tested. The
other important piece of data extracted by the low resolution EL was central
wavelength, the redhift which provides an indication of junction temperature. High

resolution EL wasused to investigate spectral modulation depth of the ripple that
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appears in the EL spectrum at various power levels. All spectral measurements were
taken at room temperature unless it is stated differently.
3.8.1 Low resolution spectral characterization

Low resolution EL spectra were examined at the maximum power of SLDs with 1.7,
2.1 and 3mm active stripes and 1, 1, and 2mm windows. The devices were mounted on
gold coated gnounts and tested under CW current at room temperature. Lasing was not

spotted inthe three devices throughout the measurement range.

All devices exhibited reghift in central wavelength, example of such shift is shown
in Figure 319a below, which plots the EL spectra for SLD with 3mm active stripe and
2mm long window and Figure-B%b shows the shift occurred in the peak wavelength in

more currents that was not added to Figuli®8 seeking figure clarity.
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Figure 319: EL spectra of the SLD that has 3mm long active stripe and 2mm window at
different pumping currents (a) and thegeedshift (b).

The spectra obtained at the maximum power for the three devices under test are
plotted in Figure 20 for current densities 3.5, 4.5 and 4kA-2rfor 1.7, 2.1, and 3mm
devices, respectively. By comparing the central wavelength shiftobf @evice with the
central wavelength which was indicated by the photoluminescence measured at room
temperature with ohpdatcian g ’p3npé cangpnotiterta? s e | f
the peak wavelength was shifted from 990nm, up to 1010, 1005, adar(@r the
1.7, 2.1 and This s

3mm devi ce, respectivel y.

active junction by ~50°C assuming a shift of ~0.4nm/°k for GpA3. The reason of
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this contrast in the shift between the three devices is the active area of the stripe, bearing

in mind they are all Am wide stripes.
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Figure 320: The Low resolution EL spectra of the 1.7, 2.1 and 3mm device at the
maximum power of each device. A-ghift in the central wavelength is noticed in all
devices with different values and thelasing state is confirmed the maximum power

3.8.2 High resolution spectral characterization
Following the confirmation that the SLDs are not lasing over a reasonable range of

current injection, devices were characterized using high resolution EL setup described
in 2.3.3 in orderd measure the spectral modulation depth of each device at various

output powers.

In order to fully detect the modulation on the top of the EL spectra of the devices the
resolution of the OSA should be smaller than the F&dmpt mode spacing of the
device Inspection of mode spacing of spectral modulation around the central
wavelength revealed mode spacing commensurate with the standing wave between the
front facet and the stripe/window interface and not between the two end facets. Since
the OSA in the hi resolution setup has a minimum resolution of 0.01nm, the lengths
of the measured devices were limited to these that can provide at least five sample
points within a full wave of the ripple (i.e. the spectral length that shows two successive

peaks). Thiss demonstrated in the schematic in Figuz13
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Figure 321: A single wave period highlighting the required number points to detect the
peak and valley in a single period. The minimum sample spacing in the used spectrum
analyser is 0.01for that reason0Bnm mode spacing is needed.

Therefore, consideringpninimum mode spacing of 0.05nm to unsure at least 5 sample
points, at a central wavelength of 990nm, the maximum cavity length is 6.125mm. The
total lengths of the measured devices were 1.7+1, 2.14€13-82mm stripe + window,
so, even if the reflection was from the two end mirror, they are in the allowable range of

lengths.

The high resolution EL spectra of the three devices were measured, and the SMD
associated with each device over a range of oygpwers was extracted as plotted in
Figure 322. The three devices showed the trend expected in the simulation done in
section 3.6. In three devices, SMD is increased by increasing the output power
(corresponds to an increase in the pumping current). Tikémam SMD recorded for
these three devices were 19.7% at 17mW, 34.6% at 41.2mW, and 17.3% at 43mW for
SLDs with active stripes of 1.7, 2.1, and 3mm, respectively. Fig2é& &so shows that
for each device, the rate of SMD increase as the power incrieaisges at some point |
called this point, poirA. PointA for each device was 12mWw, 31.5mW, and ~40mW

for devices that have active stripes of 1.7, 2.1, and 3mm, respectively.
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Figure 322: The spectral modulation depth value for devices with threeealeingths
(1.7mm (blue), 2.1mm (red), and 3mm (green) active stripes).

This difference in the SMD rate before and after péintesulted because of a
sudden change in the effective reflectivity of the rear facet. This change is associated
withtheredshf t i n the central wavelength of th
At low powers, the absorption band of the window in coherent to the emission band of
the active stripe. This way, most of the light spread in the unpumped region will be
absorbed byhe window. In the second section of the SM&butput power after point
A, the pumping current will be high which results in higher-skit in the emission
band. This results in a reduction in the overlap between the two bands and eventually a
decreasén the effective reflectivity. The shift in the emission band is plotted in Figure
3-23 in two cases, high and low output powers, for the device that has 2.1mm active
stripe as an example of the three devices. The selection of this length was becase of th

obvious step between the two sides around pdint
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Figure 323: The high resolution EL spectra of the same device at two output power
levels 23mW (blue) and 41mW (red). The figure shows the shift of the central
wavelength in the high power with respaecthe photocurrent (black).

The acceptable value for SMD in most of SLD applications should be at most 5%,
this means that the SMD values measured from the discussed devices is4lbiouws3
the acceptable range in the best case. On one hand, therededata is taken from
devices with no ARcoating, which suggests further reduction can be achieved from the
very same devices after applying the -8&ating. On the other hand, the outcomes of
the latest experiment suggest that devices with improveddmeesapation can perform
better. The excessanhi nned GaAs substrate (about 150pm)
insufficient cooling to this system, regarding that the device is mounted enocartt

placed on a cooled surface to room temperature.

3.9 Excess heat avoidance:
In order to develop a set of design criteria for window structured SLD and

investigate the main parameters governing their behaviour it is necessary to separate the
effects of sekheating from SLD operation. Joule heating was responfiblthe poor
operation of the devices presented in section 3.8, with devices mounted on gold coated

c-mounts epkide up and subjected to high current densities ~4kA.chnerefore,
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improvement in heatsinking was required before detailed investigatidd be carried

out.

3.9.1 Epi-side down configuration:
Under electrical pumping, it is the top side of the device that gets hot. Therefore, if

the device is mounted epide down, this should bring the active (hot) layer closer to
the cooled heatsink dace, as opposite to the previous case where heat involved have

to be extracted via the GaAs substrate.

Twodevices with comparable di mensions 1.
wide stripes were mounted egide down so that the excess substrate does not
contribute in the cooling process, this should improve the heat sinking and fixing the
central wavelegth to a value closer to the absorption band in the window region. The
devices had undergone the basic LI and the low resolution EL tests to identify the power
level and confirm the ntasing state first. Figure-32 ghows the CW EL spectra for

devices wih 1.7mm long stripe (a) and 3mm long stripe (b).
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Figure 324 Low resolution spectra for SLDs mounted-sjoie down, (a) for the device
with 1.7mm stripe and 1mm window, and (b) for device 3mm active stripe and 2mm
window. The shift detected in the Brmactive stripe was ~5nm from 990 to 995nm while
the shorter active device showed a shift of ~7nm from 991nm to 998nm.
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Later on, the SMD of the two devices were investigated using the high resolution
EL. The maximum power of the 1.7mm device almost dedithis time where a
32.5mW power was collected while a power of 31mW was collected from the 3mm
device at 400mA pumping level. The SMIB output power curve was extracted from
the measured data using the same technique. Significant improvement in thev@&vD
was observed, in the 1.7mm Device, SMD of 19% was recorded at 32.5mW while an
SMD of only 8% at 20mW which is the-point in this device. The performance of the
3mm Device is improved as well to the measured power level. The spectral modulation
depthwas found to be only 5.5% at 30mW, which is less than half the previously
measured value (~12.5% at 29mW). Again all the values were recorded without the
application of ARcoating to the tested devices, which can result in even better
performance when I0or 10* effective reflectivity is added to the already available by
the rear section and the tilted waveguide. FiguPe5Below shows a comparison in the

SMD development of the two devices to those of thesea up configurations.
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Figure 325 SMD comparison for the device with 1.7mm (a) and 3mm (b) active
stripes. The blue rhombus marks are associated with thsidpiup devices while the
red squares are the SMD of the -spde down devices. Comparing the two cases shows
a significant improven in both cases due to the reHift reduction in the egside
down devices.

The simulation done previously in section 3.6 is repeated for thsidgpidown

devices to confirm the trends. For each device, the effective reflectivity of the facets
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was seleted such that the front facet is considered difice it is a tilted facg27], and

the rear facet reflectivity was selected by multiplying the reflectivity provided by the
associated window length by the “l@eflectivity of the tilted facet. The effective
reflectivity of the window section is selected from the measured data in 3.5 while the
10* reflectivity was selected since it is the most repeated number in GaAs brdadban

structure, a study presented Alphonse suggested this number for ej@dhple

Examining the simulation done to the device with 3mm long active stripe showed a
very good coherence to expedntal value in which a linear increase in the spectral
modulation depth is obvious as the output power increases to values larger than 1mw.
In contrast to this case, the 1.7mm showed a kink at 20mW power level at which the
slope of the SMD increase becasteeper. As discussed earlier in 3.8, this increase in

the slope was because of the decrease in the rear facet reflectivity.

By examining the central wavelength shift in the low resolution EL spectra of the
device that had 1.7mm active stripe, the EL spec at the maximum power is shifted
~8nm to 998nm. Recalling the photocurrent spectrum measured in 2.5, the relative
photocurrent at 998nm is ~55%. If we assumed linear relationship between the effective
reflectivity of the window and the absorption (whids commensurate to the
photocurrent measured at this wavelength), the reflectivity can be assumed to be half the
value estimated under no retift conditions. Based on this assumption, simulation is
held of the exact same parameters except that theetieity is doubled. The coherence
between the experimental and simulation work is resumed. Fig@& shows the

simulations held for the two devices.
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Figure 326: Comparison between the experimental SMD measured from tsalepi
down devices and trmitcomes of the simulation held for the same devices.

An SLD of 1mm active stripe and 1mm active window is mountessielgi down to
study the window. The device initial screening showed an output power up to ~20mW.
The development of the SMD as a functi@inoutput power and the LI curve of the
measured device is shown in Figur B below. SMD had the same behaviour of the

one shown in the device of 1.7mm stripe.
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Figure 327: The initial screening of a device with 1mm stripe and 1mm window
showing thell curve (a) and the low resolution spectra with peakskidt to 1001nm

(b). SMD as a function of output power for this device is shown in (c). Beyond 10mW
the modulation developed very quickly to achieve ~50%.
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Figure 328 shows the high resolution ELesyira at the maximum output power. In
this power the central wavelength of the emission envelope is locateehmatThe
spectrum is actually split around the central wavelength to two areas, the first one where
the absorption of the window is in the >50% region at shorter themvtavelengths,
the SMD in that region is very low. On the other hand, the range of evaythk longer
than m showed high SMD levels since the relative absorption decreased to less than
10% at wavelength = 1005nm. This is con
wavelength range as shown in Figur@& We can notice SMD as low as 5%tla
central wavelength and the short range of the wavelengths while this SMD increases up

to 35% on the longer wavelength side.
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Figure 32 8a comparison between the left and right side of the peak wavelength in the
full EL spectrum (a) taken at maxiam power, and the SMD measured (b). The SMD in
the longer wavelength region (lower absorption) is always higher than the short
wavelength region.

The window transform from the absorptive window at low output powers to the
transparent window based on thevelength shift can be proved by examining the

fabry-pérot mode spacing along the wavelength range. Increasing the optical cavity
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length results in decrease of the FaBgrot mode spacing as eg-1(Bsuggests. Figure
3-29 shows the measured mode spacm@ dunction of wavelength for a device with
1mm long stripe and 1mm long window. The mode spacing decreases from 0.075nm, at

993nm, to 0.052 at 1010nm.
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Figure 329: The mode spacing of the 1mm active stripe and 1mm window device along
the measured spgam. The mode spacing decreased from 0.075nm to 0.052nm due to
optical cavity lengthening from stripe only to stripe + window length.

3.9.2 Pulsed Operation
Since the higher SMD was observed at longer wavelength as a result of emission red

shifting with respect to the absorption peak in the window region, one might expect to

suppress this effect if Joules heating in the stripe can be minimized. To reduce the effect
ofsefheat i ng and test the “ideal” case of the p
by our device fabrication process and the packaging series resistance), the device that

was mounted egside down with 1.7mm active stripe was tested under pulsed operation

at room temperature. A pulse traindwf 10psec
duty cycle) was applied to the device with variable amplitude. FigtB@ Shows the

device performance under pulsed conditions. The pulsed LI (Fig8B@aBshowed an

increase of about 20% output power as the output power recorded was 38mW compared

to 32.5mW recorded for the continuous wave operation at the same injected current

(300mA). Perhaps a more significant difference is the reduction of thehiktdrom
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~6nm in CW to <1nm in the pulse operation, this difference is also recorded at the same
pumping currents (300mA in both cases). The low resolution EL spectra recorded at
power levels from 85mW in a step of 5SmW and at the maximum power recorded in
this pumping range is plotted in Figure8@b. Two insets are included in this Figure 3

the first one shows the high resolution EL spectrum at the maximum power and a
magnified portion of the high resolution EL which demonstrate the mode spacing. This
wavelength stability resulted in an SMD at the highest power (38mW) of ety 1
which is considerethe ideal SLD operation reported in the literatifg the tolerable

range for applications like OCT and fibre optic gyroscope FOG.
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Figure 330: Thebasic characterization of the 1.7mm -gmledown device where the

LI is shown in (a), the low resolution is shown in (b), and the high resolution at the
maximum power measured is shown in the inset. Due to the negligikdifech the
central wavelendit the device worked with2% SMD at 38mW compared to ~20% at
32mW in CW operation.

3.9.3 Window absorption band control using on -chip resistor:
CW operation of the SLD results in retift of the emission until it is no longer

resonant with the absorpti available in the window section, and lasing suppression is
only contributed to the divergence of light in the window section. Section 3.9.2
described how the absence of dedhiting can delay the onset of large SMD, however,

this is not always practicaHere | suggest an alternative approach based on control of
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absorption in the window section via use of a resistor placed above it. When a voltage is

applied across the resistor, the heat generated waihiiédthe absorption spectrum.

Figure 323 shoved the effect of regdhift with respect to the absorption band. Poor
heatsinking in the device studied earlier could be attributed to resistive electrical contact
and/or poor packaging when the device is mounteesidpi up with thick (~128m)

GaAs substrate.

The first modification to the standard configuration was to flip the device and mount
it epi-side down to improve the heat sinking at thgige of the device instead of the n
side. This improvement is a result of bringing the ggateating part of the chip into
contact with the heat sink rather than heat needing to conduct via the more resistive
GaAs substrate. FigureZb showed the differences in performance of identical devices
and how the development of the FaBdrot modes hasebn suppressed to a certain

level in the case of the epide down device.

Another method to spectrally control the device is togfaift the absorption band in
the window region and tunes it to the central wavelength emitted by the active stripe.
The eaiest way to tune the wavelength of a semiconductor structure is to heat the
structure up or cool it down. In the case of-shift it needs to be heated up. Heating up
the whole structure was not a viable option as the energy structure of the chigwvill al
shift. Also, heating the window section through the substrate was not so practical as the
spatial temperature control was not precise enough to control window temperature
alone. Therefore, my suggestion to use a heating source, such aship-r@sisor,
which can be placed at a specific location on the surface of the chip immediately above
the window region and its temperature controlled in order to locally modify the
absorption properties of the material. At the onset of Joule heating in tredigedd
stripe which manifest itself as a rsHift of the SLD emission, the voltage across the
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resistor can be increased to realize a commensurashifedf the absorption spectrum
in the window region, bringing the two into resonance again, where tledowican

absorb the light propagating through it.

Whilst integration of a thin film heating element with the fabrication process for the
SLD would present the most effective methodology (as will be describe later), the
simplest method to trial the conceigt to integrate a film type resistor on the rear
window section of the device. Figure32 shows this configuration. The SLD used has
a 3mm long active stripe and 2mm window. The reason for choosing this long window
was mainly for assurance that the heahegated will be as localized as possible,
bearing in mind that the surface is covered with 500nm of SiN as part of the fabrication
process. A film resistor of &bwas fixed on the surface using thermal glue. Although it
is not the perfect way to creata anchip heat source, the presence of this low value
resistor can provide enough control of the thermal energy provided, whilst the use of the

thermal glue will aid better heat distribution along the window rather than just a point.

Film e resistor

Thermal SiN 500nm film
Glue

Unpumped window Active Stripe

Figure 331: configuration used to heat up the rear window.

The resistor was driven by an external DC voltage source. Knowing the voltage
provided combined with the resistor value, the output thermal power can estimated to

be:
0 — . =193
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where P is the thermal power in watts, V is the potential difference in volts, and R the

resistance of the mounted resistor.

The applied voltage across the resistor was changed between 0 and 6.5V with a step
of 0.5V. At eaclstep, the high resolution EL was measured with resolution of 0.01nm.
The output power was fixed during the measurements. After measuring the EL
spectrum, the spectral modulation depth was calculated at each step by the same
formula shown in eq. €2). Figure 332 below shows the SMD as a function of the
applied power. The level of the spectral modulation depth decreased gradually as the

applied power increased beyond 2.5W.

20

15 -

SMD (%)
H
o

(6]
1

0 T T T T

0 1 2 3 4 5
Applied Power (W)

Figure 3-32: The spectral modulation depth measured in the CW EL as a functiom of
applied power.

Although the results prove the concept, a better configuration can provide improved
spectral control. The main problem associated with these measurements was the offset
of using the SiN layer deposited for electrical isolation of thB.SThe 500nm thick
insulating SIN deposited on the semiconductor prevented sufficient heat transfer from
the resistor to the semiconductor, limiting even distribution and control of the actual
amount of thermal energy required. Also a measurement otthal s&emperature of the
semiconductor material was not available in the configuration used. Achipn

thermistor can be added to measure the temperature of the window section.
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A modification to the design is required to include a metallic alloy filardeesttly
on the GaAs surface so that minimum is dissipated in the dielectric covering the device,
since the thermal conductivity of the dielectric is lower than the one of the
semiconductor the ther mal “currentdnd pref
since it is made from the same material the heat flow will be isotropic under the contact
point. The thickness need to be achieved is >8,2300nm contact GaAs, BB
AlGaAs 900nm, AnGaP and AlGaAs. This means that>arbresistive contact will be

more than enough. Figure33 shows the concept and the design suggested for spectral

control by onchip-resistor.

Trenches

o Unpumped Active

__.le

Generated heat

(a) (b)

Figure 333: The concept and simplified design for anchip-heater for window
spectral control. The orange portions are the alloy sudaoebe used as a resistor with

a small separation (pointed by the small blue arrows in (a)) defines the resistance used.
As shown in (b) the integrated heater should be located on a distance enough to isolate
the two sections thermally.

3.10 Summary and conclusion:

In this chapter tilted windowed SAS superluminescent diodes (SLDs) fabricated
from 980 nm emitting DQW material were investigated. The methods to achieve
superluminescence from laser were briefly introduced followed by a thorough study of
the mehanism behind operation of the window structure. From the characterization of
devices processed norrrtaltfacets the effective reflectivity ¢ of the rear window
was determined. The experimental measurement showed a reflectivity as low*as 10
when a2250>m window was integrated with the active device. This is resulted from a

combination of the mode spreading out in the laterally unguided area of the device (in
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the window), and the absorption taking place in the unpumped window region, in which

the ative layer was not intact during the fabrication process.

Based on the effective reflectivity estimation in section 3.5 a simple simulation was
designated to estimate the behaviour of the spectral modulation depth (SMD) for the
operating devices. It wasdnd that in addition to the window effect, the active stripe

geometry has a significant effect on the spectral modulation depth of the output

emission.

The experimental characterization of the windowed tilted SLD showed output power
in the level of +40mWor devices with active stripes longer than 2mm. The window
existence did not affect the slope efficiency of the devices with specific active stripe
geometry, in contrast the active stripe geometry showed a significant effect on the
output power. The LI awes at various temperature values a role for the rear window in

temperature distribution and maintenance during the CW operation.

The spectral screening of the devices confirmed that the devices did not lase
throughout the operation range. The spectradufation depth of the devices were
measured and showed similar behaviours in the three tested devices. The SMD trend,
suggested by the simulation held, with increasing the output power was confirmed
experimentally. Though, the devices did not show thelle¥ SMD expected by the
simulation. The device with the best performance in this category was the one that had
an active stripe of 3000=#n°. The measured SMD at 43mW was ~17%. Although this
value is more than 3 times higher than the value that Shidlovsky stated as the acceptable
value for applications such as OCT, it gave an indication that the window used was
capable to suppress the lasin an active material that was designed originally for low

threshold laser operation.
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Al | of the tested devices experienced
resulted in a reghift in the emission peak. This shift results in detuning of thesam
peak with respect to the absorption peak in the window region. This causes the window
to change gradually from absorptive to transparent window, in the latter case only mode
spreading and the cavity tilt contribute in lasing suppression. This wagdken of

high SMD determined from those devices.

Three methods were used to bring back the emission and absorption peaks, in the
active and window regions, respectively, into resonance. The first one was to mount the
devices’ hot | atyecontrodeldsurfaeerof the dieatsirek.nTpessecand
option used to minimize the sdibating was to pump the structure under pulsed
operation. The third and last option was an attempt to control the spectral properties of
the absorbing window region by egrating a heating element on the unpumped

window region.

The episide down showed a significant improvement in fsdaking appeared as
smaller reeshift in the central peak. The experimental results showed better correlation
with the simulation resultsAn episide down device with 3mm long ancm wide
active stripe with 2mm unpumped window emitted 30mW of ASE output power with
only 5.5% SMD. This enhancement in the SMD was a result of minimizeshithg

down to 3nm as shown in the low resolution EL.

The pulsed operation enabled testing tlewvice under its ideal circumstances at
which the series resistance of the ohmic contacts and the imperfect fabrication process
was minimized. Less than 1nm shift was detected by the low resolution EL and SMD of
only 1-2% was recorded at 38mW output powEne pulsed operation proved that the
presented window can suppress the back reflections to extremely low levels that results
in an ideal SLD in case the required heat sinking is used.
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The last experiment done was a more realistic method to tune the geviocrmance
to the optimum operation conditions. Integrating a resistor to the rear section of the
device is proved to enable absorption band tailoring to the requirement of the emission
bandwidth. An epside up mounted device is prepared to test thistor effect on the
SMD behaviour. At the same output power this device showed a reduction of SMD

level from ~15% to below 10% when the power applied by the resistor exceeded 4W.

3.11 Future Work
1- Further investigation of the new window ability and itdeef on the device

performance. Parameters such as the effect of the active layer gain, and the effective
refractive index step between the active stripe and the unpumped window region
need to be investigated for future development.

2- Integration of the reawindow to an active that is designed for wide spectrum
operation. This can decrease the problem results from the peak shift by increasing the
relative overlap between the active and window parts.

3- Design of a proper spectral controller for the rear sact start point is to integrate
an onwafer resistor with the suitable metal alloy. The main point is to get rid of the
500nm thick SiN layer that prevents adequate thermal pumping of the window.

4- A study of the refractive index change due to the vamtlhanged during the
operation in both active and window, and how will this affect the final operation.

Changes like the one caused by the carrier injection, or the heat rise.
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4.1 Introduction:
The early reports of Superluminescent diodes described strsigtunehich the

optical cavity was alignednormal to the cleaved facets. Such devices relied upon the
well maturedAR-coating method to suppress optical feedback from the cavity end
mirrors. Whether ARcoating alone or used together with an integrated transparent
window at one ed, these were the most preferred method used for SLD fabrication. In
1983 Tsangpet.al. presented a laser structure which had an optical waveguide tilted with
respect to the (010) axis with facetkeaved along the (100) planehdy proved
experimentallythat this structure can decrease the device spectral coherence and operate
in multimode[1]. This was the first step that developers took toward presenting SLDs
with tilted facets to decrease the optical feedbaalliking on the simplicity of the device
fabrication Usually this techniqueis combined with ARcoating for low facet

reflectivities.

Utilizing the window structure presented in this thesis, SLDs with normal facets are
discussed in Chapter three with the measurement held to estimate the effective
reflectivity of the window facet. Such devices are expected to haskeativity ~10*

with sufficiently Il ong window sections (:

This very low effective reflectivity should allow suppression of lasing threshold to
very high currents. In fact, in chaptéree normatto-facet devices with 1mm long
active stripe exhibitedh shift of threshold current from <30mA in the 1mm laser
(normal facet device with no window) to 170mA for a normal facet device that has
1mm long active stripe and 2.25mm rear window section. This suppression of threshold,

together with the very low effective refitivity determined from my experiment
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supported the idea of studying the performance of SLD devices with their waveguides
processed normal to the cleave facets. In the straight waveguides the additional
contributions to the reduction of the effective eeflvity that comes from tilting the
waveguide (which is commonly ~1a.0°) will be sacrificed, however two important
advantages will be enabled. The first one is that the beam shape will overcome the
distortion problem associated with the tilt. The besrape of two devicesnewith its

optical waveguidaligned to the (010) axis (a laser) and otléh a tilted waveguide

with respect to the (010) axis (e.g. SLD) is compared when projected on the (100)
plane. Since the divergence angle in the two @svis considered the same it all comes

to the difference in the optical paths éhd b). We can see that the paths are equal in
the case of the normal to facet devidegj(re 41 a) when projected on the (001) plane
while 1<l, due to the tilt in the econd device Kigure 41 b). This difference is
transferred into the farfield pattern shown kigure 41 ¢ and d) where the first one has

an elliptical shape while the other one has a crescent shape which will decrease the
coupling efficiency in the titd devices when used with a standard couplers and

connections in the networks.

Projection

Projection

1
1
Moy
1

F

.

(010) axis

(010) axis

Figure 41: The farfield patterns of a straight cavity (e.g. diode laser) and tilted cavity
(e.g. SLD). The crescent shape is obvious in the SLD farfield pattern.
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Another adantage of processing the SLD with normal to facet waveguides is the
semiconductor material saving in cleaving individual chiphich has a significant
Impact on cost savings in volume production. The excess material lost on both sides of
the devices caneyvisualizedusing Figure 42. The chip size is bound by the dotted

lines, with theextra area shaded in grbging the chighat will be wasted in cleaving.

Whilst the width of chip for the normal to facet devicesomy limited by the
substratehicknes (as the device width should be at least three times the thickness to
have successful cleavehe width of the tilted chip is governed by the device total
lengthLand the angle of the alignment (06) w!

b e 0& Q&

Lost material

—»' 4—

w = 3 x 1 w = L . ¢

Figure 42: Visual comparison between two pieces of semiconductor which is required
to be cleaved into individual devices. The only parameter that liimétsvidth of the
straight SLD is the chip thickness. On the other hand the piece with tilted SLD should
be cleaved into chips that have width governed by the total length and the device tilting
angle.

4.2 Device preparation:
Normakto-facet SLDs were faicated from the sammaterial as that described in

chapters 2 and 3 he dimensions oflevices studied in this chapter were based on the

outcomes of chapter. 3he study conducted regarding thevice length suggested that
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the longer the device the betfgerformanceso initially a 2mm long stripe vsaselected
ast he active part of the device. The active st

shownin Figure 43.

To achieve amplified spontaneous emission (ASE) operation, the resultant effective
reflectivity of the two facets of the device has to be close t 46 suggested by V.R.
Shidlovski[2]. Since the front facet is not tilted in this case it will have a rather high
reflectivity compared to the tilted $Lin chapter three, for thiseason extra attention
has to be paid to the selection of the rear window le#gth.c or di ng witbe Snel | ' s |
ascleaved facet will have a reflectivity ~33#ue to the semiconductow/anterface
unless an ARcoating is applied, in which case reflectivity < 0.1% is achievable. The
effective reflectivity experiment | described section 3.5suggests that ffctive
reflectivity of the rearffacets for devices that hassinm long window sectionis about
1.65x10". Therefore, to guaranteer@ar facet with low effective reflectivifg window
with 2mm long was selected to be integrated. This length shoulddprewi effective

reflectivity of ~2.2810%3,

To compensate for the fOcontribution to the effective reflectivity provided by
tilting the front facet, this facet was coated by Helia Photonics Ltd in order to provide
reflectivity down to 1¢. | decidedto coat the front facet as a consequence of the initial
measurementperformed on dmmlong devices earlier in which the-akaved facet
has an order of magnitude lower output power compared to their tilted counterparts. The
reason of this low power ifiata large portion of the light bounces backo the active
stripe and develops to a stimulated emission on the opposite direction (towards the rear
facet). The feedback results also in carrier depletion which decreases the population of
the free carriex and the recombination rate which is directly related to the ASE output

power as analysed by Suh§s
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Taking these factors into consideration, the initi@lesigned normato-facet SLD,
which is shown schematically Figure 43, comprised 2mm active stpe with a 2mm
rear window section. The front facetas coated with a single layer Agbdating
designed to provida reflectivity of 10°. The rear facet should provide a reflectivity
down to 2.28x10° which suggests a resultathieoreticalreflectivity of the two facets
(R1 * R2 ~ 2.28x10'). To enhance the heat sinking of the device, the ordp

mounted epside down on a gold coatednecount.
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Figure 43: The normalo-facet device dimensions. Thigure highlights the AR
coating (dark red) on the frariace

4.3 Results

The performance of the device was first investigated using the LI setup described in
chapter two (2.3.1). Output power was recorded up to 6.5mW in CW operation at 20°C
from pumping the device up to 450mA (7.5kA-@nbefore it startsalsing at 500mA
and output power closer to 7.8mW as showirigure 44a below. Low resolution EL
spectra were recorded as described in chapter 2 (2.3.2) at (150, 200, 250, 400, 450, and
500mA), the EL spectra are shownHigure 44b. In the current rangé-450mA), no
lasing was observed. However, beyond ~450mA a lasing peak started to develop at a

wavelength ~1010nm. As was the case for the tilted SLDs discussed in chapter three the
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lasing is occurring outside the absorption band provided in the windgianreue to

Joule heating within the active stripe.

8
—\/0ltage (V) ——150 (b)
7 { ==Power (MW) — 700
6 - 5100 - 250
_5 - 9 —400
= =
E4 1 3
g =
£ 5
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Current (mA) Wavelength (nm)

Figure 44: the LI curve @) and the EL spectra at different current levdty. (The
lasing peak occurred outside the power level shown in the LI curve.

The farfield pattern of the device was meadufer the maximum ASE current
(350mA) using the Farfield setup described in 2.3.5, the current level selected is the one
comparable to the maximum current of the 1.7mm tilted SLD characterized earlier in
chapter three. The measurements reveal an elliptogbut beam instead of the
crescensshapedprofile recorded from the tilted devicBigure 45 shows the farfield

profile of the two devices.

Figure 45: A comparison between the farfield patterns of the tilted cavity SLD (a) and
the developed normab-facet cavity SLDshj. The elliptical shapevas maintained in
the seconadonfiguration.

So, by applying the conclusions drawn from the third chajatethe case of the
normaltto-facet SLD, we se¢ h a t a device with an active str

width and 2mm rear window has successfully emitted amplified stimulated emission,
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with the lasing threshold was suppressed to a current level as high as 4&impared

to only 40mA in thecorrespondindaser cavity(i.e. no window). The output power
collected from the device was +6mM¢hich is considered a low level of output power
compared withts tilted stripecounter parts from the same wafer discussed in chapter
three. The reasons for this low power can be 1) the front facet reflectivity is still high
compared with the tilted SLDs, and 2) the quality of the semiconductor structure of the
SLDs presented in this chapter is worse than the one presented in chapter three because
these devices are taken from a piece of the semiconductor cloder émlde othe
processed wafer. Also, in spite of the fac
30mW in the case of tilted devices, it looks like wider stripes are required in order to
increase the spontaneous emission initially generated in the stripe before the

amplification took place.

4.4 Further Development
In a bid to improve norméb-facet SLD performance and to further investigate the

design criteria associated with this device scheme, another batch of -‘offaadt

SLDs were fabricated. For this batcm a@entical planar starting wafer was used,;
however, another overgrowth was required. Therefore the active media are identical,
yet, the completed structure may have undergondaqumn variation according to the
reproducibility of the stripe etch and thegrowth process. Furthermore, for this batch

of devices the stripe widthgereal so changed from (3 and 4
The new widths are less compatibigth fibre coupling, yet, it should provide more
ASE power. Deviceswvere cleaved with vaous active stripe lengths and a fixed
window length. The stripe lengths were chosen to be 0.5, 0.75, 1, 2, and 3mm while the
window length was fixed to 1mm. According $ection3.3 the 1mm window should
provide an effective facet reflectivity of ~2.35%%.0As before, a single layer of 125nm

thick SiN was deposited in order to decrease the reflectivity dfdhefacet below 5%.
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4.4.1 Widths variation effect:
Usingadevice that has 1mm active stripe, the effect of varying the cavity wiakh

investicated by changing thstripes width The ASE output power was measured as a

function of the injected current using the lightrrent measurement setdpscribed in

section 2.3.1A few tens of milliwatts output power was recorded as shoviigure 4

6awh ch plots the output from 1mm | ong active
widths. The output power can be described as a combination of the spontaneous
emission whichwas amplified by increasing the spontaneous emission rate and
stimulated emission whicresults from the feedback within the active waveguide. At

some point along the LI curve, the dominating emission will turn from amplified
spontaneous emission into lasing. This process is investigated by monitoring the
spectral modulatiodevelopmentri the high resolution EL spectrumeasured from the

devices. Examples of such emission are shoviigare 46b, where the high resolution
ELspectra were recorded for 5, 7, and 10pum wi
spectral modulation depth of the three devicdsignre 46b we can notice that they are

working in a similar manner to that discussknd the tilted deviceswhere the devie

that hasa 5 p mwide stripe experiencingn SMD of more than 10% for this current

l evel, w h i Wwhige ddvibeeemitte@ Elmwith SMD <5%The 7pym devi ce
exhibitedSMD in between the=etwo values At the same timewe can observéhe EL

expansion sideof the central pegkespecially in th& py m wi dseThis dxpansjpre

is expectedo the right hand side is expected since the pumping level was at 4.4kA.cm

at 16mWwW by which Joule heating took place and causeghiidl while the expansion

on the shd-wavelength side was natbservedin the previous batch or in the tilted

devices. Usually the peak developmémtthe shorter wavelengtbide is a resulbf

transition froma higher orderexcited state when the ground state is saturated. It

worth menipning that in spite of the peakisat weredeveloped oreithersides of the
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centr al peak they drehsall osigidenthedcentral absorption band in

which the devices experienced the lowest SMD.
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Figure 46: The output power as a function of current for the 1mm long netoralkcet
devices of three Wit hs ( 5, 7, and 10¢&m) wi de stri
recorded in which amplified spontaneous emission and amplified stimulated emission
undergo competition to dominate. These dominations are more apparent in the high
resolution EL spectra shown ib)(at 15mW power level. At this level, the domination of

a specific emission type depends on the device stripe width where we can find mostly
ASE in the 10em and very smal/l stimul at e
on the other hand very highismul at ed emi ssion spread a
spectrum.

4.4.2 1mm Stripe Spectral Modulation Depth
The spectral modulation depth isFegure of merit usually used to assess SLD

performanceasdescribecearlier. The normal to facet devices are noegtions to tls.

The high resolution EL spectra of the three devices was recorded using the high
resolution EL setup detailed in 2.3.3 from 2mW output power up to the lasing power
which varied in the three devicesmWfimrom 1
t he Widgqudevice.Figure 47 shows the SMD development as the output power

increases in the three devices.
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Figure 47 : The spectral modul ati on depth of 1 mm

wide stripes. The device emitted two peaks becaube dieat distribution (the carrier
injected heavily at one side of the stripe and almost none on the other side of the stripe
due to device front facet coating. The ripple development at the two peaks is recorded in
this figure. (a) is the peak at 990ron the original peak, the ripples were developed
fairly low compared to the other peak, the maximum SMD was 16% for the device with

5¢em wide stripe and the minimum was <4%. (b
wavelength peak where the device experiencag tgh SMD due to window
transparency in this range of wavelengths. Th

| east SMD was al so for the 10em wide active w

As shown inFigure 46 as an example of the EL spectra for the three devices, the
devices geerally had two peaks, one developed at ~990nm which is the original peak
observed in the tilted devices, and the other one is the one developed at the longer
wavelength side of the spectrum due to Joule heatifigure 47 shows the

development of the SMIbr the two peaks in the three devices.

Two behaviours were observed, the first one is a rather slow development in the
magnitude of the ripple sizeGenerally, the central wavelength peak showed an
acceptable level adpectralmodulation especially takg into account that the material
is a laser gain material designed for low threshold current operhtiamch gain media

it is difficult to supress the lasingspecially if straight waveguides are used.

On the other hand, the long wavelength pealeggpced aapiddevelopment in the
ripple magnitudefrom no observableipple to lasing. The location of this peak varies
from onedevice to anothemwith the narrower device resug in a longer wavelength

peak The long wavelengtipeak was observed @ range of wavelengths varied from
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1009m in the widest device up to 104 in the narrowest. The highest SMD levels
recorded for the three devices were ~95UY%
wide stripes respectively. Such SMD lewelesulted from he fact that the window

region is now totally transparent to the peak wavelength.

4.4.3 Length variation effect:
Since the width comparison of the 1mm a

wide device experienced the best performahaecided to écus on this width with
different cavity length. Two devices shorter than 1mm (0.5 and 0.75mm) and two

longer (2, and 3mm) were testiedorder to observenhe effect of the length variation.

I n the 500pm and 750pum devi c ekddudthistatee mi s
filling (on the shorter wavelength side) and due to-BeHting (on the long wavelength
side) (as seen iRigure 47). The pumping level of the EL spectra plottedrigure 47
for the 0.5 and the 0.75mm long devices was 4.4kA.amd 3.%A.cm?, respectively.
The main problenassociated witlthe older batclof SLDsis the wavelength shift from
the central wavelength towards the longer wavelength due to Jmatng. B
increasing the pumping level the EL spectra showed ripples déawgliopthe spectral

areas outside the central emission range wuddsequently becontasing peaks.

The wide active waveguide enabldaroader emissiospectra in the short cavity
devices because of the high pumping level mentioned above. Keeping in e th
imperfectAR-coating which was a simple single SiN layer, was appliedht front
facetcouldreailt in a higher reflectivity andorrespondingly higher levels tdedback
together with strong feedback at wavelengths outside the bandwidth afategc The
0.5mm long SLDs exhibited SMD development at short wavelergythe more than

the longer wavelength. It is worth mentioning that the devel&M® is still outside
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the absorption bands as revealedrigure 48 when the PC spectrum is plotted he

same figure.
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Figure 48: The EL spectra of a norm#df acet SLDs o n°dlefthaacss 5001 10c¢r
ot her has ?dimdnsiohs atldifferentnpumping level. Both devices exhibited

peak developments on both sides of the central wavelength (990nm), the short

wavelength peak dewgled because of the state filling, and the larayelength peak

devel oped because of the Joul ebdbs heating effe

Taking into account that the window will be less absorptivddth the shorter
wavelength and the longer wavelength compared to the origmasion/absorption
wavelength, the development SMD will be much easier than that in the central

wavelength.

On the other hand, devices with longer active stripes required higher current (not
current density) to achieve similar pumping levels in tleobatch, this caused local
heating underneath the bonding poiatsl the heating causeded shift in thecentral
wavelength Although it was nosufficientto cause the central emission wavelergth
shift outside the absorption region, the longer viavgthportion of the spectrurfaced

a lower absorption (almost transparent at some point) winfsva resultenough long
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wavelength energy was coupled back to the active siipre it could be amplified.
With further increase of current, a lasing pelvelops tadhe long wavelength sidef

the spectrumFigure 49 shows another comparison between the PC spectra and the
lasing region thatappeared in the EL spectra of the devieath 2 and 3mm active

stripes and 1mm window.
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Figure 49: The ELspegcr a of two devices 2mm (|l eft)
wide stripes at different pumping levels showing the peak on the long wavelength side
and outside the absorption peak which is defined by the photocurrent shown in the blue
line on both graphs.

The lasing at longr wavelengtls in devices longer than 1mdemonstrated heraay
have revealed a limit for the normatfacet SLDs in terms gbossible active lengths

that could be used in their design.

4.4.4 Stripe width effect in > 1mm devices:
The probéns exhibitedn the longer devices questioned my conclusions drawn from

chapterthreevhi ch was “the device with | arger &
set of devices tested for 2 and 3mm long devices operated somehow in the opposite
mannerinwh ch t he narrower devices (i .e. the
at marginally higher current. Yet, a device of a comparable active length performed the
best in the last batcfrhis leads us to examination thie major difference between the

two batchesIn the old batchthe stripewidthsweret o 3 and 4pum whi | e
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batch the stripes are widened to 5, 7, and
step between the active stripe area and the window area is only(0lRraised a

guestion about the divergence angle of the beam spread in the unguided window region.

The divergence angle of the beam spread from the stripe/window interface was
investigated by simulating the structure grown and processed (as shown in chapter two)
by thecommercial software FIMMPRO®uppliedby PhotonDesign Ltd. This software
simulate the proggation and distribution ofight in the semiconductor structure
focussing on the effect of the refractive index of the layers included in the structure on
the deviceoperation. Two structures were simulated representing the active and the
window regions and the two sections were aligned (by the software) successively to
simulate a light beam propagated from the active stripe part to the window Ipiart.
software doesot simulate the device gain or the resntbutput power The active part
was 100pm |l ong and had three widths (5, 7,
extended to 1000pm to emulate the tested
Figure 410 plots the output of the simulatiperformedf or 5pm wiivkdas stri pe
an example of the other devices, on a colour scale from Dark Blue where the intensity is
at minimum up to White to represent the maximum intensity.

Stripe
region

=) B0 100 150 200 250 300 J50 400 4S50 500 550 GO0 G50 700 7S50 BO0  B50  S00 oS0 1000

Unguided window region

[1] [ ]

i3 .| 0

m

Figure 410: The simulation outcomes as shown in the FIMMPROP output screen, the
figure is a phane view of the device describes how the optical mode propagates in the
window unguided region.
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For each stripe width, 2D slices were taken across the beam propagated in the
window region at Xpm from the interface.
the propagated beam is recorded as shoviAngure 411, the beam width was increased
from5 7,ad 10puym for the three devices at the
800pum for the devices 5, 7, and 10pym, r
point to the first onean yield the divergence angle of the beam with respect to each
width and thai average. The angle can be found from the arctan of the difference

between the propagated length (x) and the expansion added (y)

s x o~ A oA

wherexi s 1 0 0 yisthearelated hbeam width.
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Figure 411: The @ll width half maximum (FWHM) of the propagated beam intensity
shown in (awhich reflectshie beam divergence angle in (b).

The divergence angle measurement of t he
wide stripe resulted in the narrowest divergencglea(the maximum it reached was
only 2°), while the 5m offered at least 3.5° divergence angle, this value is expected to
be higher in narrower stripe SLDEhis resulted from the fact that the index step is very
small (0.0020.003) which provides a verymall divergence. The difference between
the devices all comes to the stripe widthkis is very similar to the effect of the slit

separation i n Youn g 'tiled stripeibdtch gsxgifextr wasnmeon t .
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noticed because the device was tilteddamost of the propagated mode is already

deflected to the cladding layers due to the axis misalignment.

The effect ofthe stripe width in the norm#b-facetSLD is explained schematically
using Figure 412. ExaminingFigure 412 reveals that the probdity to couple the
refl ected | ight from the rear facet 'S i ncr e
divergence of the light beam at the interface. This increased the difficulty to suppress

lasing in the new batch.

Figure 412. A Comparison betweemwb devices having 1 mm window one with active
of 3egm and other with 10em stripe. The green
coupled back in the active and the red one is the portion that is dissipated.

Depending on the optical power emitted frdme factive stripe to the unpumped area
and the absorption in the window regidine effect of the stripe widtlvas determined.
The problemthat appeared in this batch can be solved quickly by 1) inkrgdke
window length to increase the beam spmegdand 2) decrease the rear facet reflectivity

by depositing ARcoating on it.

4.5 Heat Effect Reduction:
Following the argument presented in chapter three, minimization cfefhbeating

can result in better performance as the emission central wavelgiigtiot shift in the
same manneas observedn the CW characteristics described hefeor ths reason
devices with 0.75 and 2mmctive stripe lengtlwere testedisingthe low resolution

setup to investigate the device performance.
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4.5.1 Shorter Than 1nm Device
Recalling the performance afevices with active stripes < 1mm, the EL spectra

showed development of two peaks in addition to the original peak at 990nm. The
reasons for these peaks were state filing Jouléheating for the short and long peaks
respectively. To verify that, devices with 0.75mm long stripes and different stripe
widths were testednder pulsed current injectiomi t h 1 0upusec pul se wi
cycle using the low resolution setupigure 413 shows the EL spectra measuredtfor

three devices at different pumping levels.
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Figure 413. The low resolution EL recorded for devices with 0.75mm long stripe and
varied stripe widths, the stripe widths in thgures hown wer e7&m@mmi mn( B
and f i nal(d).yn the theensuHigoures the arrow shows the direction of
increasing the pumping current.

The recorded spectreerified the spectl broadening due to state filling in the short
devices while no peak was detected by this resolution at the long wavelength side
(>1000nm) | expect that this is due to preventiohJoule heating when the device was
operated in thepulsed mode. Examining Figure-18 can reveal that the short
wawvelength peak appeared duestate filling as the peak developed very obviously in
the narower device to the level that made it higher than the original peak. This
devel opment decreased when we mo v e froi
devel opmentandin the IQmm wide device the

can be seen in the atéd figure.

151| Page



4.5.2 Longer Than 1mm Device
The CW measuremeitarried outpreviously for the 2mm stripe SLD showed peak

development on tlonger wavelength side onlyhd@ reasoror this was attributedto
the redshift of the central wavelength. The sai&eD was tested again under pulsed
conditions similar to that of the 0.75mm mentioredabve Figure 414 shows low

resolution EL spectra at three pumping levels.
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Figure 414: The | ow resolution EL of a device that
The device experienced lasing at the right hand side of the spectrum at power ~7mW.
This level is a bit higher than the CW operated.

Although lasing still takes place at around 7mW atifpower, it isincreasedy ~2
3mW from the previous level in the CW operation. Lasimghese devices with such
low power and low current densitan be explained bgs the pumping level increases
t he spontaneous emi s s i obookanalysig3]. Thisincreases e s |, as i
is usually accompanied by increase in the width of the EL spectrum of the device.
Because the device now has an active stripe of 2mm, enough gain will be added to the
transparent portion of the spectrum (in the range >1000) amd forced transitions
will take place which causes the emission of the device to move from the amplified
spontaneous emission to the amplified stimulated emission. This might be considered as
the modal limit for such devices, this limit can be changenh fome device to another

according to many factors described in chapters 3 and 4.
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4.6 Summary and Conclusions:
In chapter four | tested the grown structure in a nofiméhcet optical waveguide

configuration. This configuratiohas two main advantagdsst the output beam profile

has beemaintained to elliptical shape rather than the crescent shape that resulted from
tilting the facets This should increase the device coupling efficiency to starglagie

mode optical fibrecouplers and connectorSecond is the decrease in the production
cost by minimization othe use ofsemiconductor materiakal estategspecially for

long cavity devices.

The first trial was to test a 2mm long active with 2mm rear window devicsidpi
down. The device was codtsvith antireflective coating on the front facet to decrease
the carrier depletion by the reflected light at the cleaved facet. Output power recorded
was 6.5mW before lasing took place at 1010nm (20nm away from the device central

wavelength).

Another bath of devices was prepared from the same planner and different
overgrowth run (same material usedalhre-growths). The difference between the older
batch and this one is the designated st
stripes can be fabricated. Devices with various active lengths were cleaved and all with

1mm window length. The devicesve reported in CW and pulsed operations.

For this batch specifically, the device showed 3 different behaviours. The first one is
the one identical to the devices/batch reported in chapter three, this length was tested in
three stripe wiaddads expested the pestaerfdrmahog was for the
10pm where power up to 20mW was recorded
while the 5pym device started to | ase at
three devices two peaks were noticd original one (the one resulted from the room

temperature operation of the quantum well) and a long wavelemgthThe latter is
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very likely to be caused by Joubeating at the junction. Thepectraimodulation dpth

was tracked at both peaks. Spectraldoiation at the original peak achieved maximum
values of~16% for 5pm, 10%f or 7pm, and | ess
all the devices lased at long wavelength-2Bdim away from the designated central
wavelength) The power at which the dews started to lase varied according to the

device width, the lasing output powers were 14, 22, and 30mW for the devices with 5,

7, and 10pm stripe widths, respectively.

To thoroughly investigate the device limits, two shorter and two longer devices were
measured. The performance was also in contrast in the two groups of devices. The
shorter ones exhibited short wavel¢h peak development and higher currents
another peakappearsat the long wavelengths due to heatifigne lasing at long
wavelength obseged in the longer devices occurred due to two reasons, the first one is
the localized heating since the injected current was high. The second reason is
accumulated gain in these wavelengths when the current is increased, this gain could
overcome the excesgsses provided by the window which is mainly due to the beam

divergence in the case of long wavelengths.

Another reason expected for lasing especially in the long stripe devices is the low
divergence angle at the interface since the index step is aasldw0020.003. This
angle didn’t p | tdtgd stape §LDwatch sincethelaveguidewash e
tilted already On the other handhe straight devices always experienced lasing at some
point even with actives of 3puym wide (which

one provided byd 0 p m) .

4.7 Future Work
1- Testing the configuration with an active that is designed for superstence

operation rather than a laser active.
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2- Design the same structure with a different upper cladding and/or different current
blocking layer to increase the index step between them, this can increase the
divergence angle and eventually decrease peeentage of the reflected light

coupled back into the active stripe.

3- Design a different interface edge that increases the divergence angle of the incident
light at the interface using the same material. Interfaces havingsasesinusoidal,

or splerical shapes can do the job.
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5.1 Introduction:
So far | described the GaAmsed Seltligned Stripe as SLDs with one windowed

facet in tilted (chapter 3) and normtalfacet (chapter 4) configurations this chapter

we explored the potential for SASs actives with two windowed facets as semiconductor
optical amplifiers (SOAS). A brief literature review is presented reviewing thedftate
theart in SOAs and the requirements that need to be met. Adnitheof the chapter |
presented a selligned stripe SOA operating at ~995nm and discussed the SOA

characterization results.

5.2 SOA Background
Semiconductor Optical Amplifiers (SOA) are key devices used in wide variety of

applications since their pregation by Crowe and Craig Jr. from IBM in 196¢4].
Applications like optical communicatiorf2] and [3] OCT [4], high power laserf5],
optical signal processing6]and optical logif7], wavelength conversiof8]and other

applications are all covered by SOAs.

Since optical communicatiorend optical fibre applications were the main field of
interest for a very long time, the main bandwidths that SOA were developed in were
1550 [2], 1300[3], [4], and 850[9]. As the erbium doped fibre amplifier EDFA
technology grew bigger and the presentation of the optical coherence tomography the
need for amplifier to enhance these devices performance increased. The 980nm
amplifiers and 1050nm amplifiers were pregehby implementing InGaAs strained
guantum wells in the GaAs/AlGaAs material systefdg Emissions at 1550 and
1300nm were usually achieved by implementing InGaAsP/InP material systems, while
the 850n was achieved by the GaAs actives. Recently, reports onmi5&hd using
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different material systems such as AlGalnA$] and GalnNAsSH.1] in order to
enhance the SOA performance (e.goise reduction, temperature performance
enhancement) in the 1550nm. The 1300nm band also reported with diluted nitride

(GalnNAs)[12].

As most of the semiconductor devices privileged over their counterparts, SOA size
and volume production cost are considered their main advantages. Integratability with
other semiconductor components as lasers, LEDs, or SLDs is opening a new field of
applications especially when the coupling losses are minimized when the SOA is

integrated monolithically.

5.2.1 Operation principle:
The simplest description for the SOA is that the input light signal stimulates the free

injected carriers to recombine at thawglength it propagates at. Figurd Bxplains the

operation schematically.
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Figure 51:The simplest schematic diagram of the SOA showing a buried waveguide within

a pi-n junction (shaded re@llue-green) in which the input signal with intensityenters

the active waveguide and get amplified to theolutput signal. The SOA gain is the ratio of

lout to lin. The device gain is not similar to the material gain g provided by the device studied
earlier yet 1t is not so irroiteewtherhandishrere (G I
the twolevel energy system showing that the amplification of the I/P sigr@lP is due to

the transition of the excited carriers from the upper level to the lower level. Maintaining the

population of the excited carriers defines the devices performance.
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When a | ight signal (coded or me3OA wit
waveguide, it excites the free carriers. If energy E, is provided, (where, B—= plank

constant, c= light speed in free space,
carriers will overcome the bandgap and recombine. This resuléEcumulation of
photons that has the same properties of the input ones and sensed as increase in the
output power if the same power meter is used to measure the input and the output
powers. This increase is a basic property of any SOA and is callethtikesignal gain

G, wherg[13]

o pmni¢ . (1%

The gain relatesikbctly to the ability of the device to produce spontaneous emission
or amplified spontaneous emission which is the spontaneous emissiogpsaté\&the
pumping current increases the gain at specific input power increases as we can see in all
gain measrement done by developej8], [14]{18]. What happens when the input
power increaes, is the thing that governs the modal limit of the device. The increase in
the photon density (more optical power) of the input signal results in an increase in the
free carrier recombination according to thg.Rof the device, this increase will idaa
point that the free carrier population cannot maintain this rate so this rate will decrease

and eventually reduce the gain provided.

5.2.2 The four parameters:
As mentioned above, each device has limits that is govern by the geometrical and

epitaxial structure or the material used. Mukai and Yamamoto suggested 4 figures of
merit to evaluate the device performart6é]. They named these parameters to be: 1)

Gain, 2) Bandwidth, 3) Saturation Powendal) Noise Figure.

Gain is described as shown in the equation above, by including the coupling losses

that can take place the gain is considered as the small signal gain. The recent
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applications of SOAs include a coupling to single or multimode fibrettopn. When

the coupling losses are not considered in the gain measurement they usually refer it to
fibre-to-fibre gain. The difference between the two gain types can be large especially if
the fibre coupling is not optimized and the fitoefibre gain wil not reflect the actual

amplification ability of the SOA. Common values of the device gain

As in any semiconductor optical device, the operation is limited to a specific band
governed by the available energy levels within the epitaxial structure én wrdlo the
transitions. By fixing the input power and the pumping level of the SOA, the gain will
vary along the spectral range of the device. The wavelength values at which the gain
reaches3dB of the maximum gain are considered as the bandwidth lnikee device.
Generally, the operating bandwidths of the devices are between 30 and 100nm for
MQW active deviced19], [20]. The recent reports of SOAs increased this limit to
100nm and morg21] by using either QD activeR22], [23]or variable widths and

compositios QWs[24].

For a specific pumping level and spontaneous emission rate, the input power results
in specific output power according to the gain. As the input power increases the
spontaneous emission increases. Since the increase in the spontaneous emission results
from anincrease in the carrier recombination, extra free carriers need to be replaced. As
long as the free carrier level is fixed the gain level will be the same. Once the density of
the free carrier does not meet the requirements to maintain the spontane@ignemis
rate, the gain will decrease. When the gain is dropped 3dB below the maximum gain,
this value is denoted by saturation gain and the related output power is called the
saturation output power. Common value of saturation power-S@Bm in quantum
well devices, increases in the quantum dots devices up to >20since more transitions

states are available.
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The noise in the SOAs is the amount of unwanted spontaneous emission added to the
output signal. The signal to noise ratio SNR can be found for thé amglthe output
signals as shown in Figurezc. The ratio of SNR at the input and output of the device
is denoted as the noise Figure of the device. Figtzesbows general figures of the

SOA devices with the four performance parameters highlightéd on
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Figure 52: The four parameters described above are shown in this Fig(@ag iS the
smallsignalgain as a function of the input or the output power (most commonly the
output) shows the maximum gain and the saturation power which is the powsclat w

the gain decreases by 3dB w.r.t the peak gain. (b) is thetfikiibre gain black line
combined with the lasing peak movement along the wavelength, the bandwidth is also
shown in this sulfigure. Finally (c) is examples of an input signal (blue Jiaed the
amplified output signal (red line) from where we can extract the noise figure, the
comparison between peak and valley values can show the SNR for each signal and the
ratio of SNRs of the input to output declares the noise figure.

5.2.3 Structures used
Reviewing the four parameters evaluating any SOA, we can notice that it all

governed with the spontaneous emission generated. It is true that the gain clamps when
the device turns from spontaneous to stimulated emission, yet, the gain clamp usually
occurs for the central wavelength (in the cleave/cleave device) and all the spontaneous

emission will be suppressed. In the case of SOA it is required to increase the pumping
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current as high as possible to provide more and extra free carriers; thissuitl in

even higher gain or higher saturation power or both. So, as in the case of SLD it is
required to suppress the lasing of the device to move the emission in the amplified
spontaneous emission region. This is done by reducing the facet reflectvity t

minimum. The methods used are very similar to the one used for SLDs.

The first method used was the AlRated when Craig Jr. and Crowe presented the
first laser amplifier[1]. Agai n, this i s done by depositin
thickness. The main problem in this technique is that reduction of reflectivity less than
10* requires 1) multilayer coating, and 2) layer thickness control <20nm [&jle
Adding to that, the since the reflectivity is wavelength dependent, the reflectivity of the
facet will vary across the wavelength range even with the perfect coating. Yet, this

method is still very active nowadays whasmbined with the other two methods.

The second method used was the tilted facet, tilting the facet by itself can result in
effective facet reflectivity down to 10and it is widely used with the buried waveguides
SOA. This method as mentioned in 3.kansidered the easiest to fabricate SOAs, it is
wavelength independent, although the divergence angle depends on the refractive index
of the material at the operating wavelength. Semiconductor optical amplifiers were
fabricated usually tilted -B° with respect to normalo-facet axis. Increasing the tilt
angle does not result into continuous decrease in the facet reflectivity. As reported by
Gerard Alphonsg26] Res has a cosie shape function with peak value (maximum

reflectivity) decreases exponentially as the tilt angle increases.

The last method used to suppress facet reflectivity is the buried facet (transparent
window facet). This is done by terminating the waveguideregethe cleaved facet.
Although this has its advantages such as easy of fabrication and wavelength

independency, yet, there is a major drawback in this configuration regarding the concept
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used to achieve the low reflectivity. This method depends on medegdnce when the
light propagates in the unpumped region. In the case of SLD all was required is to
increase the amount of decoupled light, so the device with longer window had better
performance. In the amplifier case we cannot keep increasing the wiadgths since
this will result in more divergence of the propagated mode and eventually coupling
efficiency reduction. For that reason usually the window devices are combined with AR
coating on both facets. Figure35shows the three configurations of S©as reported

by Stubkjaeeet.al.[27].
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Figure 53: The three configurations used to decrease the facet reflectivity for SOAs as
reported by Stubkjaer et.dR7]

5.3 Sample Preparation:

SOA were prepared from the same material as the SLDs in chapters 3 and 4. So this
SOA has a central wavelength at ~990nm. A typical configuration of SOA is the
window structure, in which the active weguide is terminated before reaching the
device facet$28]. Usually this method is also combined with ABating provides an
effective reflectivity down to 1. This type of structure can be realized in GaAs
process, but with waveguide terminatetbpto both facets. Au/Zn/Au top contact layer
was deposited on the entire stripe followed by the required electrical isolation by
trenches and SiN deposition, finished by bond pads deposition in windows opened in
the SIN over the stripes and lappingtdnece t he device thickne

deposition of InGe/Au as back contact layer, the process is exactly the same as the one
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detailed in chapter 2 (read section 2.2.2 for full process description). The final tested

SOA included 4p wicdeve 50G0amdl andOOpm | ong
facet. A schematic crossection through and along the stripe is shown in figures 4a and

4b, respectively. Also a plan view highlighting tilting angle is shown in Figede.5

According to the effective reflectityi measurement done in chapter 3 (see Figt8erb

section 3.5.4), 100pm window can provide ~0.1
reduction in reflectivity provided by the tilted waveguide geometry it is expected to

achieve 10 — 10* effective reflectivity can be achieved. The device is mounted on a

gold coated genount episide up, the windows at each end of the device were hung over

the mount by ~20pm on either sides for more a

fibres during the measuremts
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Figure 54: A schematic diagram showing the device epitaxial structure taken across
(a) and along (b) the buried stripe, also the top view (c) showing the waveguide tilt with
respect to the normal to facet axis.

5.4 SOA Characterization:
The expernental setup used to characterise the SOA is described in section 2.3.6.

The Tunable laser used is Thorlabs TKL1050 as an external cavity tunable laser with a
central wavelength at 1050nm and a 60nm scanning range and 8mW typical output
power (16mW maximum Although the range is shifted ~20nm from central

wavelength of the SOA, by increasing the tunable laser pumping current to 120mA,

peak intensity up te1l0dBm can be obtained at wavelength in the rangel1920nm,
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this spectral range covers the longeratlangth part of the SOA spectrum, a slight drop

in this intensity occurs when the wavelength is shorter than 993nm. Figush&ws

the typical performance of the tunable laser kit as provided by ThorlabRftdThis-

10dBm output power is found to be enough to characterize the SOA under test
especially that the side mode suppression ratio (SMSR) can be maintained to 30dB over
the whole spectral range. The spectral range to be tested as will be seen in later section

is 990nm-1020nm.
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Figure 55: The basic characterisation of the TAKO050M tunable laser module as
confirmed by Thorlab$§29]. (a) The typical tuning range of the laser that shows the
power at wavelength shorter than 1000nm can drogl@lB or less. (b) On the other

hand shows the LI curve at room temperature of the fibre coupled tunable laser. The
typical power collected is 8mW as the us:i

5.4.1 Initial Screening

The SOA was operated first as an SLD to confirmrtbdasing could be observed
over an appropriate range of power/pumping current. Fige(@ )b shows the ASE
spectra of the device at 130, 200, 300 and 360mA pumping currents (equivalent to
output powers from the device facet 0.18, 3.8, 10.7 and 14.8mWi)e Wb spectra
were recorded using the low resolution EL setup, the LI curve shown in Fig6ly B
measured by the ligidurrent characteristic apparatus. Both experimental setups are
described in chapter 2 (2.3.1, 2.3.2). The data demonstrateésthat devi ce di

and suggests that the bandwidth can be around 7nm around the central wavelength. This
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narrow bandwidth was a result of using an active layer with two quantum wells

designed originally for low threshold laser operation.
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Figure 56: The ASE emission showing the #asing case (a) and the LI and VI curves

of the tested device, the blue line is the light collected directly from the front facet of the
device and the red line represents the voltage measured at each current value. The
device resistance is found to be 2.29q.

5.5 Results

The four main parameters that are used in the evaluation of any SOA device
performance as introduced by Mukat.al. in 1981 [16] are the amplificabn
bandwidth, device gain, saturation output power, and the noise figure. The bandwidth of
the device is the range of wavelengths that the device shows amplification-adBve
drop from the peak gain, this value is usually marginally wider than the ASd@nldth
of the device since the device still provide ASE at these points which can be
advantageous in signal amplification. While the gain describes the amount of
amplification provided by the SOA to the original signal, the saturation output power is
the power at which the gain at specific conditions decreases by 3dB from the maximum
gain. Finally the noise figure is the ratio of the input to output sigoatoise ratios.
The noise in the SOA is the excess ASE in the input or the amplified signal®ufFhe

parameters were measured and the data collected is shown in the following.
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5.5.1 Amplification bandwidth

In order to determine the SOA bandwidth, the input laser peak was swept to measure
the fibre to fibre gain of the device at different wavelengthsxtracted the fibréo-
fibre gain without taking into account the coupling losses of the system, therefore a gain
lower than the maximum capability of the chip is expected to result. Higher gain is also
expected if a professionally coupled fibre iscassted in the design. As shown in the
EL curve in Figure %a, the ASE spectrum covers the range ~B&B0nm. Figures-5
7a and 57b plot the swept laser peak from 990nm to 1020nm wavelength at the input
and output ends of the SOA, respectively. The pumpunrent of the tunable laser was
set at 120mA while the current applied to the SOA was fixed at 400mA. While the
tunable laser was operated at 20°C the SOA was left without a temperature control. The
reason for this was partially to naturally push that# wavelength of the SOA to
longer wavelength by Joule heating. The peak wavelength was successhdhfred
from 990nm to 993nm, however, but this also caused the optical power of the device to
drop by a certain amount, but this reduction was neasured. Unfortunately, the
wavelength range of the tunable laser does not extend to cover wavelengths shorter than
990nm. The tunable laser peak power also drops to bé3G@Bm at wavelengths

shorter than 990nm.
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Figure 57: The injected signal wawaigth sweep and the fibre to fibre gain of the
tested SOA. (a) is the sweep input signal, (b) the amplified signal swept along 990
1020nm, and (c) the fibr®-fibre gain is shown in which the output is compared to the
input signal.

Figure 57c shows thaneasured fibréo-fibre gain along the spectral range. The
maximum fibreto-fibre gain is measured to be 15.5dB at ~995nm. The amplification
bandwidth of the device is measured (as mentioned in section 5.23)Bafrom the
maximum measured gain, in tliase the3dB cutoff gain points are the ones at which
the gain is ~12.5dB. According to the measured data shown in Figiogetbe cuoff
points are 991nm and 1002nm. The bandwidth of this SOA under these conditions is
~11nm. This narrower bandwidtlormpared to the common amplifier bandwidfB§]
resulted from the fact that the active layer is designed as a laser active targeting narrow
bandwidth and higlgain rather than broadband and a gain distributed over a wide
spectrum. This active is comprised of two identical quantum wells layers and no effort

was made to chirp the emission in any way.

5.5.2 Small signal gain and saturation output power
The smallsignal gain, or chip gain, describes the amount of amplification within the
SOA chip, and therefore all fibre coupling losses should be taken into account. In
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measuring chip gain, the wavelength of the tunable laser is fixed to a specific
wavelength andhe input power is varied. The wavelength of the tunable laser is fixed
at 997nm. This wavelength was selected in order that the input peak would be applied at
a wavelength within the 3dB band of the SOA, whilst also ensuring that the peak

intensity ofthed unabl e-10dBns er i s 2

The coupling losses result from the imperfect alignment and other optical properties
of both the waveguide and the traveling light such as the insertion angle of the fibre, the
divergence angle of the propagated beam, and theslakse to the reflection from the
fibre facet. Although all the optical fibres used to transmit the light in this apparatus are
lensed fibres, they are ABbated for 1300nm operation. For that reason, the reflectivity
from the fibre is expected to be hightaan usual, which will increase the coupling
losses especially at the output facet of the SOA. Also, because the fibres are not welded

in place in a fixed package, , misalignment is highly possible at both facets.

Recalling the figuredescribing the SOAcharacterisation kit shown in chapter 2
(Figure 2-12 section 2.3.6), the points at which potential losses can occur are
highlighted in Figure 8, in red squares and circles. The points in the red circles are
coupling losses resulting from fixed connensoin which the losses are already
considered in the next step or neglected. These points are (starting from the tunable
laser) the tunable laser injection into the attenuator, from the attenuator into the
polarizer, from the polarizer into the input fibrend from the output fibre into the

optical spectrum analyser.
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Figure 58: The experimental setup used to characterise the buried waveguide structure
as an SOA device highlighting the coupling points where losses can occur.

On the other hand, the cagttion points highlighted in red squares shown in Figure
5-8 are actually the ones that provide the greatest coupling losses and have to be
considered in the small signal gain measurement. Estimation of coupling losses can be
done by holding a comparisortiveen the fregpace power at a specific input current
and the power measured from the fibre output end. This comparison was held for both

the input and output facets of the SOA.

After continuous alignment of each fibre using the-gtage, the positiorhat results
in maximum power recorded by the power head is fixed. The maximum output powers
are recorded and compared to the power measured in Figlbei® the initial
screening. Table 1 below summarizes the power measurements performed for selected

currents at both input and output facet.
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Table 1: The output power collected from the facets (input and output) and their
associated efficiency as they are compared to the power from the output facet as shown

in Figure 55b.

I:gjun;rl?eirr:t(\]'l PFc;aLv(\:eert Pibre-out Efficiency Pribre-in Efficiency
(MA) (MW) (mw) (%) (mw) (%)
130 0.184039 | 0.053541 | 29:09191 | 48417 | 26.308
165 1.559925 | 0.488257 31.3 0.414645 | 26.5811
200 3.800125 | 1.100136 | 28-95 0.979714 | 257811
225 5515161 | 1.627524 | 2951 1.421257 | 2577
250 7.247383 | 2.170885 | 2999405 | 1 g77547 | 25-90655
280 | 9.312739 | 3.004738 | 32:26481 | 5 478ge5 | 26.0811
300 10.67355 | 3.366491 | 31.5405 | 5764354 | 25.8991
330 12.7 3.9751 313 30096 | 259811
360 14.8 452 30.54054 | 386 26.08108

The measurement done for the 360mAnping current is shown also in Figure95
below. Considering that the power delivered to the front fac&tGsO p-¥0dBm) as
measured in the OSA, only 26% of this power is coupled to active waveguide at the
SOA input facet. This amount is amplified by the amount G and emitted from the output
facet of the SOA. Only 31% of this light is coupled to the outpuefédord delivered to
the OSA. These two values need to be taken into account when measuring the gain at

360mA to estimate the chigain accurately.

Pjn: -10dB
<7
The displayed

integrated power is @ @

~31% of the | | | |
amplified signal

Only 31% is
collected

Power coupled to
the device is 26%

Figure 59: Tracing the light signal from the tunable laser to the spectrum analyser
showing the couplingbkses in numbers.
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Another point to be considered in the gain measurement is the difference in the
polarizations of the injected signal and the SOA. This polarization changes in the edge
emitting devices from run to run. In case the two signals are quitasfe, the amplified
signal is minimized and maximized if they are in phase. For that reason a manual
polarizer was inserted to obtain the maximum output. The polarizer used is a FPC24
manual fibre polarization controller supplied by Thorlabs. When the pgopagates
through a circular optical fibre, its polarization can be changed by changing the rotation
diameter. The rotation diameter alteration is done by changing the paddle location
which will cause strain in the crystal structure and eventuallyecthes polarization of

the propagated light to alter.

The small signal gain graph contains two pieces of information. The first one is the
maximum gain provided by the chip in the case of perfect coupling (coupling efficiency
=100%), and the second one I tsaturation power which is the power at which the
optical gain starts to fall lower than 3dB from the maximum gain. In order to produce
this gain, variable input power is required and so an attenuator is placed prior to the
polarizer. The lasing peak @hinput power) was varied frori0dBm to-45dBm as
appeared on the OSA. By repetition, it was found that input power less4bdBm
could not be detected on the output facet because of the background ASE emitted from

the SOA.

By comparing the coupled pat and output sigals, the small signal gain of the

device can be calculated. Figurel® shows the measured small signal gain as a

function of the output power at A=997nm.

is pumped with 1.8kA.cihwas 33.5dB. The saturation gain defil as Gac3dB was

30.5dB and the saturation output powey,(& Gs:was found to be 7.75dBm. Typically
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published values for the maximum gain{(3 of a double (or multiple) quantum well

active SOA are 125dB.
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Figure 510: The smaikignal gain @& the developed SOA at different pumping currents
with a zoomedn version showing the saturation gain and the saturation output power.

The larger gain exhibited in our device is a result of using an active that was
designed to distribute most of the gama very small wavelength range rather than
smearing the gain over a wider range to achieve broadband operation. Yet, using this
method to achieve high gain exposes a penalty of low saturation output power compared
to the common values (usually for quamt well system is higher than 10dBi20],

[30]{32].

5.5.3 Noise figure

The last parameter to explore is the noise FigufidF, which is a quantified value
for the degradation in the sigr@aknoise ratio (SNR) in the amplified signal due to the
addedamplified spontaneous emission. Figurd1 shows examples of the input and
the output signals. If we examine Figurd B, we can notice the difference between the
two signals. In most of the SOA applications, the signals are transmitted as laser pulses
(stimulated emission pulses). Examining Figurd 15 again reveals that most of the
input signal is actually a stimulated emission signal. For this reason the SNR of the
input signal is very high. On the other hand, the output signal contains two main
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emissioms. The first one is the amplified signal which is the stimulated emission. The
other one is the amplified spontaneous emission that was the main reason for the
amplification. Although in the Figure-8hown the difference looks like very high
(~25dB in thepicture shown), eventually making the SNR too high. The SNR drops
significantly in the case of low input (output) powers. For that reason the noise Figure

5-of the SOA should be quantified.

Extracting the noise Figurergquires calculation of input amitput signato-noise

ratios (SNR) such th§83]

YoO'YpHEQR— . 2 5

where Limulated emissioNd bpontaneous emissi@df€ the intensities of the notated emissions
in linear scale. The noise Figureasbmeasured by comparing the input to output SNR,

where

Taking into account that SNRinear (SNRouT linea) iS the linear signal to noise ratio

for the input (output) signals.
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Figure 511: The input (left) and output (right) with the signal ane theckground
highlighted.
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The determination of the noise Figurstarted with measuring the EL spectra of the
input and output signals in the spectral range-B30nm in a step of 1nm. The peaks
of the signals and the associated ASE value are plottadasction of wavelengtmi
Figure 512a for the two signals. We can notice that in spite of the fact that the SMSR
of the tunable laser is maintained to >30dBm, the peak intensity of the tunable laser
started to drop belowk 0Od Bm (100 pu W) . The ampl i faded s
two regions regarding the SMSR, the first one was for wavelengths longer than 995nm
and the other region was at shorter wavelength. The reason of that is probably the
decrease in the injected signal and eventually further decrease of the outputesagnal p
compared to the ASE noise. The SNRs of the two signals are plotted in Fgake 5
shown below. As expected the SNR of the input signal was more stable and consistent
along the spectral range compared to the one of the output signal. The SNR ofithe inp
signal can be braced within a range of 7dB-4ZdB) while the SNR of the output
signal started with only 20dB at 990nm and risen up to 35 or more at 1010nm before it
drops again following that to 30dB. Finally the noise Figua the device along the
mentioned wavelength range is determined at each point. The minimum value recorded

was 5.9dB at 1003nm.
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Figure 512: The noise Figure-6f the device by comparing the signal to noise ratio of
the input and the output.
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Although this value is stilln the typical NF range published which is reported by
many to be (5.2dB) [13], [28], [33]. Yet, the problem appeared in the shorter
wavelength (closer to the central wavelength of the device), the noise Figutbi
range is very high. The reason of that is expected to be the incompatibility of the
tunabk laser for specifically this SOA at this wavelength range. This incompatibility
resulted in decrease in the SNRwvhile the SNR, was the same along all the range
since the SMSR is maintained in the tunable laser (the input) signal unlike the amplified

signal.

5.6 Discussion.
Device characterisation returned various outcomes regarding the SOA performance,

the device features were strongly dependence on the active layer used in the device (the
2 identical quantum wells). Although such active enablet bagn operation compared

with most of the similar devices published, the device operated in a narrow bandwidth,
lower than expected saturation power, and a noise Figthvatthad a problem on the
shorter wavelength range. The reason of the narrow batideadne from the fact that

the active layer was designated for low threshold current laser devices in which the

transitions are very limited in the spectral range.

The saturation output power appears because of the carrier depletion which results in
a rediction in the stimulated emission rdti8] Figurel3 below shows two cases one
when the rate of carrier reglament is close to or exceed the recombination rate which

maintain the stimulated emission rate and another case where the carriers are depleted.
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Figure 513: A simplified 2evelsystem showing the difference at fsaturated

(a) and saturated (b) caseWhere in (a) the pumping enable the replacement of
the carriers used in amplification which maintain the population inversion while
in (b) the carriers depleted in the amplification are not replaced so the
population inversion was destroyed.

So as a sirting point, increasing the carriers density can increase the Saturation
output power, this can be noticed in Figurésbbelow where the gain as a function of
output power at 300 and 360mA. Although the gain was very close, the saturation
output power wa increased from 6dB at 300mA to 7.75dBm in the case of 360mA, this

supports the whole argument.
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Figure 514: The gain as a function of output power at 300mA (blue line and markers)
and 360mA (red line and markers) pumping currents. The maximum gairtseatwo
pumping levels are 30 and 33.5dB for 300 and 360mA, respectively. The saturation
output powers are ~5.7dBm for the lower pumping level and 7.75dBm for the higher
one. This supports the theory of increased saturation power at higher pumpingtlevel
gain level close to the maximum.
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Nevertheless, Carnet.al.[34]stressed that it is not the amount of carriers you pump
in that governs the saturation power alone but also the carrier distribution along the
active layer, this recommend additional current spread control technique such as
segmented contact SOA34] [Carneyet.al. optics express and their older paper]. In
thar paper they proved that pumping the output part of the device heavier than other
parts as the gain goes higher can extend the saturation power to higher level even when

the pumped current density over the whole active remained theg(34jne

Carneyet.al. also discussed the effect of current distribution profil@@lthe active
stripe on the noise Figured the device. We first have to put in mind that because the
noise Figure Ss directly proportional to the population inversion faatgy which is

defined ag34]

m-
B
[

whereCand ao are the stimulated emission and
minimum noise Figure-fo be achieved for ideal SOA is 3dB where the noise Figure 5
(nf) is twice the population inversion facs [34]-{36]. The increase in the pumping
current should result in @ecrease in the measured noise Figuoé the same device at
different current levels as stated again by Caetegl. [34]. This can noticed in Figure
5-15 where the noise Figuredd the device at varied current level is recorded. A

decrease from 8 to 5.8dB was found at the same spectral point.
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Figure 515: Thenoise Figure Sof the tested SOA at 100mA tunable laser pumping
current and two different level of pumping at 350 and 400mA for the SOA.

The increase in the noise Figurslown in Figure §13b) is primarily caused by the
decrease in the tunable lasetemsity causing more domination of the amplified
spontaneous emission, this eventually decreases the SNR of the output signal and raises
noise Figure ®f the device since the SNR of the input signal is maintained to 40dB or
more. This can be justified lgxamining Figure 86 below where the output signal is

plotted for-8 and-15dBm under the same conditions.

Wavelength (nm) Wavelength (nm)
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Figure 516: The input (left) and output (right) signals 40 and-15dBm measured
under the same conditions, the peaks in the two graphstadeiatical wavelengths
997nm. They are only shifted by the axes for clarity. The difference between the ASE
levels in the output signals is obvious in the right hand side figure. The ASE emission
increased from26 to-20dBm in the output signal which caa the SN§: reduction

and noise Figure ncrease.
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We can notice the increase in the noise emission when comparing it to the amplified
peak. The ASE emission peak was increased #28dbm to-20dbm in the-8 and-
15dBm, respectively. From the equatiabove that relates the population inversion to
the absorption, it can be expee d t hat t he small 100um window
specifically contributed in this increase in the noise figure, yet, further investigation is

required to prove or disprove the effect of the window.

5.6 Summary and Conclusions:
Chapter five discussesdhuse of the processed material detailed in chapter 2 in a

semi conductor optical amplifier (SOA) <configu
window at each end. Due to the mask limitation only 5mm long actives could be

produced.

In this chapter, the fee space power and the device EL spectrum were tested to
identify the device spectral range and use the power as a reference level to measure the
coupling losses later. The amplifier was characterised using the SOA characterization

setup briefly detailed inhapter two.

The four basic parameters that evaluate the SOA performance were measured for this
amplifier, these four parameters are: the amplifier bandwidth, small signal gain,
saturation power, and the signal to noise figure. The four parameters flemteda
directly by the active layer features. The first parameter to that has a direct relation is
the amplification bandwidth of the device which was 11nm. This is expected for a

device that has an ASE bandwidth of only 6.2nm.

In order to measure the \dee gain more accurately, the coupling losses of the
system were estimated. After estimation of the coupling losses the-sgmalgain
was found to be 33.5dB which is larger than most of the double quantum well devices.

This high gain came with a pebabf low saturation power of only 7.7dBm the reason
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of that is the low pumping level applied to the device, increasing the pumping level (the
current density) will result in higher saturation power. Finally, the signal to noise ratio
was measured for thaput and output signals to determine the noise Figt(eF) if

the device. The noise Figurei$ estimated to be 5.8dB at its minimum value. The
minimum value for this parameter is 3dB in the ideal amplifier that is not modified for

parametric amplificabn.

5.7 Future Work:
1. The device tested was only a confirmation that window type SOA is available with

the presented window. Validation of good operation has to be done with more
geometrical varieties for both the active stripe and the rear window section

2. Due to the equipment and the proposed
measuring the device ripple since it requires a spectrum analyser with resolution <
0.1nm. It is recommended to measure the gain ripple at the output spectra of the
device usig the proper equipment.

3. Active layer designed for semiconductor optical amplifiers is recommended to be
implemented in such a window structure SOA in order to investigate more
thoroughly.

4. The implementation of broader active can enhance the devicemarice in terms

of bandwidth, saturation output power, and noise figure.
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6.1 Introduction
The selfaligned stripe, SAS, investigated in chapters 3, 4, and 5 focussed on the

emission 8980nm. Such a scheme is applicable for wavelengths longer than the GaAs
bandgap (A=850nm) and all the way wup to
GaAsbased devices can extend up to 1600nm). For wavelengths <800nm where the
GaAs used in SAS digm becomes absorptive, an alternative strategy is required for
buried waveguide. The extreme wavelength in GaAs is the case of red emission ~620nm

which will be investigated in this chapter.

In this chapter a buried waveguide laser based on a differetitoth of light
confinement, AntResonance Reflecting Optical Waveguide (ARROW), is
investigated, since appropriate low index cladding for conventional waveguides cannot
be formed. The difference between the buried heterostructure and the ARROW is that
the buried heterostructure uses the total internal reflection as a mean of confinement
while the ARROW depends on the reflections taking place when an incident light
propagates from low to high index mediums. The phenomenon is similar to reflections
in mirrors or at a water surface where light is reflected to the air (n=1) from the higher
index. The use of ARROW scheme is better suited to the material available in the

AlGalnP/GalnP/GaAs region.

The chapter starts with a chronological history to the developmiened laser,
including a study into the main problems associated with realization of high

performance. Two methods used to overcome these problems, namely the multiquantum
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barrier MQB and the ARROW, are reviewed briefly. Results of this study aretfed in
simulation used to design a red laser based on the MQB and ARROW principles.
Following the simulation, experimental implementation of the simulated design

discussed and results presented.

Unfortunately the experimental implementation was not a suctegsémpt due to
technical problem and material shortage. Methods used to grow highnfdining
layers and processing them afterward are not matured to this point in our labs, this
resulted delay in these two steps and eventually prevented anotheceshladiempt

after the one presented in this chapter.

6.2 Red Laser Background
The first semiconductor laser operating at red wavelengths (~640nm) which was

presented by Nathagt.al.in 1962[1]. Yet, the development of such wavelength had to
wait for a while until the technique developed from only GaAs active layer,tBafl
«As actives appeared with high Alompositions and then to the AlGalnP/GalnP

material systems in order to achieve larger bandwidth.

The development of the red emitting semiconductor laser can be described by three
different stages of development. Initially, thewskength coverage was extended from
the faded red (~720nni2] down to the very bright red ~630nj8] in order to replace
the HeNe laser at 633nm. The output power was then extended to a level where
applications suchs ranging and levelling could be addressed. The output power and the
single wavelength operation was improved from multiple milliwatts in the early
examples up to 2.1W from a single devidg The third stage vgato improve the beam
quality. Beam divergence is important in highghtness applications such as THz

generation and photodynamic therapy where the output power needs to be contained
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within a small diameter spot. Also, with burgeoning applications acéehs and DVD

storage, the device reliability was required for long lifetime operation in the 1990s.

The first heterostructure red laser was presented by Kretsake[2] in 1968, where
a structure that could emit at 845nm and 728nm depending on the operating current
where the lager wavelength lased first. Presenting a laser device that operate in the red
region with no proper optoelectronic confinement was a challenge that was overcome
by Kressel and Nelson who implemented a confinement layer to present a structure in

the GaAs/AGaAs material that can emit in the red region of the sped&liff].

As with development of other wavelengths, all of the presented structures aimed for
low threshold current and high quantum efficiesc The best way to achieve this is
through carrier confinement. An early structure applying current blocking layers was
presented by ltobt.al.in 1975[7]. The stripe geometry in |1t
problems associated with alternative methods used to form the stripes, such as the
isolated stripe (using dielectric) or bombardment stiiipehe dielectric defined stripes
the main problem was the poorer heat dissipation resulting from the poor thermal
properties of the device. The bombardment stripe suffered high absorption in addition to
the accurate and complex post bombardment/implantainnealing required. The
proposed structure which was called the heteroisolation stripe laser (HIS) in which an n
doped layer was deposited at the top of the structure and after etching down to define
the stripe a contact layer topped the structures Muodification enabled the structure to
operate via pulsed operation at 668nm and CW operation at 762nm with a rather high
current density (1.1xI0A.cm?) [7]. At this time, the operating wavelength was still
longer than the obvious red region in the CW and it was operated at ambient
temperature lower than the room temperature. The first who rdpsuteh operation

was Kressel and Hawrylo in 1976 when they presented a laser device that emitted at
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740nm at room temperatuf8]. By decreasing the active width from 00 to only
13>m by defining a stripe using SiOsuccessful CW operation wasported at room

temperature of 13pm wB]de and 500um | ong

By the implementation of the new growth techniques (MOVPE, MBE and MOCVD
growth methods) in the late 1970s /early 1980s, devices with active regions comprising
InGaP quantum wedlstarted to appear. In such devices, strained quantum well regions
were utilized to reduce the threshold current. Examples include those byeGake|9]
using I 4Ga P and Shirmat.al.[10] using In sGay 34 to realize wavelengths shorter
than 650nm, or ksGay sP lattice matched tthe GaAssubstrate. The GalnP quantum
wells are usually accompanied by {Bb;.)oslnosP optical guiding layers in which the
aluminium composition, X, was (0. 7<x<0.
composition < 0.5, such as the one reporte®impwton and Bloodil1] in which they
compared 3 different guiding layers with three different Al compositions 0.5, 0.4, and
0.3 and confirming that the lowest composition provided the highest confinement
factors among the three values. Some researchers edchithP cladding layer§l2],
however, varying the Atomposition in AlinP can change the bandgéghe structure

from direct to indirect, resulting in extra noadiative recombinatiofi1].

Higher output power was realize from an array of devices as the one demonstrated by
Geelset.al. [13] and single diode like the devices presented by Tukia@tiex. [4].
Geels array provided output power up to 90W from a 1cm bar of I§E&ravhile

Tuki ai nen’ s[4].limpmwed cry@tal Guality led to increased lifetime of the
operated dvices from 1000h, as the one presented bydtigl. (tested at 5SmW output
power at 60°CJ14] up to 10000h at 30mW output power at 60°C as shown by Shirma

et.al[10].
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The limiting factor presenting realization of a buried heterostructure in the red
material system apart from the oxidation problem was the high diffusion of the zinc
dopants in the jloped layersOshiniet.al. [15] used magnesium as a replacement for
zinc. However, they faced the ptetm of the so called reactor memory, which they
overcame by turning the doping source ON and OFF during the growth. By applying
this to the layer just above the active layer, a successful buried ridge device with current
blocking layer structure was presed. Alternatively, using carbon as a dopant rather
than magnesium as in the devices presented by Kaspaki[16], and Sumpf{17],
prevented the occurrence of diffusion whilst also solving the problem of reactor

memory.

In the last decade efforts have been concentrated on enhancing the optical beam
produced by using a flared waveguide integrated wistraight one, such as the one
presented by Kaspaet.al.[16] and Sumptkt.al[18]. The straight waveguide is used to
generate the initial amplified stimulated emission and the flared ppaged to amplify
this emission. The vertical farfield generally decreases for the devices include a flared
section in the front window. The other method used to decrease the output beam
divergence was the farfield reduction layer (FRL) which was suggéstegiu et.al.

[3]. This helped to enhance the output beam and also decreased the threshold current,
since the layer is formed from a higher refractive index which increases the optical

corfinement.

6.3 Problems in Red material
Unlike the IR spectral range the structures which operated in the red range of the

spectrum exhibited two main problems. The first one is the shallow energy step as the

bandgap difference for the layers used usuallthe structure. The second problem is
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the high refractive index of the Atee material; this problem appears when a buried
structure is required with an aatkidation protection layer.
6.3.1 Problems in Total Internal Reflection

The main problem assmted with realization of buried heterostructures in the visible
range of GaAdased material systems is the method used to provide optical
confinement to the optical mode. Higher refractive index material is required for the
optical confinement layer (wth also can be used as a current blocking layer for
electrical confinement). The material system used to grow most red emitting lasers is
InGaP/AlGalnP on a GaAs substrate. To obtain a higher refractive index, higher Al

composition layers are required.

In spite of the fact that some authors presented buried structures with Righ Al
composition layers, the presented structures required complicated processing method or
in-situ masking and etching, otherwise the etched surfaces suffer oxidation due to the
presence of the aluminium in them.

6.3.2 ARROW structure

The problems associated with processing waveguides based on the total internal
reflection as the method to confine the optical mode led the way to develop different
configurations for optical waveguideOne configuration that can be used for optical
guidance is the antesonant reflecting waveguide. In this waveguide the reflection
occurs when the light beam hit the interface between the low refractive index medium
and the high refractive index mediwvhile propagating from low to high refractive

index.

Early efforts toward realization of such waveguides were led by Dugualy[19]
when they presented an AiiResonant Reflémn Optical Waveguide (ARROW) in the

SiO2-Si material system. The structure comprised a stack of polycrystalline silicon
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layer sandwiched between two Sidayers deposited on a silicon substrate. The
refractive index of polycrystalline silicon is much dar than that of Si©for the
wavelength tested (a Hée laser 632.8nm). The confinement was achieved successfully
in the vertical direction (the growth direction) with low losses per unit length as the
insertion losses for different waveguide lengths wasasured19]. In their structure

two main reflections took place, the first one was at the-&iQOnterface at which the
optical mode experienced total internal reflection bickhe SiQ layer. On the other
side of the layer (Poly $$i0,) antiresonant reflection occurs with different incident
angles. The other antesonant reflection is at the lower SIS substrate, as shown in
Figure 61. The reflectivity achieved by theonfiguration was around 99.96%. Duguay
et.al. presented a set of empirical formulas to help select theemanant layer and the

lower SiG layer[19].
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Figure 61: The ARROWtRlIcture in the Si system reproduced from Duguay €1.4].

The main difference between the waveguides that depend on total internal reflection
and the ones using the antisonanteflection is in the wavelength spectrum that can be
covered in a specific structure. In the first type of waveguides the critical angle limits
the wavelengths that can undergo total internal reflections, while in the ARROW one
the wavelengths that can benfined are the ones that can meet the condition of anti

resonance inthe FabBér ot cavities, which is relate

The ARROW structure can be used to confine the optical mode not only in the
vertical but in the lateraligection and with various optical material systems. Based on

the analysis made on the p@ySiO, system, Duguayet.al. [20] transferredthe
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technology to the InlBased material, realizing a passive waveguide of InGaAsP/InP

with losses per unit length equal to 4dBtm

The success of preparing ARROW vertical waveguides (in the growth direction) led
to increased interests in their use. Airpof papers discussed the coherent arrays
utilizing the ARROW waveguides to couple the emission from multiple dey&t¥s
[21]. This paved the way the way to present the first active @RR (laser devices
with ARROW cavities as the main waveguid28]-{25]. These structures were grown
in the GaAs/AlGa.xAs system where the Adomposition, x, defined the refractive
index step between the core and the high and low index reflecting.l&eparticular
note here is that the wavelength which the device design was based on is the lateral
wavelengths rather than emission wavelength. These wavelengths are defined by Mawst

et.al.in their paper$21], [22] as

where x=1 for the high index reflecting layer and x=2 for the low index core or
reflecting layers,k, is the free space propagating constantvhere ay here is the
original emission wavelength. Finallya is the propagating constant which related the

propagated wavelength (or wavenumber) to the effective refractive index of the

waveguide such that ( & ).

In order to achieve antesonance in a FabBgérot caviy the length of the cavity
(the width of the layers in here) should be an odd integer of quarter of the lateral

wavelength calculated in{&6) ( A/ 4) , whil e the resonance wi dt

half the wavelength. So, in general the core widthtbdse— depending whether and

the reflecting layer thickness4s— (n = natural number and m= odd natural number).
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The index profile of the simple structure containing a core and two reflecting layers on

each side is shown in FiguBe2.
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Figure 62: The refractive index profile (left) and the simulated intensity distribution
(right) of the lateral ARROW waveguide presented by Mawst [&3.

The active single core ARROW developed by Maefsal. emitted up to 500mwW
from a 1mm long cavity with AR/HR facet coating for the front/rear facets. The farfield
pattern showed a beam divergence of 9°. The summary of the device performance is

shown in Figure €. On the other hand the operating wavelength3gasm.
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Figure 63: The farfield pattern of the single core ARROW structure presented by
Mawst et.al. originally if23] and developed ifi24]and[25] to emit 500mW as shown
in the LI charateristics shown in (b).

The development of the ARROW structure was continued by Metvadtwhen they
developed a Master Oscillator Power Amplifier (MOPA) comprising 3 cores operating

at 980nm. This device benefitted from the fabrication flexibility &f ARROW and
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intermodal discrimination in the ROW structuf@s]. Integration of this MOPA design

with an ARROW laser produced light of up to 1W operating at 98@&in

Modification to the main ARROW structure by using a single material and a single
reflecting layer has been shown to decrease the error margin. etaalgiresented this
modification theoretically if27] and applied it experimentally if28] in an Aklfree
material system. Later, they presented a single mode DFB laser with ARROW structure
in [29]and[30] in 1998, and then they compared the ARROW and Simplified ARROW
(SARROW) laser structures operating in a fundamental spatial mode up fmB\WA
single core cavity devicd1].

6.3.3 The shallow bandgap step in (Al xGa1)ylny-1P material system and

the multiquantum barrier MQB.
Figure 64 shows the bandgap as a function of lattice constant for the AlGalnP

material system. Examining this figure can determine the energy step between the core
and the cladding, or the quantum wells and the barriers. A number of reports uged All

as a cladding material. AlinP has the advantage of being lattice matched to Gas.
However, use of AllnP will add in the fabrication process as a result of oxidation that
can ultimately affect the device performance. Furthermore, with continuous operation
and sekheating even this bulk barrier is not sufficient to stop carriers thermalizing out

of the well, limiting CW operation.
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Figure64: The band gap as a function of | at

and the related material systems. Trakem[32]

Multiqguantum Barriers (MQB) have been suggested byetgal. [33] as an additio
to the cladding layers. MQB helps to increase the electron reflectivity at the barriers and
therefore increasing the thermal operational limit of the device by preventing carrier
escape. The MQB section comprises a superlattice of high and low refriactese
materials. The thicknesses of wells and barriers in the superlattice, and the number of
repetitions determine the reflectivity of the electron or the virtual added potential to the
barrier. Based on the classical form of the electron reflectioheobarrier the electron
is simply reflected back as long as the barrier has potential higher than the core (active),
in the quantum form of the reflection both transmission and reflection of the incident
electron take place with certain probabilities. Frora quantum form increasing the
number of barriers lead to increase in the reflectivity and this reflectivity can be
expected using the classical form. kgjaal. solved first order Schroidenger equation to
estimate the resultant increase in the potetatier when an MQB superlattice of
GaAs/AlAs (or InGaAs/InP) is added to the GaAs (or InP) based device which was

shown in Figure &.
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Figure 65: Simulation of Electron reflectivity as presented by Iga €fi3dl] for bulk,
single barrier, and the multiquantum barrier cases. Two material systems are presented
GaAs/AlAs (dotted line) and GalnAs/InP (solid line).

Following the work presented in the GaAs/AlAs slgitice, Takaget.al. presented
the MQB in the (AlGa.x)oslngsP material system to enhance performance of the red
lasers[35]. Following the same technique and procedure used byetigh above,
Takagiet.al. calculated the barrier potential through variation of well thickness, barrier
thickness, separation from the active (wstfbarrier thickness), and number of pairs
included in the superlattice. Fine tuning of these parameters was calculated to increase

the potential barrier to more than twice the orig{3&al.

Later examples of devices incorporating MQBs in their structure showed
enhancement in current blocking (electron reflection) in red and asede the
characteristic temperature of the operating devices. Examples in the red emitting
devices in the ranges (6850nm) like[36]{44], at 980nm in45], 1.3>m [46]{48]
and 1.55m [49], [50]. Other experimental examples of successful implementation of
the MQB are the electron blocking layers in themstructurg51], electron filter lile

in [52]. Exceptionally high characteristic temperature was achieved in the
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GaAs/AlGaAs system implementing a InGaAs/AlGaAs MQB with shorterogdsri
where characteristic temperatures above 300K and lasing observation at temperatures as
high as 238°C[53]. More recently, application of the MQB to Babased high
brightness LEDs operating at short wavelenffid] showed higher effieincy and

improved thermal properties.

6.4 The Proposed Red ARROW Laser:
A buried heterojunction laser that operates at 650nm was designed as a first step

towards transferring GaAsased regrowth technology down to the visible range. The
proposed desigis built using GaAs latticenatched (AlGax)o.4dNo.s51P with (0<x<0.8)
according to the required refractive index. Two design stages were required in order to
achieve the final design. The first stage was to prepare the optimized active layer
structure hat could achieve low threshold current CW operation. The second stage was
to design the indeguided optical waveguide. Based on the literature survey done, a
singlecore standard antesonant reflecting optical waveguide (ARROW) was selected

in AlGalnP structure, while the guiding layer included a multiquantum barrier (MQB)

for leakage current reduction. This structure is illustrated in Figére 6

Active + MQB

Figure 6-6: The proposed ARROW structure with general dimensions which have to be
set in the final design
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Figure 66 shows the main parameters that have to be designed for a successful
buried structure. The required beam size is preferred to be less thanfa0 both
single mode operation and better fibre coupling. The ARROW structure has two
reflecting layers with low and high refractive index, thickness and width of the high
refractive index should be selected to meet the requirements, the thickness is noted as
reflecting layer high index thickness (RLHT) and the width is reflecting layer high
index width (RLHW). The second reflecting layer which has lower refractive index
requires only selection of the width of the layer as its thickness will be the overgrowth
applied later on; the width of this layer is noted by reflecting layer low index width
(RLLW). The separation between the active layers and the current blocking layer is
another parameter that should be tuned so that the latter will not cause the optical mode
to be displaced to the higher refractive index layer. A trade off took place between the

current blocking layer thickness and the separation from the active layer.

The commercial simulation software Fimmwave is used to simulate the waveguide
structure where the related parameters are selected by changing only one of parameters
at a time systemiaglly.

6.4.1 The multiquantum barrier active design:

An active structure supplied by IQE PLC operating at 650nm was used as a starting
point to design a multiquantum barrier active region. The IQE structure included a triple
guantum well sandwiched by guiding layer of GalnP/(AlGa.x)InP material system
lattice matched to GaAs where x=0.5. The cladding material wg&#AlInP) in which
x=0.7, the cladding layer was meant to provide enough optical confinement using the
refractive index step betweenetitladding and the guiding/barrier layers. Figufé 6

shows the structure and the refractive index profile of the system developed by IQE.
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Figure 67: Index profile of the triple quantum well laser structure developed by IQW.

A multiguantum barrier suplattice was integrated into this original structure in
addition to two extra wells to increase the gain of the structure. Simulation of the
original and modified structures was performed using LaserMod commercial software
supplied by RSOFT. This softwarenables the user to simulate a photonic
semiconductor structure under conditions ranging from the ideal condition (Ro self
heating or carrier induced losses) to the general conditions where losses resulted from a
range of causes. The structure assumed mw#acts so the series resistance of the
contacts are set to zero. The software optionally takes into account the lattice constant
variation between the simulated layers, where the strain induced bandgap alteration and
other properties can be considerddhe lightcurrent curve can be simulated using
LaserMod and it was used a means to compare simulated structures with identical
physical dimensions and differing only by their active regions. The dimensions used in

the simulations were a 56n width and 50>m length (broad area lasers).

The starting point was simulation of the original triple well IQE material and
comparing it to five quantum well structure. The reason of using the quantum well was
primarily to increase effective refractive index of tlotivge layer to benefit from it later
in the waveguide design. Increasing the number of quantum wells helped increase the
effective refractive index but the penalty paid was an increase in the threshold current in

spite of the fact that the modal and matiegains of the two structures are comparable,
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as shown in Figure-8. Figure 68 shows the simulated LI curves of the IQE 3QW (a)
and the 5QW (b) and the modal gain of the two structures in (c) and (d), respectively.
This increase came from the increas¢hie number of wells which required an increase

in the carriers popul ati on.
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Figure 68: A comparison between the LIV curves (a) and (b), and the modal gain (c)

and (d), for devices with 3 and 5 QWSs, respectively.

Bandgap (eV)

Changing the reference point now fralmee quantum wells system to five quantum
wells without MQB layer, the MQB layer is integrated in the attempt to decrease the
threshold current of the structure. The MQB section was based on the one presented by
Smowton and Bloo¢44], the MQB section presented by them included eleven periods
of 4.3nm thick GaslngsP wells and 10 periods of 4.5nm thick,Alhg sP barriers. Since
the structure used (MGa3)INnP as a cladding layer, the cladding barrier layers in the
MQB superlattice \as selected to be (fNGa 3)InP instead of AslngsP to decrease
the relative complexity of the growth process, in term of decreasing the number of
calibrations needed. Six periods of Well/Barrier was simulated and three parameters

were varied one attame to achieve the best combination. The three variable parameters
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were the combination of QW/QB width, the separation between the active and the MQB

superlattice, and finally the number of QW/QB pairs.

First the width of both QW and QB was changed /@ 1.5/2.5, 2/1, 2/2, 2/3, 3/3,
and 3/4nm QW/QB. Just by integrating the reference structure with the MQB caused the
threshold current to be reduced at least 10mA. This confirmed the effect of the
multiquantum barrier superlattice on the electron confer@mwhere the electrons are
reflected back from the superlattice with almost zero probability of the electron being
transmitted through the supperlattice as égjal. suggested33]. Figure 69 shows a
summary of threshold currents from the simulated LI curves. The threshold current was
decreased from 67mA in the structure with no MQB te53mA for all structures
except the width combinations 1/2 and 1.5/2.5 in which less than SHmne&hold
current was achieved. The minimum threshold current ever estimated was for the
1.5/2.5nm QW/QB thickness combination. During the alteration of the wells and
barriers widths the whole MQB region was placed at 30 nm separation from the active

medium on the pcladding side of the device.
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Figure 69: A summary of the threshold currents simulated for different widths of Wells
and Barriers in the MQB section. The numbers in brackets over the figure marks are the
widths for (well, barrier).

After determining the thicknesses that can provide the lowest threshold current, the

widths were set to 1.5/2.5nm and the separation between the active and the MQB was
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altered to determine whether or not the separation affects the threshold current. The
separationranged from 2&6nm. Figure 60 summarized the development of the
threshold current as a function of the separation of the two regions. Comparing the
26nm separation case with the largest separation of 38nm only marginal change can be
recorded between th& and the 38nm separations, for that reason the separation was

set to 35nm separation in my design.
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Figure 6:10: A summary of the effect of the separation between the active and the MQB
section on the threshold current.

The last parameter to be chadgwvas the number of periods in the MQB. Fixing the
QWI/QB widths to 1.5/2.5nm and the separation to 35nm, the number of periods in the
MQB was set as 4 and 8, with the simulation plotted in Figtk# howing no change

in the LI characteristics between@},and 8 periods.

202| Page



—u— Power 4QW l

501 _a power 8QW E
—~40 4 Power 6QW ‘ |
2 o
= o
‘q;) 30 - y‘

)

£ 50 | ’ )

10 | -.)JJ

»
.. .
0 50 100
Current (mA)

Figure 611: LI curves of MQB containing structure with 4, 6, and 8 QWSs. The figure
shows identical behaviours of the three devices suggesting that the number of wells does
not affect the superlattice electron reflectivity.

Based orthese simulations, the final active layer design is chosen to include, five
GalnP quantum wells each of 5nm thickness with 7nm barriers e£@&ds)InP, a
35nm separation of the (MNGay3)InP, 6 periods in the MQB with 2nm GalnP wells
and 3nm (Al-Ga3)InP barriers. The nand p cladding was selected to be
(Alo /Gay 3)InP. All the layers selected for growth were lattice matched to GaAs to avoid
any strain. The wavelength targeted was ~650nm which can be achieved witfragrain
active design.
6.4.2 Anti -Resonance Reflecting Optical Waveguide Design:

Based on the analysis presented by Maatistl. [23]-{31], the optical waveguide of
the red device was designed. First, the refractive index of the AlGalnP material system
is calculated for a range of bandgaps (wavelengths) in order to select the most
appropriate combination for the struau55]. The primary goal was to select a
combination oflayers that would enable processing of the material without exposure of
aluminium containing layers to the atmosphere as achieved in the 990ratiggedtl
stripe devices discussed in chapterS. Zor this reason, it is important to learn the

refractive ndex dependence on the possible compositions of layers that can be accessed.
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Figure 612 shows the calculated refractive index of the (AIx@g@P from x=0 to
x=1. The calculated refractive index did not take into account the effect of the doping

on the efractive index.
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Figure 6-12: The calculated refractive index of (AIXGRInP lattice matched to GaAs
substrate for different bandgap (i.e. Wavelengths), the general values are shown in (a)
while (b) shows a zoomed in one to the range of the red ligitlengths. The arrows
shown represent the increase of thec@inposition (x) from 0 to 1.

The option was to use a GaP/InGaP/GaP combination equivalent to the
GaAs/InGaP/GaAs current blocking layer combination used in the 990nm structure
discussed in chagrs 35, where the GaAs layers acted as an etch stoppers as well as
protection for the Alcontaining layers during the fabrication process. Due to the large
difference in the lattice constant between GaP and GaAs, a very thin layer of GaP can
be grown bejre dislocations starts to take place. This layer thickness is estimated to be
<5nm which is not enough to work as etch stopper, for that reason a strained
Gayedno 3P layer is suggested since a selective etching is available between the strained
and ungrained GalnP. The GalnP layer here was meant to be used as etch stopper as

well as a protective layer for the high-édntaining layers below it.

However, upon investigation of the optical mode shown in the Fimmwave simulation
shown in Figure 43, it was found that the high index for the GalnP layer which
dislocates the optical mode from the active MQW region to be guided within the current

blocking layer. This problem could not be overcome even with layer thickness as low as
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70nm. The problem with sucthin layers is that they could not provide sufficient
current blocking based on the doping levels commonly known in the GalnP/AlGalnP
material. For most of the visible lasers structure found in the literature the common
doping levels is 18-10" cm?®, with this levels of carriers population the depletion
region is usually ~80nm. Considering that the structurepsanthis means that two
depletion region should be taken into account. Which means the thickness of the layer

should be > 160nm.
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Figure 613 The simulated near field of a structure that has a current blocking layer of
only 70nm, yet, the optical mode is still dislocated to the lowoAlposition layer
rather than the active MQW layer.

A solution could be to replace the GalnP high index layin a layer that has a
small concentration of aluminium to change the GalnP tgG#l)i.yInyP with
(0<x<0.4). For GaAs lattice matched AlGalnP y should be around 0.5 as the lattice
constant figure shows in Figure46 From the simulated refractive iexlvalues shown
in Figure 612 and considering that the lasing wavelength is simulated to be 649nm as
estimated by the LaserMod software, the lateral wavelength in theefoactive index

mat e r, waslcalculated by the formula given22]
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where x=0 for low refractive index material (core and outer reflecting layer) and x=1 for
high refractive index material,xnis the refractive index of the related material.
According to thecalculated refractive indices, the lateral wavelength in the cladding

| ay er(@&G7 aluminium composition in the AlGalnP) was 1.262%10 for an
aluminium composition bet we e pwadfouadnadbe 0. 4,

(6.8x10’ to 1.05x10 m).

The need for a specific thickness to form the current blocking layer imposed
limitation on using AlGalnP with aluminium composition lower than 0.3 as the
simulation shows dislocation of the optical mode from the active as the current blocking
layer absdbs the light generated in the intrinsic region as shown in Figdi® &ove.

For this reason, the Alomposition > 20% is required so that the effective refractive
index of the active region (including the wells and the 8k 5)InP guiding layer) is

kept higher than that of the current blocking layer. By calculating the depletion region
for the pnrjunctions to the sides of the current blocking layer based on the common
carrier populations in both-rand p sides, it is found that the depletion lengththe

two sides combined are ~160nm. Based on this estimation, a current blocking layer

thickness of at least 200nm is needed to allow error margins.

By simulation trials using Fimmwave over a range ofcéimpositions, it was found
that (Al sGa 7)osinosP has the lowest value of Atole that does not cause dislocation

to the optical mode.

The widths of the features of the ARROW structure are governed by the lateral
wavelengths of the low and high refractive index material combination used. These
laterd wavelengths are governed by the refractive index of the material used and the

propagating wavelength as shown in equation 1 above.
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The principle of the vertical ARROW presented by Kathal. [19] and the lateral

one presented by Mawst.al. [21]{31] stated that the core width should béf lo&the

lateral wavelength of the propagating light, and the reflecting layers width should be

one quarter of the lateral wavelength of the propagating kghthree regions will be

used in the device as shown in Figuré,&hecore which should be resonant to the

fundamental mode and this condition can be met by setting the width of the core to
natural multiples of-, and the high and low refractive index reflecting layers which
should be antresonant to the lateralavelengths, to achieve that the widths of the high
and low indices layers should be odd natural multiples ahd—, respectively. Figure

6-14 shows the three sections with the related dimensions. Since the core is selected to
be (Ab.7G& .3)0.sNosP , the related, Was foend ta be 1\26&v ©r1 en gt
the other hand the current blocking layer material is selected to bgS@hk)o.sino.sP

and according to this the lateral wavelength of the high refractive index is fole t

0.7284m. Based on these values the widths of the related layers were selected.

Low refractive index reflector

High refractive index reflector
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Figure 614: A schematic diagram showing the three main regions in ARROW
structure.

The core width was selected to beng this value is very close to  — (3.1541)

which satisfy the condition put by Ko@h.al. and Mawstet.al. The reflecting layers on

the other hand was selected based on quarter lateral wavelengths value to be 1 for the
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high refractive index reflecting layer, and 1.5 for the low refracthaex reflecting

layer. These two values are 5 times quarter the lateral wavelength in both high and low

index cases. Table 1 shows a summary of the odd multiples of the two wavelengths.

Tabl e

1:

Al (high

ndex

materi al

|l ater al

wavelength calculations. Highlighted the quarter wavelength (yellow) and the widths
used in the design (red).

A1l 7.28399E07 Ao 1.26162E06
Multiple n Wi dt hy/4X n Multiple n Wi dt hd4) 1
1 1.821x10 1 3.15406x10
3 5.46299x10 3 9.46218x10
7 1.2747x10 7 2.20784x10

Figure 615 shows a schematic diagram of my final design | suggested for the

ARROW laser that emits at anodi 650nm wavelength. The f.5n  t

hi

cknesses

lower cladding and the overgrowth are fixed to o(A&3)osinosP. The 800nm

separation between the active and the ARROW layer is included in order to prevent

dislocation of the optical mode from theiaetregion.

Active + MOQB

Figure 615: lllustration of the final ARROW structure from the simulation outcomes.
This schematic diagram is not drawn to scale.
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The colour coding in Figure-85 is made according to the material for simpler
reading where the light blue an rdoped (Ab/Ga& 3)InP lower cladding layer, the red
layer is an urdoped Active MQW and MQB layer as discussed earlier, The pink areas
are pdoped (Ab/Ga3)InP, and the dark blue layer isdoped (Ab3Ga7)InP. The
black ellipses in the centreepresent the optical mode confined by the ARROW
structure which was simulated by the FIMMWAVE. The confined mode is shown in the

simulation result in Figure-66.
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Figure 616: The simulated near field pattern of the ARROW laser as simulated by
FIMMWAWVE

6.5 Experimental Implementation of the Simulated Device.
In order to justify the simulations done in the previous sections, structures are grown

and characterized. A broad area lasers without MQB was grown first as reference device
performance. The send growth was a MQB broad area lasers to address the efficiency
of including the MQB in the structure. The last structure grown was the ARROW
structure which included a twatep growth intersected by patterning.
6.5.1 The full clad structure:

The struatire was grown on an-doped GaAssubstrate with crystal orientation 100
tilted 10degrees toward 111. Table 2 summarize the epitaxial structure of the full clad

laser with and without the MQBs section. Both of the structures had the same cladding
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layers whch was (Ab/Ga 3)y-1InyP cladding latticenatched to GaAs where the-In
composition was set to 0.51. Two higher refractive materials were used in the active

part (Al sGay 5)0.4dNo 5P for barrier or guiding layers and GalnP for quantum well.

Table 2: Theepitaxial structure of the full clad lasers used to investigate the MQB
impact on the device performance.

Layer Material composition Thickness | Doping type and
carrier
concentration
Lower (Al 7Ga.2)0.4dN0 51P 1um n-type 16%m>
Cladding
Layer
Lower (Alo.sGay.5)0.4dN0.51P 80nm Undopped
guiding layer
Active layer | GalnPQW/ Undopped
(AlgsGa.5)o.4dNo.51P QB
Upper (Alo.sGay 5)0.4dN0 51P 80nm Undopped
Guiding layer
Lower (Al 0./Ga.3)0.4dN0 5P 1um p-type 16°%cm>
Cladding
Layer
1% Contact GalnP 50 P-type 2x106%m*
layer
2" contact GaAs 200nm P-type 2x16%m*
layer

The two devices differ in their active layers. The reference structure included the 5
guantum wells only and these wells are separated ky®&& s)o.4dNo 5P barriers. The
other structure prepared to investigate the MQB effect on the device performance. This
structure included 35nm of (AGa 3)0.4dNos:P between the quantum wells stack and
the MQB superlattice, this section was added on thiel@ of the structure. The MQB
comprises six periods of 2nm GalnP well and 3nmy Bk 5)0.49No 5P barrier. Figure
6-17 shows a simplified schematic of the grown structure and its index profile. A
reference wafer was also grown in which the separamointhe MQB were not included
leaving a 5QW guided active layer sandwiched betweef G 3)0.4dNo.5:P cladding

layers.
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Figure 617: epitaxial structure (left) and refractive index profile (right) of the grown
MQB containing wafer.

These two wafes were processed into broad area>(BOwide) lasers for basic
characterization. To prepare such devices, tteract was formed by depositing an
alloy of Au/Zn/Au with thicknesses of (5/10/200)nm which was annealed at 360°C for
3sec to create the-goniacts. In order to electrically isolate adjacent devices trenches
were etched using 1:1:1 HBrB40.:K,Cr,0O; (diluted with DI water 50:50 ratio)
etchant to a depth of ~-lypehcontaBtietheovafers werep o s
t hi nned do wlrorthedack corfiaetg, an InGe/Au alloy was deposited with
thicknesses 20/250nm followed by annealing at 340°C. The wafer was cleaved into
300pupm and 500 um>nwang thalimivof what svas p&$ble to cleave
which is typically 23 times thesubstrate thickness.

6.5.2 The ARROW buried structure.

To realize the buried structure designed above, two growths are required. The first
growth should include the layers up to the protecting layer above the
(Alg.3Ga 7)0.4dNo51P ARROW forming layerThe original intention was to sandwich
the ndoped (Ab3Ga 7)o.4dNo 5P current blocking layer was sandwiched by two GaP
protection layers. Because GaP has a large lattice mismatch with GaAs, growing GaP
layer > 45nm will cause unwanted strains in th&ucture. For this reason strained
GalnP with a thickness less than 15nm was used instead. This thickness is sufficient for

it to be used as an etch stop layer whilst not causing sever material strain that. 10nm of
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undopped Gglng 3P was grown below anabove the 300nm of-(Alo.3Ga.7)0.4dNo.51P

current blocking layer and the doping level was set t8&@? in this layer.

To form the optical waveguide, the wafer was patterned using standard
photolithography. Two mask patterns were used to achievérhl processed structure
shown in Figure 45 in section 6.4. The first stage defined the core and the reflecting
layers laterally. The high index reflecting layers was leftetehed while the lower
index reflector and the core were etched down tostr@ined GalnP lower layer by
SiCl4 and Ar using the inductive coupled plasma (ICP) dry etching. The second mask
was used to cover the ARROW part of the layer and etch the surroundings by 100nm.
The second etching was also done by SiCl4 and Ar utiliZi®ydnd relied on multiple

trials to achieve the proper time for 100nm etching.

To complete the ARROW lasers structure the patterned wafer should be overgrown

with 1>m thick p(Alo7/Ga.3)0.4dNo.51P, 50nm GalnP and thé-@aAs contact layers.

The secondteh step was designed to terminate within the) {8k 7)o.4dno 5P layer.
Typically, one would not wish to overgrow upon-édntaining layers. However,
incorporating low composition AlGalnP is necessary in design of appropriate refractive
index structue for the ARROW. Furthermore, it was not believed that the affinity of
oxygen to such a low Adomposition would be sufficiently low that good quality

growth could be achieved.

6.6 Device Characterization

6.6.1 The LI characteristics of the reference laser structure:
Devices were tested under pulsed conditions with small pulse widths used in order to

reduce the effect of selfeating. The saip used is the same LI setup described in
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section 2.3.1 but with a pulsed current source rather than a continneu&icst the

reference full clad grown structures were cleaved into 300 arehbihg devices.

Presentation of room temperature LI curves are shown in Figt& tr 300:m
lasers, with the pulse width varied between 100nsec and 500ns while the pulse width

was fixed to 1% of the pulse period.

When the pulse width is increasednfrdl00nsec to 500nsec, the threshold current
dropped significantly from >500mA down to 200mA. The reason for such difference
can be the high internal losses of this red structure. The minimum threshold current and
the maximum slope efficiency were foundlie for 300nsec pulse width and>3@c
pulse duration. Figure-67 shows the effect of the pulse width variation on the
threshold current and the slop efficiency. The measurement shows that the device has a
strong temperature dependency where the threshold current is almost fixed for 300

500nsec while the slop efficiency decreases by increasing the pulse width.
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Figure 618: LI characteristics comparison of various pulse widths (left) and the
differential efficiency and threshold current comparison as a function of pulse width for
a 300>m device.

500>m long lasers were found to operate with improved characteristics. The
threshold current reduced from 200mA (1.33kA3ndown to 135mA (540A.cR2)
under the same condition as the 3®0long device. The reason for this is the increased
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active length which results in a reduction in mirror losses. Figut® 8hows the LI

curve of the 508m long broad area laser (a) and both the threshold current and the

slope efficiency as a function of pulse widths. The samehseifing problem can be

obseved in the 508m long devices, which also exhibited a large variation in the slope

efficiency and an increase in the threshold current.
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Figure 61 9 : LI curve of the 500em device
wi dt h and 30 ¢ s(efyand a cosmparisahof thee tthreshold current and

the slope efficiency for various pulse widths (right).

from

The threshold current of the 58 reference device in pulsed shows a high increase

in the threshold current required for the same device sinaulaéelLaserMod software

where the simulated device had a threshold current of ~70mA while the measured data

showed a threshold current almost doubled, this can be caused by the high series

resistance of the processed device. This fact is confirmed by rrgnthe threshold

current shift when the pulse width is increased more thaaclin Figure €.9b.
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The low resolution EL spectra was measured for the®0long devices beyond the
threshold current point between 4800mA (1.63.2kA.cm?) at room temperature, the
EL measurement is plotted in Figure26a. The central wavelengthasis a shift of
roughly 16nm from the central wavelength of the unprocessed material PL spectrum
(not shown) by applying pulsed pumping only, this means that the junction temperature
is risen by 160°C for a device that operate at 300nsec pulse width asedc30ulse
duration if 0.1nm/°C is assumed for GaAs based devices. Such an increase in the

junction temperature, even when applying such a short pulse, is indicative -of self

heating.
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Figure 62 0 : EL spectra of 500¢m | ofiguge)ahetiel c e f
peak wavelengths as a function of increasing current (inset figure).

6.6.2 MQB laser characterisation:
400>m long MQB lasers were tested under the same conditions as the reference

lasers above. The results are shown in Figugd ®elowwhich plots the pulsed LI
curves of such device at room temperature (a) and the threshold current and slope
efficiency as a function of pulse width in (b). Unfortunately the MQB samples did not
show the same behaviour as the reference ones but insteddeekhi 3% increase of

threshold current density compared with the reference lasers.
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A possible reason for this increase could be the addedadstve recombinations
in the MQB section where the simulation of this structure shows an increased carrier
population around that area (in spite of the decrease of the threshold current). This is in
addition to the selheating problem which was evident evarthe reference structure.

6.6.3 Arrow structure observations:

Although the original incorporation of GalnP in the current blocking layer design
was as a protective layer to protect the richcéinposition layers from exposure to
oxygen during processinghe high index of GalnP for wavelengths as short as 645nm
meant that it could not be used in this way. Instead the device was designed to have an
opto-electronic confinement layer with 15% aluminium {&b& 7)o.slno.sP In it, it was
accused that the fafity to oxygen of this compound would be very small and that
oxidation of this layer would be negligible with rapid transportation of the patterned
wafer into MOVPE reactor for overgrowth, in addition to performing asitin anneal
to remove any oxidesom the surface prior to overgrowth. The surface would also have

benefited from an HF wash prior to loading, to remove any surface oxides.
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However, even with 9min anneal at 690°C underdderpressure, good quality
overgrowth was not possible. The sudaand the patterned features can be seen in
Figure 622 which shows optical microscopic images of (a) InGaP surface, (b) ARROW
patterned surface without annealing and (c) ARROW patterned with annealing at

690°C. Improvement was made on the surface quayityncreasing the temperature but

more attempts needed.

Figure 622: Microscopic images of three surfaces, (a) GalnP layer only which is
considered as a reference, (b) an ARROW patterned surface with no annealing prior to
overgrowth, while (c) is m ARROW overgrown material with annealing. The
enhancement is obvious between (b) and (c) yet more work is needed to enhance it to
the level of Affree overgrowth quality.

6.7 Future Work

1. The growth and processing methods are not mature enough in thergityivof
Sheffield in this range of the spectrum, further development in the processing method
and MOVPE growth technique used in this thesis and possibly MBE. Techniques
that can overcome the problem of extra heating resulted in the devices presented in
this chapter would open a new field of work for developers in this field in The
University of Sheffield.

2. Specifically for the MQB lasers, more rigorous simulation of MQB structures should
be performed and experimentally verified to achieve the expectddrrmpance
(decrease in the threshold current and increase in characteristic temperature).
Different well/barrier width, different material combinations, and different

separations can be explored. Another design that can be tested is to have an MQB
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section vith variable widths of quantum wells and barriers within the same structure

as shown in Figure-83a and also various material compositions of the wells and the

"

barriers as in 1b.

(@) (b)

Figure 623: Proposed variable wells/barriers widths (a) and differentll we
compositions (b). Variation of either of the two parameters can randomize the energy
subbands and decrease the probability of electron tunnelling.

3. The ARROW structure can be developed in three ways. The first is to continue to

develop a process forakzation of the design in section 6.5. Another way would be
to investigate different material combinations in different geometries in order to
allow use of GalnP as the current blocking layer rather than AlGalnP, to completely
avoid the need to regrow avAl-containing material. The third direction is to use
the antiresonance waveguide in both lateral and the vertical directions, by
combining the concept of Mawst.al.[23]{31] of the lateral mode devices and the
concept presented by Koeht.al. [20] of the vertical antresonant waveguide in the

InP material system and apply it in the GalnP/AlGalnP system. The two dimensioned
ARROW structure would serve fmroduce diode lasers with low divergence angle
since the confinement method is not based on total internal reflection. The main
challenge to face the developer is to grow enough material to planarize the patterned
area of the wafer. This can be done byest#e or masked growth process. This
selective growth method is similar to the selective QD growth method developed by
Ozaki et.al.[56]. Figure 624 can summarize the idea in simplified schematic

diagram of the structure cressction.
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Figure 624: The suggested structuin which antiresonance reflecting waveguide
is applied in both vertical and lateral directions.
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In this chapter | briefly summarize the outcomes of the chaptérar2l conclude the

work done during the period of study.

7.1 Summaries:
The summary foeach chapter are listed in the following sdztions for each
chapter.

7.1.1 Chapter two summary:
In this chapter two main subjects were highlighted, the first one was the

measurement setups used in this thesis to characterize the devices and thbuseder
in this study. While there was no novel thing presented in term of the characterisations

setups, the chapter highlighted the structure used to achieve the presented devices.

1. Double quantum well active layer was implemented in this structure wéscited
in a narrow bandwidth structure as shown by the photoluminescence measurement
performed.

2. The modal gain of the devices used in here is expected to-B8 @5i' as the
length dependant measurement showed.

3. The photocurrent measurement held fa $itructure suggested that quantum well
absorption peak will be 990, 960 and 915nm.

4. On the other hand, the peaks appeared in the wavelength range shorter than 850 is
expected to be related to the GaAs material used as separate confinement layer and
quantumbarrier. The

7.1.2 Chapter three conclusions:

In this chapter tilted SAS superluminescent diodes (SLDs) fabricated from the wafer

discussed earlier in chapter two were presented. The methods to achieve
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superluminescence from laser are briefly introdudo#idwed by a thorough study of the

introduced window structure is given in the early sections of the chapters.

1. The intact active layer enabled realization of winddw natural absorber at the
rear end of the device rather than just a transparent windibvs absorber in
addition to the propagated mode spreading suppressed the feedback to the active
stripe efficiently.

2. With this effective suppression, the window like structure could achieve reflectivity
as low as 8x16’ from a facet that had 2.25mm winal.

3. According to the measured facet effective reflectivity, simulation was held to
estimate the behaviour of the devices with identical window part and three active
parts with identical length and three different widths. The trend obtained from the
simul&ion suggests that the wider active perform better.

4. Tilted cavity SLDs were fabricated from the material described in chapter 2 in two
configurations epside up and epside down. The egside up presented a very
good start to characterize the presentdds where 3mm active stripe device
offered >40mW ASE with 17% spectral modulation depth.

5. The trend shown in the simulation was confirmed from such devices. The reason of
this higher than expected SMD was the fact that the central emission wavelength
reds hi fted with respect to the absorption
the rear absorbing window to turn into a transparent window.

6. To improve the heat sinking of the device in order to decrease tkghifedthe
devices were mounted epide dow. This configuration actually enhanced the
performance of the device where output power of 30mW was collected from 3mm

long active device with only 5.5% SMD.
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7. The enhancement appeared obviously when a 1.7mm active device emitted 32mW
output power with 20%vhile the episide up counterpart showed the SMD at half
the output power level.

8. The effect of the heat was confirmed by running the device in pulsed operation in
which 38mW was collected from the 1.7mm device with onBeRA (ideal case)

SMD.

9. Another cofiguration was tested by heating up the window region testeft the
absorption peak to the emission peak. Although the conditions of this experiment
wasn’'t I deal but pr omi sli% was cecomlgd frorm S N
applying 5W of thermal power togtwindow region.

7.1.3 Chapter four conclusions:

In chapter four | tested the grown structure in a nofiméhcet optical waveguide
configuration. This configuration benefited in two main aspects, first the output beam
profile is maintained to elliptidahape rather than the crescent shape that resulted from
titing the facets, this should increase the device coupling efficiency to standard
couplers and connectors, and second is the decrease in the production cost by
minimization of the semiconductor mesial losses especially for long cavity devices.

The first benefit was reflected to the coupling efficiency of the devices.

1. The farfield measurement showed output beam enhancement by changing the beam
shape from crescent back to elliptical shape. Thik mcrease the coupling
efficiency of such devices.

2. The first trial was to test a 2mm long active with 2mm rear window deviesidgpi
down. The device was coated with amflective coating on the front facet to
decrease the carrier depletion by th#@emted light at the cleaved facet. Output
power recorded was 6.5mW before lasing took place at 1010nm (20nm away from

the device central wavelength).
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3. Wider SLDs were fabricated from new batch

order to investigate the effect of device geometry on these devices. The effective
reflectivity of 1mm long window section was able to maintain laser suppression in

all of the cvices but other limitations appeared to affect the performance of such

devices.

4. The behaviour of devices with 1mm stripe and 1mm window was identical to the
devices/batch reported in chapter three. The spectral modulation deptbkrof 10
wide stripe devicéor 20mW was <10%.

5. In the shorter than 1mm devices the state filling caused the device to lase at shorter
wavelengt h, while in the | onger t han
devices to lase at longer wavelengths.

6. The lasing always occurs in theormalto-facet devices because of the stripe
alignment normal to the cleaved facet. Bearing in mind that the step index is only
0.0020.003 between the active and window sections, this will result in a small
divergence angle of the propagated beam. Incdmee of emission outside the
absorption band of the window (where the window is transparent of such
wavelengths), there is always reflected optical intensity that is coupled in the active
stripe and amplified.

7.1.4 Chapter five conclusions:
Chapter fivediscusses the use of the processed material detailed in chapter 2 in a

semiconductor optical amplifier (SOA) confi

window at each end. Due to the mask limitation only 5mm long active was available.

1. The lasing supmssion was successful in these devices in the pumping range
measured as the initial screening showed.
2. The four parameters investigated by Mukai and Mamamoto were measured for the

presented devices to evaluate its performance.
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3. The device had 11nm bandwidtB3.5dB small signal gain, 7.7dBm saturation
output power, and 5.8dB noise figure.

4. The reason of the narrow bandwidth is the material used as the original bandwidth
measured by free space was 6.2nm.

5. The high gain (33.5dB) resulted from the active layepprties where identical
two quantum wells were used as an active layer.

6. The low saturation power occurred mainly due to the low pumping currents, this
low pumping levels caused the carriers to be depleted in the case of high stimulated
emission rate.

7. The increase in the noise figure in the wavelengths shorter than 997nm resulted
from the drop in the input signal intensity to lower thd®dBm. This caused
SNR,: to decrease and resulted in higher noise figure.

7.1.5 Chapter six summary:

Although this clapter did not show a successful realization of ARROW laser
operating in the visible range of Gahased material due to the technical difficulties,

some conclusions can be drawn from the simulation work done.

1. The simulations done for the active structsh®wed an obvious improvement of
the device performance sensed as a decrease in the threshold current of the device.
2. Buried structures are available by implementing a higher refractive index layer to

work as an optical and electrical confinement layer.
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7.2 Conclusion:
In this thesis | mainly presentdntoadband devices which implemented a window

like facet to suppress the optical feedback. Although this rear section was tested with an
active medium that was designed originally for low threshold cules®r devices,
feedback suppression was observed to a very high pumping level. This high level of
feedback suppression enabled presentation of windéaeed devices in three different
configurations, tilted SLDs, normal to facet SLDs, and SOAs. Theseateoperated at
990nm wavelength. The active chosen was designed originally for low threshold laser.
The reasons behind selecting this active were first: akmellvn active with enough

gain was needed in order to test the window (since the effect oftyuelof window

was not very well understood) and second: such active enabled testing the window to its

maximum limit.

The effective reflectivity of the windowed facet was measured to a record low
effective reflectivity < 10 for an unpumped region of Z5mm long. This value
resulted from a combination of mode spreading and absorption in the unpumped region.
Both of them can be engineered to achieve even better results by increasing the active
medium absorption and increase the mode spreading by ingetmn effective
refractive index step between the pumped and unpumped seatiboagh it might
increase the reflection at the interfaBénce the rear section has an absorption peak at
the emission peak of the active part, this method is inherentldibaod and there is no

need for further processing to tailor the absorption band to the emission spectrum.

In spite of such a low effective reflectivity, spectral modulation still appears in the
EL spectra of the tilted SLDs, the reason of that is modigimy because of the high
gain generated in the active stripe which the rear section could not totally overcome.
The magnitude of such spectral modulation was dependent upon the device dimensions

in which the longest cavities gave the best output (lowssttsal modulation depth at
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highest power). The best performance under CW operation was attained from a device
with 3mm long and 3m wide active stripe and integrated with 2mm long window
section mounted eide down. The output power was 30mW with on% Spectral
modulation depth. These values were enhanced to 38mW-2#dspectral modulation

depth when the same device is tested under pulsed conditions. The reason of this
difference between the pulsed and CW operation modes is related to the diffarence

the heat dissipation mechanisms in the two cases.

The effective reflectivity of the device was found to be aejivetiontemperature
dependent such that the uncontrolled shift in the emission wavelength, due to heating,
causes the absorption in thear section to be nemesonant with the emission from the
active section, and decreases the effective reflectivity of the rear facet which eventually
causes the spectral modulation depth to increase. Minimizing the emission wavelength
shift or tailoring alorption band will improve the device performance. The active
medium used exposed the limits of such window devices, it is expected for the device to

operate much better in case broadband active medium is used.

The same structure was implemented in anabto-facet configuration in order to
maintain the elliptical shape of the output beam and reduce the gross cost of the device
by saving the excess semiconductor material wasted in the tilted SLDs configuration.
The implementation was successful undercgpedimensions. Devices performance
can be improved by engineering the beam divergence at the active/window sections
interface which depends mainly on the waveguide widths and the refractive index, also
the shape of the interface may increase the beaprgdince. The experiments done
proved that the implementation of the windowed facet and high performance are

expected with the suitable broadband active medium.

231l Page



Two windowed facets were used in the same device to test the structure as an SOA.
The effectie reflectivity resulted from the unpumped window and tilting the active
waveguide was enough to suppress the lasing over a suitable range of pumping power.
Implementing such an active enabled high gain operation as high as 31dB with pumping
level less thar2kA.cmi®. However, the use of such active resulted in a penalty which
was the narrow bandwidth and the low saturation output power. The noise figure of the
amplifier was measured to be aroun@dB which is within the common values of the

linear SOASs.

The last chapter of the thesis included an attempt to extend the concept explored in
chapters 5 to the edge of the GaAmsed operating wavelength. Red emitting devices
implementing AlGalnP active layer was designed. The red devices had two main
problems oward the index guided buried laser, these two problems can be summarized
by the shallow bandgap and the high refractive index for the material that does not
contain Al in it. Two solutions were suggested by the literature for the two problems,
the first cne was solved by integrating a multiguantum barriers (MQB) layer close to the
qguantum wells in order to reflect the electrons back and virtually increase the gap. The
second problem was solved by implementing a buried structure that usessantince
reflection instead of the total internal reflection to form an optical waveguide. The

structure is called AmiResonance Reflecting Optical Waveguide (ARROW).

A structure included five quantum wells, a MQB layer, and an ARROW waveguide
was simulated with swessful operation. The simulated devices showed an improved
performance of the devices compared to a reference device included only 5 quantum
wells. Unfortunately the experimental implementation of the devices did not show
coherent performance comparedhe simulation. The selieating was very high in the

broad area lasers tested with the MQB which demand more investigation toward better
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heat sinking. The overgrowth, on the other hand, was the main problem faced the
experimental attempt to form the ARRO8uctures. It showed high contamination due
to Al exposure in the etched layer which resulted in poor quality overgrowth. More

attempts are needed to try different configurations of ARROW structures.
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