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Abstract

This thesis describes experimental investigations into the application of strain to the wells and
barriers of InP-Gaylnj_ AsyPl_y based, multiple-quantum well (MQW) lasers.  Material
characterisation and device performance results are used to evaluate, both qualitatively and
quantitatively, the effects of strain incorporation into structures grown by low-pressure metal organic
vapour phase epitaxy. Multiple-quantum well laser structures, operating at wavelengths around
1.5um, are grown with either strain compensated (zero-net strain) or non-compensated active

regions.

Strain compensated Gayln)_yAsyP).y-Gayln) xAsyP)., multiple-quantum well structures are
shown to suffer from thickness modulations after a given number of wells and barriers are deposited.
The thickness modulations in the compressively strained wells are in anti-phase to those observed in
the tensile strained barriers. Experimental evidence is presented which relates the severity of this
effect to the composition of the alloys used and the conditions under which they are grown. The
source of the thickness modulations is attributed to two effects: compositional clustering (spinodal
decomposition) of GayInj_yAsyPy.y alloys and strain relaxation via the expansion and contraction
of lattice planes. Further experimental data is presented that describes the optimisation in growth
conditions to suppress thickness modulations, enabling larger numbers of planar wells and barriers
to be grown. The effects of compositional clustering can be minimised by using higher growth
temperatures and selecting alloy compositions outside the miscibility gap. In contrast, strain relief
via the expansion and contraction of lattice planes is eliminated by using lower growth temperatures
and higher group V pre-cursor gas flows. The growth conditions which best overcome these two
effects in £1% Gaylnj_yAs and £1% Gayln) _xAsyP}_y strain-compensated, multiple-quantum well,
laser structures are described.

The strain relief behaviour of non-compensated InP-GaylInj ¢AsyP] .y based, multiple-quantum well
structures is presented. Dislocation generation is identified as the primary sttain relief mechanism
in GayIn) yAsyPy_/GaylInj_ yAs MQW structures with tensile strain in the wells. Thickness
modulations are identified as a secondary strain relicf mechanism in such structures, occurring at
higher values of tensile strain. The growth optimisation techniques developed for strain
compensated structures are also shown to suppress thickness modulations in non-compensated
structures. Strain relief in non-compensated structures is influenced by the type of barrier material
used: a GayIn)_yAsPy., well with a GayInj_xAs,Py.y barrier suffers from thickness modulated
growth, whereas the same Gaylnj_xAsyPy.y well with an InP barrier is shown to relax via the
introduction of strain relieving dislocations.



Broad-area 50pm stripe, ridge waveguide Fabry-Perot, ridge waveguide DFB lasers and electro-
absorption modulators are used to study the effects of strain on device performance. Consistent with
theoretical predictions, improvements in the threshold current and gain are observed in strain
compensated GaylInj_yAsyP;_y-Gaylnj_yAsyP;.y MQW lasers with compressively. strained wells,
when compared to similar structures containing lattice matched or compressively strained ternary
wells. Further performance improvements are observed in high speed, directly modulated lasers
when similar MQW active regions are used. A fourfold improvement in differential gain is observed
over a similar lattice matched structure, this contributed to a 3dB frequency response of 22GHz

measured on a DFB laser.

MQW lasers containing tensile strained wells demonstrated the highest gain performance of all of
the strained laser structures examined. This was achieved when sufficient tensile strain, greater than
1%, was introduced to the wells. An improvement in gain of up to 100% was observed over similar
structures containing 1.1% compressively strained, ternary wells.

In addition to improving the material performance of InP-based alloys, strain is used to engineer the
valence band of an MQW, electro-absorption modulator structure. By introducing compressive
strain in the wells and tensile strain in the barriers, the hole confinement in the wells is reduced.
This alleviates the hole trapping effects observed in similar lattice matched structures and results in
improved power handling characteristics and high speed (10 Gbits/sec) performance.
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Chapter 1

Introduction

As modern telecommunication systems continue to evolve into the fibre-optic domain, the need for
high performance and low cost optoelectronic devices operating at the 1.3 pm and 1.55 um
wavelengths becomes obvious. Their application in the high bit-rate (2 2.5 Gbits/second), digital
transmission backbone of large capacity telecommunication networks, be it in either a sub-marine or
a land based system, is now commonplace. With the appetite for telecommunication bandwidth
continuing to grow (as a result of the increase in data communication, enterprise network and
internet traffic), the implementation of high-bit rate optical transmission has permeated further into
telecommunications, moving into metropolitan and local areca networks. The proliferation of optical
transmission has driven, and been driven by, the progress made in the design and production of the
critical components used: directly modulated high-speed laser sources, electro-absorption modulated
high speed laser sources, high power pump lasers for optical amplifiers and large bandwidth
receivers, Improvements in the performance of these devices have a direct impact on the capability
of the optical transmission system.

Indium Phoshide (InP), and the alloys that can be grown lattice matched to it, e.g. Gallium Indium
Arsenide Phosphide (GayInj_xAsyPy.y), is the material system most commonly used to fabricate
these devices. Material properties such as lattice matching, sclective etching and band-gap
enginecring, have made device structures comprising different compositions of GayInj_xAsyPj.y
possible to fabricate. These material properties, together with demonstrated long term (> 25 years)
reliability, has made InP-GayInj_yAs,Pj.y devices the most commonly used in optical transmission
systems. The crystal growth of InP-GaxInl_xAsypl_y devices is usually achieved by metal organic
vapour phase epitaxy (MOVPE). Initial device structures were grown with liquid phase epitaxy
(LPE), but the large area and uniformity demanded by modern, high capacity production has
resulted in MOVPE being the preferred method of epitaxial deposition.

The first InP-based laser devices were fabricated with bulk active regions, but improvements in the
performance were achieved by incorporating multiple quantum wells (MQW's). The alloys used in
the fabrication of these laser structures were limited to those that could be grown lattice matched to
an InP substrate. The use of non-lattice matched alloys was initially avoided due to concerns over
the limited thickness of strained material that could be grown without strain relieving dislocations
being introduced into the structure. Even if structures were grown without dislocations, concerns
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were still present over the latent reliability hazard posed by the presence of a strained layer. Such
concerns were very reasonable at that time, as many of the laser applications were in high capacity

sub-marine systems where long term reliability is of paramount importance,

It became apparent, however, that the performance of InP-based lasers was limited by certain
parasitic effects, which give rise to a less efficient electrical to optical conversion process. Auger
recombination and inter-valence band absorption occur more readily in InP-based laser devices than
in similar devices fabricated in other material systems, e.g. GaAs/GayIn{.xAs. The valence band
structure of lattice matched InP-GaxInl_xAsyPl_y alloys yields a relatively large hole effective mass.
Such a large hole effective mass is known to compromise a number of key laser characteristics.
Methods of suppressing such parasitic effects were proposed which rely on the incorporation of
coherent strain in the active layer region. By selecting the appropriate maghitude and/or sign of
strain, the valence band structure has its in-plane effective mass reduced.

At the time of the commencement of this research (October 1991), a number of reports had appeared
in the literature describing the beneficial effects of coherent strain in the wells of MQW laser
structures. However, the challenge of further optimisation in the performance of strained layer InP-
GaylIn)_xAsyP1.y MQW based lasers remained. In this thesis, an experimental evaluation is
performed on the effects of introducing coherent strain in the wells and barriers of MQW laser
structures, grown by low-pressure MOVPE. Many different types of strained MQW structures are
examined and a variety of material assessment techniques are used to determine the quality of the
strained layer epitaxy. Broad area (50um stripe) lasers, ridge waveguide Fabry-Perot lasers, ridge
waveguide distributed feedback (DFB) lasers and electro-absorption modulators are fabricated from
the strained layer MQW structures grown. Detailed analyses on the effects of well strain on device
performance of broad-area devices is presented. The results, together with those measured on the
ridge waveguide lasers and electro-absorption modulators, are used in conjunction with the material
assessment observations to explain improvements in device performance. The following gives an
overview of the contents in ¢ach section of this thesis.

Chapter 2 The Metal Organic Vapour Phase Epitaxy of InP-GayInq_yAs,Py_y Structures

An introduction to InP-based MOVPE is presented. The growth apparatus is discussed in relation to
the reactor design and the standard operating procedures used to grow all the samples in this thesis.
MOVPE grown, InP electrical purity is reviewed, in addition to intentional n and p-type doping
methods. The steps taken to evaluate and optimise the uniformity of the grown layer in a low-
pressure MOVPE reactor are described. The results of the uniformity in the composition of Gaxln;.
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xAs and Gaxlnl_xAsyPl_y alloys are presented, in addition to observations made on the uniformity
in layer thickness and electrical characteristics.

Chapter 3 Assessment of InP-GayIny_yAs Py y Alloys

An overview of material assessment techniques commonly used in this thesis is presented. Room
temperature photoluminescence (PL) and high resolution X-ray diffraction (HRXRD) are discussed
as methods of measuring band-gap energy and lattice mismatch respectively. The methodology of
translating .these assessment results into a solid phase GayIn)_yAs or GayInj yAs Py alloy
compositions is described. A high level description of the modelling program used to perform these
calculations on a routine basis is given. The same modelling program is capable of predicting the
quantum well confined energy levels, with the compositions and thicknesses of the wells and barriers
taken as input parameters. Other assessment techniques that are used throughout the thesis are also
briefly discussed, they include: transmission electron microscopy, capacitance -voltage and Hall
techniques for measuring electrical characteristics and methods of determining bulk layer
thicknesses.

Chapter 4 The Growth Limitations Imposed by the Critical Thickness-Mismatch Product

This chapter introduces the concepts of mismatch, strain, relaxation and the Matthews-Blakeslee
critical layer thickness. Methods of determining the critical layer thickness are reviewed and
discussed in relation to the controversy that surrounded reported critical layer thicknesses for the
strained layer GaAs/GayIn)_cAs material system. Matthews-Blakeslee curves for single layers of
InP based strained GayInj.,As are calculated for grown layers terminated with, and without, an InP
capping layer. Experimental results are presented for single layers of InP based material that had
exceeded the critical thickness. Photoluminescence imaging is shown to be more sensitive than X-
ray diffraction, as a means of discerning when the critical thickness has been exceeded. The
crystallographic direction in which strain relieving dislocations form has been shown to depend on
the sign of strain in the grown layer, i.e. tensile or compressive.

The concepts of MQW net strain and strain compensation are introduced. The growth of strained
layer MQW stacks is discussed in relation to the potential critical thickness limitations: those
imposed by the individual strained quantum well and those imposed by the net strain of the stack. In
" most material systems, strain compensation has been studied via the growth of a thick strained
(usually graded) buffer layer, around whose composition tensile and compressive layers can be
grown. The study of strain compensation in InP/GaxInl,xAsyPl -y materials is much more elegant,
as both compressive and tensile strained alloys can be grown directly on to an InP substrate.
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Chapter § InP-Based Quantum Well Lasers

Applications of InP-based lasers within an optical transmission system are briefly discussed. An
introduction is given to laser action in semiconductor diodes with an ¢mphasis on threshold current,
efficiency and temperature sensitivity. The advantages of using quantum wells in the active regions
of semiconductor lasers is briefly discussed, followed by a description of the relationship between the
threshold current density of a laser and the quantum well gain. This relationship forms the
theoretical basis for much of the later analysis presented on lasers fabricated from strained multiple
quantum well structures. An overview of the laser fabrication processes is also given.

Chapter 6 The Benefits to be Achieved by Incorporating Coherent Strain in InP-Based
MQW Laser Structures

The problems caused by the large hole effective mass, non-radiative Auger recombination and inter-
valence band absorption are described  Theoretical predictions have suggested that the
incorporation of coherent strain within the wells of MQW laser structures suppresses these parasitic
effects, by altering the valence band structure. The theoretically predicted improvements are stated
and the effects of coherent strain on the valence band structure are reviewed. The expected
improvements in laser performance are also discussed. V

Chapter 7 Strain Compensated GayIny_(As,Py_ /GasIng ;AsyPy_y Multiple Quantum
Well Structures For High Power and High Speed Laser Applications

The growth of a variety of strain compensated GayInj_yAsyP1.y MQW structures is performed with
varying amounts of compressive strain in the wells and tensile strain in the barriers. A series of
structures is grown, with a particular combination of well and barrier compositions, to study the
effects of increasing the number of wells. A variety of material assessment techniques is used to
examine a deleterious growth effect that is observed after a given number of well-barrier cycles is
deposited. The deterioration in structural quality is shown to be caused by periodic undulations in
the well and barrier thicknesses. Possible sources of the observed effects are proposed and discussed.

Broad-area and ridge waveguide laser structures are fabricated from the grown laser structures
known not to suffer from the thickness modulated growth effect. A detailed analysis of the threshold
current density is performed as a function of cavity length and number of wells. Parameters such as
material loss, o, the gain per well, I',,G,,, and the infinite cavity length threshold current density, J,,

, are determined. Comparisons are made between these results and those reported regarding other
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MQW lasers. Improvements in the threshold current and output power of a ridge waveguide laser
device are obtained, when compared to similar geometry devices comprising either strained or
latticed matched GayIny_As wells. A six-well, 2um wide x 750um long, ridge waveguide device is
shown to be capable of delivering 129mW ex-facet power at a drive current of 700mA, making the
device a suitable candidate as a high-power 1480nm pumping source for Er doped fibre amplifiers.

Similarly grown MQW structures are used in the active region of a ridge-waveguide device designed
for high speed, direct modulation. A DFB, ridge waveguide device with a 3dB bandwidth of 22GHz
at a drive current of 125mA is reported. High speed measurements performed on the same structure
made into Fabry-Perot laser devices, show a fourfold improvement in the differential gain when
compared to similar structures made using lattice matched quantum wells. In a subsequent attempt
to increase the available 3dB bandwidth beyond 22GHz, an error was made in the processing,
resulting in a lateral strain variation being defined in the direction of the grating. The results from
an MQW overgrown on this lateral strain variation assist further in the understanding of the
mechanisms responsible for the thickness modulated growth effect.

Chapter 8 Growth and Assessment of Strain Compensated Structures with
*1% Gaylny_;AsyPy_y and £1% GaylIng_ (As MQW Regions

Strain compensation is used to engineer the valence band, in an attempt to improve the power
handling characteristics of an electro-absorption modulator. The thickness modulated growth effect
is again shown to limit the number of planar well-barrier cycles which can be grown. A 3-well
electro-absorption modulator is fabricated and is shown to have eliminated the saturation effects
observed in the photocurrent-input power characteristics of lattice matched devices. The thickness
modulated growth effect is shown to significantly impair the structural quality of strain compensated
MQW structures when a given number of well-barrier cycles are exceeded. A series of experiments
are performed on *1% Gayln) xAsyPj.y and £1% Gayln)_yAs MQW stacks, in an attempt to
understand further the mechanisms of this deleterious growth effect.

Identical strain compensated +1% GayInj_xAsyP1.y, MQW structures ar¢ grown at three different
temperatures: 600°C, 650°C and 700°C. Improvements in the structural quality with increasing
growth temperature suggest that the miscibility gap for GaxInj_xAsyPj.y alloys plays an important
role in how these structures behave, validating one of the mechanisms proposed in chapter 7. To
remove the effects of immiscibility, a similar series of structures are grown with £1% GayInj_ As
MQW regions. Improvements in structural quality are observed by increasing the partial pressure of
the group V pre-cursor during growth and, contrary to the GayInj_xAs,P)_y case, by decreasing the
growth temperature, This observation validates the second mechanism proposed in chapter 7.
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Under these optimised conditions the ability to grow potentially limitless, i.e. 50, numbers of strain
compensated £1% GaylInj_xAs multiple quantum wells is presented. The beneficial effects of strain
compensation are demonstrated by the growth and assessment of an identical non-compensated
structure with latticc matched, as opposed to tensile strained, barriers. The non-compensated
structure contained strain relieving dislocations at the base of the MQW stack and also demonstrated
signs of relaxation,

Further evidence is presented of the role of the miscibility gap on the ability to grow strain
compensated Gaylnj.xAsyP1y MQW structures. The growth details of a practical electro-
absorption modulator structure are described, which are successful in partially overcoming the two
temperature-dependent mechanisms. Although it does not permit the growth of a limitless number
of strain compensated MQW's, it enables sufficient numbers of wells and barriers to be grown for
practical device applications.

Chapter 9 Growth and Assessment of Non-Compensated Strained
GaylIng ;Asy(Py.y)/GayIng_yAsyPy_y MQW Structures

A series of MQW structures without strain compensation, i.e. lattice matched barriers, are grown to
understand further the structural limitations in strained layer InP-Gaylnj yAsyPj., MOVPE
growth. Increasing magnitudes of tensile strain is incorporated into the GayInj_yAs wells of these
samples. Direct evidence of the cross-over from E1-HH1 transitions to E1-LH1 transitions is
observed by room temperature PL as the tensile strain is increased. At tensile strain levels greater
than 1%, strain relieving dislocations are observed in the PL image. At higher levels of strain,
thickness modulations are also observed in these, non-compensated, structures. The occurrence of
thickness modulations is also shown to be suppressed by an increase in partial pressure of the group
V pre-cursor.

A detailed analysis of the dependence of the threshold current density on the cavity length is
performed for structures with tensile strain ranging from 0% (lattice match) to 1.6%. It is shown
that, once the heavy-hole to light-hole cross-over has been passed, J,, decreases and I'y, G, increases
with increasing tensile strain in the well. The beneficial effects of tensile strain are also
demonstrated in the improved performance of 2pum wide x 400pum long, ridge waveguide devices.

A similar growth study is performed on a series of non-compensated Gaylny_yAs/GayIn) cAsyPy.y
MQW structures with increasing compressive strain in the GayInj_yAs wells. Data is also presented
that highlights the role of the barrier material in defining which strain relaxation mechanism will
occur. The two structures, one with lattice matched GayIn)_yAs,P)_y barriers, the other with InP
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barriers, are otherwise identical but exhibit very different strain relief properties. The first exhibits
thickness modulated growth, whereas the second exhibits planar growth with the introduction of
dislocations as the prevalent strain relief mechanism.

Chapter 10 Thesis Conclusions

The key observations and findings relating to the growth of strained layer InP-GayInj.xAs Py .y, are
summarised and discussed. These include the mechanisms responsible for thickness modulated
MQW growth and their suppression via the optimisation of the growth 'parameter space'. The

improvements in the performance of MQW-based laser and modulator devices are reviewed and
discussed in relation to the expectations outlined earlier in the thesis.
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Chapter 2

The Metal Organic Vapour Phase Epitaxy
of InP-GaxIn]-xAsyP1-y Structures

2.1 MOVPE of InP based alloys
2.1.1. Origins and Principles

The term epitaxy is derived from the Greek epi taxis, meaning 'on axis' ot 'on orientation'. Today it
is used to describe the process of growth of thin layers of single crystal material with a similar lattice
constant to the host substrate. The epitaxial growth of II-V materials from the vapour phase using
metalorganic precursors was first demonstrated in the late 1960's by Manesevit et all with the
growth of GaAs on a sapphire substrate. Since then, the technology has progressed from the growth
of single layers of binary compounds on small pieces of substrate to a large scale, multi-wafer
process capable of growing very complex, multi-layered heterostructures with a high degree of
uniformity and repeatability.

The MOVPE process is based around the simple reaction:

500-900C
XH,; + Me(CH;); —» MeX + 3CH, .11
J: S

where X represents a group V ¢lement and Me a group III metal. The group V hydride is gaseous
but the group III metalorganic compound is liquid or solid in form. The latter is delivered to the
reaction zone by saturating a carrier gas, usually Hy, with the vapour from the metalorganic using a
bubbler, The growth process is non-equilibrium, i.¢. the reactants are supplied by irreversible
pyrolysis of the starting materials on the left hand side of the above equation. Typical growth
temperatures tend to be in the range 600-700°C for InP based growth and 700-800°C for GaAs based
growth.

MOVPE reaction mechanisms (the intermediate steps in the above equation) are, in general, less
well understood than molecular beam epitaxial techniques, the main reason being that the latter is
more compatible with in-situ analytical techniques such as RHEED (reflected high energy electron
diffraction). The exact reaction mechanism (the order in which the hydrocarbon groups are removed
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from the metal atkyl), the role of the hydrides and the effect of other growth conditions are not
exactly known. The probable reaction route, as discussed by Butler2 involves:
- hydride and metalorganic molecules delivered to the hot reaction zone, which normally
comprises a radiantly heated graphite susceptor;
- some of the hydrocarbon groups may be removed from the metal alkyl, leaving a highly
reactive methyl-metal radicle on the surface of the growing semiconductor;
- the radicle then reacts with the hydride on the surface of the semiconductor, giving solid
ITI-V material and gaseous alkanes and hydrogen. The group III and V atoms are
accommodated on appropriate locations of the lattice forming an epitaxial layer.

For the growth of InP from tri-methyl indium and phosphine, the following equations can be used to
describe the above process:

(CH,),In(g) —2=2 (CH, ) In(g) +2(CH, )(g)
adsorption of (CH,)In(g) onto the growing surface
PH,(g)+(CH,)In(s)—=222= InP(s) + CH,(g) + 2H @12)

2(CH,) +2H —=2=1_, 3CH,(g)
2H excess H, liberated from PH, N Hz (g)

Evidence for the above reaction mechanisms has been compiled from a variety of sources3-3.

The first developments in MOVPE were demonstrated on reactors that were usually built by the
researcher. As the technique progressed, there was a convergence in the reactor design philosophy
in the early to mid 1980's, when specialised companies were formed to manufacture initially
customised, but more frequently 'off the shelf, MOVPE reactors. One such company, Thomas Swan
Ltd. of Cambridge, England, was used by BNR Europe to manufacture MOVPE reactors capable of
growing on 2" diameter InP wafers. Figﬁre 2.1 pictures the author operating one such reactor,
known as the 'E' reactor, which was used for the majority of the work presented in this thesis. The
next section will describe the details and operating principles of this reactor.

2.1.2 Reactor Design and Growth Practice

A schematic diagram of the reactor design philosophy used at BNR Europe is shown in figure 2.2.
This is a schematic of the 'C' reactor which is similar in design to the 'E' reactor; the two differ only
in the number of source lines that are available to the grower. The 'C' reactor has 4 bubbled source
lines and 4 gas source lines whereas the ‘E' reactor has 7 bubbled source lines and 7 gas source lines.
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The details of the reactor will be described in four sections: the reactor cell, the gas delivery system,

in-situ reagent monitoring and general reactor control.
2.1.2.1 The Reactor Cell

Thrush et al® developed the reactor cell used throughout this work for optimum uniformity in
composition and thickness of the grown layer. In order to optimise uniformity, he found operating
the reactor at a reduced pressure of 150 Torr beneficial. This reduced pressure placed constraints on
the cell design; figure 2.3 shows a schematic diagram of the reactor cell used. The precursor gas
mixture, together with the Hy carrier gas, is injécted into the rectangular cross-section reaction tube.
A gas baffle at the tube inlet provides the necessary turbulence that enables the various injected gas
flows to mix together. One of the drawbacks of using a rectangular cross section tube is its
susceptibility to mechanical weakness when operated at reduced pressure. To prevent this
happening, the tube is contained within a circular cross-section ‘pressure housing' which is more
mechanically robust. When the reactor is in operation at reduced pressure, both the inner reaction
tube and the outer pressure housing are operated at 150 Torr giving a zero pressure differential
between the interior and exterior of the reaction cell. At the end of each growth the inner cell is
coated with deposits from the MOVPE reaction. To help assist in the elimination of memory effects
and to improve run-to-run repeatability, the inner cell is removed after each growth and cleaned in
aqua regia. Generally speaking, no MOVPE associated deposit is observed on the outer cell.

Another notable feature in the design of the reactor cell, is the use of a removable, in-line scrubbing
system for the by-products of the MOVPE reaction. Activated charcoal contained within a stainless
steel cylindrical cartridge is used to absorb the by-products that would otherwise lead to the
deposition of pyrophotic substances, that are characteristic of phosphine based epitaxy, on the
sidewalls of the exhaust system. The cartridge is removed after each growth run and has been
shown to be very effective in keeping the downstream exhaust system relatively free of deposit.
Upon removal in a nitrogen ambient, the contents are rendered safe by a controlled burn-off
procedure effected by passing an oxygen/hydrogen mixture through the cartridge in an extracted
enclosure,

Two 2" InP substrates can be located on the silicon carbide-coated graphite susceptor. Heat is
transferred to the substrates via the susceptor using radio-frequency (RF) induction. The susceptor
temperature is kept under closed loop control by measuring it with a thermocouple located almost
half-way along its length. The heated susceptor has a catalytic effect on the decomposition of the
gaseous reactants causing crystal growth to occur primarily on the hot surface.

10
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2.1.2.2 The Gas Delivery System

Hydrogen is the most popular ambient gas used in MOVPE. As well as providing the main flow
through the reactor, it is also used for bubbling through metalorganic sources and providing
controlled dilution for various gascous reagents. In the reactor configuration shown in figure 2.2,
hydrogen is purified from a ‘house’ supply using Palladium diffusers operated at 300°C, giving very
low moisture levels (a dew point of -110°C is routinely measured by an in-line hygrometer).
Stainless steel (Y4") pipework is installed throughout the system to deliver the various gases to the
manifold with "VCR" fittings being used, as required, to make connections with sources, mass flow
controllers, baratrons etc. Whenever such a connection is broken (for example to change a
metalorganic source), the appropriate section of pipework would be helium leak checked when the
connection was re-established. This involves evacuating the line down to a pressure of 5x10~3 Torr
using a combined rotary/diffusion pump vacuum system and then connecting the line to a helium
mass spectrometer. Gaseous helium is then 'sprayed' around the connector of interest and the signal
on the mass spectrometer is monitored. The helium checking was performed down to 3x10-9mbarl/s
air equivalent. Any signal observed above this level was treated as a leak and corrective action
taken.

Isolation of the sources from the rest of the reactor is provided by normally closed pneumatic valves
for situations such as the periods between growth runs, or when a source is not used in a growth run.
The normally closed valves are pneumatically hard-wired to neighbouring normally open valves as
shown in figure 2.2, thus allowing hydrogen to flow through the pipework when the source is not
used. Two distinct types of sources are used in the MOVPE system: bubbled metalorganic and
gaseous. The gas handling issues for each are quite different. Five metal-organic lines are available
on the ‘E' reactor: three Trimethyl Gallium (TMGa) and two Trimethyl Indium (TMIn). They are all
contained in precisely controlled (0.1°C) temperature baths, with TMGa kept at -13°C and the
TMIn at 33°C. The difference is due to the much lower vapour pressure of TMIn compared to
TMGa. The low vapour pressure of TMIn and the subsequent need to run the source at relatively
high temperatures creates a significant hardware issue. To prevent condensation of the TMIn
saturated Hy on relatively cold surfaces, the TMIn carrying pipework, pncumatic valves and the
appropriate section of the switching manifold, must also be heated to 33°C. The TMIn bubblers
were kept at a constant pressure of 760 Torr, whereas the TMGa was kept constant at a higher
pressure of 1100 Torr. Constant line pressure was achieved using a '2-4-8' pressure control valve
which could be set cither manually or via the computer control. The line pressure was measured
using an absolute pressure baratron. The vapour pressures of TMIn and TMGa at the bubbler
temperatures mentioned above are 4.68 Torr and 34.4 Torr respectively.

11
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The group V hydride sources used are 100% AsH3 and PH3. The gases are supplied in regular,
commercial gas cylinders and delivered to the reactor via a pressure regulator. The hydride sources
can be isolated from the rest of the reactor using hard-wired normally open/normally closed
pneumatic switching valves. Again, the main part of the gas line leading into the reaction zone can
be purged with hydrogen when the particular line is not required as part of a growth run or between
runs. Prior to the delivery of the hydride to the main part of the gas handling system, the gas is
passed through a molecular sieve (O BDH) to remove any moisture that may be present in the
source which may compromise the quality of growth.

Arguably the most important aspect of MOVPE growth control is the ability to supply accurately
metered qﬁantities of gas reproducibly to the reaction zone. This is achicved using mass flow
controllers (MFC's) purchased exclusively from MKS. In order to optimise reproducibility, the
MFC's are ‘zeroed' prior to each MOVPE growth run, i.e. the Hy gas supply to the MFC is turned off
and the flow controls of the MFC are automatically adjusted to give zero output. One of the main
limitations of MFC technology is the dynamic range of the meteted flow which they can deliver.
The manufacturer recommend that they be operated in the 5%-100% range of total permissible flow.
In many circumstances however, it is necessary to provide a higher, sometimes more accurate, range
of flows. A particularly common problem, in the use of low flow capacity MFC's with bubbled
sources, is the concern that it will take significantly longer for the concentration of the metalorganic
in Hj to stabilise with low flows than it would with high flows. Such a stabilisation period could
serioixsly impact the length of time required to perform a growth run. Fortunately this issue can be
overcome with the use of a dilution line, where a metered amount of Hj is mixed with the output of
the ‘'main' MFC and in turn piped into a third MFC. Table 2.1 below lists all the MFC values used

in the 'E' reactor along with the minimum and maximum flows that each line can deliver,

If we take the example of AsH3, we have, with the use of dilution, the ability to deliver accurately
metered flows over approximately 3'; orders of magnitude. This flexibility was invaluable in
growing many of the complex, multi-layered, multi-composition structures that are described in this
thesis,

12
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Table 2.1 Gas handling capabilities of all the sources on E reactor.

Gas Line OQutput Input Dilution Minimum Maximum
Capacity Capacity Capacity metered flow | metered flow
Carrier flow 50slm 2.5slm 50slm
Vent flow Sslm 0.25slm 5slm
(CH3)»Zn 500sccm 500sccm 3000sccm 0.2sccm 385sccm
| SiHg 400sccm 400sccm 400sccm 0.95sccm 382sccm
AsH;-1 300sccm 15sccm 300sccm
AsH»-2 50sccm 50sccm 50sccm 0.12sccm 47.6sccm
AsHz-3 600sccm 600sccm 600sccm 1.42sccm 571sccm
PH»-1 3000sccm 150sccm 3000sccm
PHz-2 3000sccm 150sccm 3000sccm
Ferrocene 50sccm 50sccm 50sccm 0.12sccm 47.6sccm
(CHq)»Al 100sccm Ssccm 100scem
(CH»);Ga-1 60sccm 60sccm 50sccm 0.12sccm 47.6sccm
(CH1)7Ga-2 30sccm 30sccm 50sccm 0.12sccm 47.6sccm
(CH»)7Ga-3 50sccm 50sccm 50sccm 0.12sccm 47.6sccm
{CHz)zIn-1 500sccm 25sccm 500sccm
(CH3)zIn-2 300sccm 15scem 300sccm
Make-up flow || 6slm 0.3slm 6slm
#1
Make-up flow | 6slm 0.3sIm 6slm
#2
Cylindrical 10sim 0.5slm 10sim
cell flush

Metered quantities of reagents are switched into either the reaction tube or the vent line by using a
vent-run switching manifold The manifold incorporates fast switching solenoid valves and is
heated to approximately 33°C to prevent any condensation of the TMIn discussed above. The
design allows reactants to be passed through the pipework prior to being directed into the reactor,
enabling the adsorption and desorption processes to equilibrate, and allowing stable conditions to be
obtained in the metal-organic bubblers. The manifold is situated at the neck of the reaction tube to
minimise the chance of gas diffusion occurring at gas switching events, possibly causing diffuse
hetero-interfaces .
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It has been demonstrated that transients in the reactor pressure, which may occur at switching
events, can cause unscheduled composition perturbations at hetero-interfaces®. Roberts et al 7
showed that it is important to have precise balancing of the vent and reactor line pressures in order
to obtain transient free switching. In the reactor layout shown in figure 2.2, this is obtained
dynamically by utilising a closed loop control system which is based on a measurement of the
differential pressure between the vent and reactor lines. The differential pressure signal drives a
proportional solenoid valve, controlling a flow of ballasting Ny into the vent line, and so
compensating for any difference. The system allows the differential pressure to be controlled to
approximately 0.1 Torr.

In a typical MOVPE growth sequence, the aggregate gas flow required to grow one layer will usually
be different than that required by another layer. In addition to the above measures used to
compensate for differential pressures between the vent and run lines, the 'E' reactor was also
designed with a facility to deliver a constant aggregate gas flow to the reactor, achieved by using two
‘make-up' hydrogen ballast flow lines. The lines are used alternately with one switched into the
reactor line and the other into the vent line where the ballast flow could be altered, if required, to
maintain the constant aggregate flow for the gas mixture used in growing the next layer, Using this
arrangement, surges of gas into the reactor can be avoided when we switch from one gas mixture to
the next. However, as will be discussed in chapter 7, the optimum ballasting arrangements required
for the growth of high quality multi-quantum well structures are not necessarily those of constant
aggregate flow,

InP-based MOVPE can be performed successfully at both atmospheric and reduced (so-called low)
pressure. In order to satisfy the 'large-area’ demands of a device processing activity the ability to
grow on complete 2" wafers is essential. Indeed the simultaneous growth on multiple 2" wafers is
now desirable. It was found by Thrush!l of BNR Europe, that to achieve uniform single and
multiple wafer growth, it was necessary to operate the reactor cell at reduced pressure. A standard
pressure of 150 Torr was therefore adopted. The pressure of the reactor cell is controlled by
‘throttling' the pumping speed of a 2-stage, oil-sealed rotary vane pump. The 'throttling' action is
provided by a butterfly valve and the reactor pressure is monitored by an absolute baratron.

2.1.2.3 In-situ Reagent Monitoring

It is common practice in most MOVPE systems to pre-flush all the required reagents through the gas
delivery system prior to growth, in order to ‘stabilis¢’ the adsorption/desorption process on the
stainless steel pipework and achieve a constant pick-up rate in the metal-organic sources. Generally

speaking, this empirical pre-conditioning routine has enabled high-quality structures to be grown.

14



Chapter 2 MOVPE of. InP—GalJn ] _J(43yP 1y Structures

However, in the author's experience, one of the major problems that periodically occurs is the
irreproducibility of both the growth rate and composition. It was widely suspected that this lack of
reproducibility was predominantly due to the variability of the pick-up efficiency of the bubbled
TMIn source. To assist in the understanding of this effect, colleagues at BNR Europe designed and
built a prototype ultrasonic based mass spectrometry system, that provides an in-line measurement of
the TMIn concentration in H28. It was suspected that the TMIn would have a variable pick-up
efficiency because:

- it is a solid source and, unlike liquid sources, has a limited exposed surface area hence the
carrier gas that is 'bubbled' through the source may not saturate. As the source is used, the
distribution of the solid within the bottle can change affecting the surface-area and the pick-up
efficiency;

- it has a low vapour pressure and, consequently, a large gas flow is required to deliver a
sufficient molar flow to the growth zone. The use of higher gas flows implies that the H, carrier gas
will spend less time in the bubbler, hence the pick-up rate will be lower. If a different flow rate is
required to grow a structure with a different composition, it is therefore probable that a different,
usually indeterminate, pick-up rate will be achieved. This makes the determination of the gas flows
required to grow a given composition difficult, although in practice, the TMIn flow is generally held
constant during a growth run and different compositions ar¢ obtained using different TMGa flows.

These suspicions wete proved by the work of Stagg8’9 who, together with Thomas Swan and Co.
Ltd., produced a commercial ultrasonic reagent monitoring system for binary gas mixtures, i.e.
metalorganics in Hy, known as the "Epison”.

Figure 2.4 shows a schematic of the ultrasonic cell that comprises the "Epison”. The binary gas
mixture, €.g. TMIn and Hj, flows into the cell. An ultrasonic pulse is transmitted between points A
and B and the transit time of the pulse between these two points is measured. This is performed
continuously and in real-time. By measuring this transit time, , and knowing the temperature of the
gas mixture (the cell was controlled at a constant temperature of 60°C), the concentration of TMIn
in Hy can be calculated using the following simple gas equations:

e =77;RT @.13)

;=7(x,77Mmsz)
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P 1- 1y

L - distance pulse has to travel (known) R - gas constant,

7- transit time (measured) x - concentration of TMIn in H, — the unknown.

¢~ speed of sound in the gas mixture (calculated) 7 —weighted average of the ratio of the principal
specific heats for the two gases in the mixture.

M- mean molecular weight of binary gas mixture. T - temperature in ultrasonic cell.

By using the Epison to measure the concentration of TMIn in-situ, we can:
- determine when the TMIn concentration has stabilised and so identify a suitable pre-
flushing time to give 'stable’ growth,
- operate the TMIn source in closed loop control so as to maintain a constant flow-
concentration product, hence delivering a constant molar flow to the reaction zone. This
feature proved invaluable throughout the work of this thesis, enabling growth runs to be
performed with improved reproducibility. Evidence for this will be presented in Chapter

Seven.

A schematic diagram illustrating the location of the Epison within the metal-organic line is shown
in figure 2.5. The stability of TMIn concentrations can be further improved by running two TMIn
sources in series acting as a 'single source’. Any shortfall in the pick-up of the first source could
therefore be compensated by the second. Episons are also used on the iiquid source TMGa lines,
even though their pick-up efficiency is known to be much more stable. The main reason for this is
that several growth runs would be wasted from time-to-time as a result of source exhaustion. As the
cost of an MOVPE growth run is sufficiently high, we also decided to monitor the TMGa lines to
identify source exhaustion as soon as it begins to occur. It was found that the concentration of a
liquid source did not instantaneously drop to zero at exhaustion, instead there was a gradual decrease
over several runs.

2.1.2.4 Reactor Control

The following aspects of the MOVPE reactor are under computer control during the growth process:
- MFC's, their flows can be changed via a step change or a ramp;
- vent/run manifold switching valves, dictating which gas lines are used to grow the
individual layers;
- source isolation valves, when a source needs to be turned on or off,
- reactor temperature, for the initial increase in susceptor temperature and any changes in
temperature that were required during the growth run;
- epison control, enabling/disabling the closed loop control and defining the concentration
value on which to set the control.
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The reactor pressure was set manually by the grower and the bubbler pressures were maintained at a
fixed level.

The growth sequence is governed by a spreadsheet-like program, which defines all of the items
mentioned above, broken down into a series of steps defined in real time. Multiple step loops can be
created in the sequence to make repetitive tasks, such as the growth of multiple quantum well stacks,
less program line intensive. The software package that controlled the reactor also had the capability
of logging the state of all the instrument readings and valve states periodically (every several
seconds) during the growth process. This facility was invaluable in troubleshooting growths that had

gone wrong for one reason or another.
2.1.2.5 Growth Procedure

The flowchart shown in figure 2.6 details a summary of the procedure involved in executing the
growth runs discussed in this thesis. Each of the steps illustrated in this flowchart are now
examined in detail.

Substrate Preparation. The substrates are grown using the liquid encapsulated Czochralski
technique. All of the substrates used in this thesis were sawn with (100) orientation surfaces and
doped with sulphur in the range 3-5x1018 cm™3 with a dislocation density of <1000cm=2. Unlike
GaAs or Si, InP substrates are not yet commercially available in an ‘epi-ready’ form, despite the
claims of many substrate manufacturers. To produce featureless ¢pitaxy reproducibly, the substrate
surface is etched with a 4:1:1 mixture of H)SO4:HyO:H,0, at a temperature of 40°C, after which it
is rinsed in de-ionised water and spun dry. This etch removes the top surface (~0.5um) of InP and
therefore the polishing damage. After etching, the substrate(s) is then transferred rapidly to the

reactor.

Reactor Loading. To minimise the risk of an explosion, the entire reactor gas supply is switched
from Hy to N whenever the reactor is opened for loading or unloading. In fact the system is
interlocked so that whenever the reactor exhaust is opened it automatically switches to a Ny main
carrier flow. After the reactor is opened, a clean liner tube is inserted into place, and the wafer
(sometimes two) is placed on the susceptor in the same location every time and inserted into the
inner tube. Then a fresh charcoal cartridge is inserted at the back end of the inner tube, the reactor
is closed and the system automatically switches over to an H, purge.

Hydrogen Purge. After the reactor has reverted to Hy purge, an in-line hygrometer is introduced to
the exhaust gas flow circuit to evaluate the moisture levels present after the loading activity. After
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loading, the dew point would typically read between -90 and -100°C. The reactor is then left at
atmospheric pressure for a sufficiently long time so that the reading falls below -100°C. This would
take anywhere between 45 and 60 minutes.

Manual Set-up. Once the above conditions are reached, a series of manual tasks is performed that
could either not be accomplished by a computer or are deemed too critical. The manual isolation
valves in both the gaseous and metal-organic sources are opened (these are otherwise kept closed for
safety purposes). The reactor is then de-pressurised to the operating pressure of 150 Torr. To do
this the pumps are turned on and the throttle controller activated to give the required pressure. A
visual inspection of the reactor is then performed to check for any possible problems.

Execute Growth Program. Before executing the user defined sequence, the growth program zeros
all the MFC's and adjusts all those that are not giving a zero value. The first step in the growth
sequence is to open all isolation valves to purge the gas lines with the desired reagents. After
approximately 10 minutes (in which time the metalorganic pick-up should have stabilised), the
Epison control is activated to give the required flow-concentration product for the metal-organics.
The next critical step is the heating of the substrate to the required growth temperature, usually to
650°C, under a flow of PH3 to prevent dissociation of phosphorus from the substrate surface.
Typically a flow of 0.034 mol/min is used. Once at 650°C, the reactor stays in this condition for
approximately 5 minutes to stabilise in temperature and hopefully equilibrate the entire susceptor.
Epitaxy commences with the growth of InP (be it undoped as part of a test structure or n-doped as
part of a laser structure or p-doped as part of a DFB overgrowth). The desired layers are grown as
described in the growth program until the last layer is fully grown. At this point the RF source is
turned off and the system is allowed to cool under an overpressure of the appropriate group V
hydride, i.e. PHj if InP is the last layer or AsHj3 if GalnAs is the last layer. GalnAsP is never used
as the last layer due to the complexities associated with cooling. The group V hydride is shut off
when the substrate temperature falls below 100°C.

N, Purge. Once the susceptor reaches room temperature, the system is returned to atmospheric
pr-c;ssute and all the sources manually turned off. The system is then switched to Ny. It is at this
point that the MOVPE reactor is in its most dangerous everyday condition. The phosphorus based
deposit that coats the reactor walls is pyrophoric in the presence of air, so care has to be taken not to
have air, pyrophoric deposit and Hy present all at one time, hence the Ny purge.

Unloading. The reactor is opened, with the grower wearing extracted breathing apparatus, and the
contaminated charcoal cartridge removed and processed as described in 2.1.2.1. The susceptor is
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then removed and the wafer(s) boxed. The inner tube is cleaned in aqua regia to remove the growth
deposit. The system is then ready for the next growth run.

2.1.2.6 Safety and Maintenance

Perhaps the main disadvantage of the growth of InP based materials by MOVPE is the need to use
highly toxic gaseous hydrides as the group V precursor. Fortunately the number of incidents of
human exposure to arsine and phosphine have been few and there have been no reports of a serious
gas exposure in an MOVPE laboratory. The main effects of arsine on humans are firstly the
inability of blood cells to transport oxygen and secondly as a carcinogen. In order to minimise the
risk of exposing workers to a possibly dangerous level, a maximum exposure level is defined. In the
UK this is known as the Toxic Limit Value (TLV) which defines the concentration of gas to which a
worker can safely and continuously be exposed during a normal working week. The TLV's for AsH3
and PH3 are 0.05ppm and 0.3ppm respectively. In his MSc thesis, Butler? estimated the
concentration of hydrides in the exhaust of an MOVPE system, prior to scrubbing, to be 20000 ppm
and 5000 ppm for low ard atmospheric pressure systems respectively (assuming no consumption of
the hydride gases, namely a worst case situation). To meet the TLV requirements it is therefore
necessary to treat the exhaust to reduce the hazardous gas content and ensure that sufficient safety
features are in place to minimise the risk of a hydride leak into the working area.

The situations which pose the most significant safety risk in MOVPE is that of the hydride cylinder
change and maintenance of the hydride gas lines. Many precautions were followed when either of
these tasks were performed, sometimes by the author, at BNR Europe. A well documented
procedure is followed with each item in the list being checked upon completion. Self-contained
breathing apparatus is worn by at least two engineers whenever the hydride lines are opened, a third
engineer would be waiting outside the laboratory to help in case of an emergency. A comprehensive
hydride detection system is used within the MOVPE laboratory to provide sub-TLV monitoring of
possible gas leaks. The system is connected to an audible alarm system which would be activated if
a given concentration of hydride is detected. Hydride detectors are located throughout the MOVPE
facility but predominantly in those areas in which an operator would be most likely to be exposed to
a leak or where a leak may be most likely to occur, ¢.g. adjacent to the unloading area and within the
gas cabinet, Further safety precautions included the air extraction of the entire MOVPE apparatus
so that any leaks within the reactor are extracted away via ducting to the outside (hydride detection
is also located in the ducting). Also, in common with many modern clean room facilities, it is
desirable to operate the room under "positive pressure', i.e. slightly above atmospheric pressure, so
there is no net flow of dirty, untreated air into the room. If, however, a gas leak is to occur this
situation would lead to the flow of toxic gas into adjacent rooms. To overcome this, the air
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conditioning was hard-wired to the detection system so that the room was switched from positive to
negative pressure upon the detection of toxic gas. This would help confine the gas to the MOVPE
laboratory which would be under increased extraction to the outside.

The MOVPE exhaust is treated so that when it leaves the ducting into the open air it has a hydride
concentration less than the TLV level. This is achieved by using the same principle, only on a
grander scale, as the in-line scrubbing system described in section 2.1.2.1. The exhaust is passed
through a large, oil drum-like 'barrel' filled with activated charcoal and a flow of N5 and O, passing
through it. The passivation of the exhaust would generate heat within the "barrel', which could be
controlled by modulating the O supply.

Unfortunately the metal-organic sources also pose a significant and different safety risk. All of the
group III metal-organic sources are spontaneously combustible in air and react violently with water.
To make their handling as safe as possible, the sources are packaged by the supplier with 'ready-to~
install' input and output connections. Care has to be taken to make sure that pipework connections
are leak tight prior to the opening of the input and output valves of the source otherwise air and
moisture could leak into the source possibly causing combustion. Caution also has to be exercised
when removing metal organic sources, especially ensuring that all traces of the metal-organic are
removed from the walls of the pipework downstream of the source. This can be achieved by
purging, evacuating and back-filling the appropriate section of pipework prior to removal of the

source.
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2.2 The Control of Layer Purity, Growth Rate, Alloy Composition,
Doping and Uniformity in InP-based MOVPE.

2.2.1 Layer Purity

Unintentionally doped InP-GaylIn)_xAs,P;_y alloys grown by MOVPE have an n-type background
carrier. There is a strong link between the bulk material quality and performance of InP-based
devices. The background purity controls the frequency response, quantum efficiency and leakage
current of PIN diodes. Although it is probably less important in a semiconductor laser, a low carrier
concentration is important when designing structures with precise changes in doping levels. The
main background impurity in InP-based MOVPE is Si and there are two schools of thought on its
source. Briggs and Butler 10 suggest that in atmospheric pressure MOVPE, the incorporation of Si
into the growing layer is a result of the reduction of the reactor quartzware in hydrogen at growth
temperature:

Si0, (vitreous) + H, (g) — SiO(g) + H,0(g)

.21
SiO(g) + H,(g) — Si(adsorbed) + H,0(g)

Thrush!1 preferred to ascribe the source of contamination to the tri-methyl indium source.

The incorporation of Si in InP can be described by the relation:

_ [Slyex(-E, 1kT)
[S']InP * GR

2.2.2)

[$],,» — impurity level in InP

[Si]g — impurity level in the gas phase

E, - Arrenhius activation energy of process
T - growth temperature

GR - growth rate

Hence by decreasing the growth temperature, the background carrier concentration can be reduced.
A combination of a reduced growth temperature of 570°C and a purified TMIn source, led Thrush to
demonstrate undoped InP with a carrier concentration of 3x10!3 ¢m™3 and low temperature
mobilities of p5qr=400,000 cm?/Vs and H77K=300,000 cm?/Vs. Such a low growth temperature,
however, requires a very high flow of PH; gas to maintain stoichiometry as the cracking efficiency
of PHj at this temperature is poor. As a result, the growth of InP-based materials at this temperature
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is impractical. At 650°C, the 'standard' temperature throughout this work, background carrier
concentrations in the mid 1014 cm™3 range are routinely obtained for both InP and Ing 53Gag 47As.
This level is sufficiently low for most practical device applications.

2.2.2 The Effect of the Group III and V Flux

In MOVPE there are three possible mechanisms of solid state growth from the gas phase. This has
been extensively studied in GaAs based MOVPE!2, At lower growth temperatures (<600°C), the
growth of the layer seems to be kinetically controlled with the growth rate of the layer increasing
with growth temperature. At higher temperatures (600°C<Tg<900°C), the growth is controlled by
the mass transport of species from the gas phase. In this regime, the growth rate is constant with
temperature. If the growth temperature is increased further, effects such as desorption from the

growing surface can arise and the growth rate decreases with increasing temperature.

InP-based MOVPE is normally performed in the mass transport limited regime. As there is an
excess of group V species in the gas phase, the growth rate limiting step is the supply of group III
species to the growing layer. It has been demonstrated by Razeghil3 and others that the variation in
growth rate of InP is linear with TMIn flow and insensitive to PH3 flow. Hence by controlling the
flow of metal-organic into the reactor, we can control the growth rate. The molar flow of the metal-
organic ¢an be calculated using the following equation:

Vapour pressure R Reagent flow

Molar flow (mol/ min) =
Source pressure  Molar volume
2.23)
3014
Vapour pressure (TMIn): log,P(Torr) =1052 - —T_(f(—)-
1703
Vapour pressure (TMGa): log,,P(Torr) = 8.087 - 7[‘—(1_(_)-

T — temperature of metal - organic source.
Source pressure for TMIn is 760 Torr
Source pressure for TMGa is 1100Torr
Molar volume for TMIn is 22.4 litres
Molar volume for TMGa is 15.5 litres

It is evident that TMGa has a higher vapour pressure than TMIn and will therefore give a greater
increase in growth rate for the same increase in flow.
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As well as controlling the growth rate, the ratio of TMIn to TMGa also controls the solid phase
In:Ga ratio, ¢.g. in GayInj_,As

x_  [1MGa]

— 224
1-x  [TMin] ¢ )

Hence by controlling the ratio of the flows, we can control the band gap and lattice matching of
alloys to an InP substrate. This will be discussed further in Chapter Three.

The main role of the group V reactant flow is to provide an excess of the group V species available
for growth and to maintain the appropriate stoichiometry during the heat up, growth and cool down
stages. In addition, the ratio of AsH3 to PH3 in the gas phase controls the solid phase ratio of alloys
incorporating these elements, i.c. in GayIny_yAsyP} .y

Y AsH] 2.2.5)
1-y [PH;)

In a similar way to the Ga:In ratio, the As:P ratio also controls the band gap and lattice matching to
an InP substrate. The group V reactant flow has also been shown to play an important role in the
incorporation of dopant species into the growing layer, €.g. increasing the AsH3 flow can increase
the doping efficiency of Zn in GaylIn)_cAs. The molar flow of group V reactant into the reaction
zone is given by the equation:

reactant flow

¢ (2.2.6)
Molar volume (22.4 litres at stp)

Molar flow (in mol/ min) =

In addition to using molar flows to describe the gas phase growth conditions, it is common in HI-V
based MOVPE to define them in terms of the gas phase V:1II ratio, i.e. the ratio of the molar flow
rates of the total group V flow over the total group III flow. Alternatively, we can express the
contribution of each reacting species as a gas phase partial pressure, which is given by:

reactant flow rate

Partial pressure = o reactor pressure 227
pr total flow in reactor pres

The terms molar flow, V/III ratio and partial pressure are used widely in the literature to relate
growth conditions to the quality of the grown layer. They are also used frequently throughout this
thesis.
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2.2.3 Doping

The intentional doping of semiconductors to form n-type or p-type regions is one of the basic
requirements of semiconductor device technology. Doping may be achieved by intentional diffusion
of an impurity from the semiconductor surface, ion implantation or as part of the growth process
where a dopant impurity precursor is present in the gas phase. The incorporation of dopants from
the gas phase in MOVPE can be described by the empirical relation!3:

Nox gt ool 222

or
ety e’“’( _kg"a)
N

N

(2.2.8)

N~ dopant level in grown layer (cm)
@ 2p — dopant flow to some power
#2, — group I flow to some power S
@}, — group V flow to some power y
E, — thermal activation energy

[GR]ﬂ — growth rate to some power 8

2.2.3.1 n-type Doping

Elements from both group VI and group IV of the periodic table are suitable as donors in the InP-
GaxInl_xAsyPl_y based materials system. Group VI elements such as Sulphur and Tellerium are
incorporated into the group V sub-lattice with one valence electron. Group IV elements such as
Silicon and Tin are incorporated into the group III sublattice site where they also supply one valence
electron, Silicon was used as the n-type dopant throughout the work presented, the main advantages
being that InP can be doped well into the 1018 ¢m-3 range without any signs of saturation, i.e. a=1,
and there is no ampotheric compensation, i.e. incorporation of a group IV element onto a group V
site giving rise to a compensating hole!4. Another advantage of Si is a low diffusion co-efficient
which enables the growth of structures with abrupt dopant profiles.

Silane (SiHy) was used as the dopant precursor in the form of a dilute mixture (approx. 400 vpm) in
hydrogen. Prior to using a cylinder of silane for the growth of n-doped regions in device structures,
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the source would be calibrated by evaluating the effect of dopant gas flow on the dopant
incorporation. Both electrical and chemical impurity concentrations could be determined by
electrochemical capacitance-voltage (CV) and secondary ion mass spectroscopy (SIMS) techniques
respectively. It was generally found that the dopant incorporation varied linearly with flow rate, i.e.

o=1 in equation 2.2.8, and the incorporation varied linearly with growth rate, i.e. f=-1, for both InP
and Gag 47Ing 53As. Within BNR Europe it was generally found that y=0, but Woelk et al 15
showed that y=0.6 for disilane doping of Gag 47Ing s3As. One significant difference observed
between the incorporation of Si into InP and Gag 47In) 53As, was in their doping efficiencies. InP
would incorporate dopant at (least) an order of magnitude greater than Gag 47Ing 53As. For an
identical range of gas flows, InP could be doped into the mid 1018 c¢m™3 range whereas
Gag 47Ing 53As could only be doped into the mid 1017 ¢cm™3 range for similar growth rates. This
limitation in the doping range of the latter alloy did not cause any problems in growing the
structures discussed in this thesis. The effect of growth temperature on the incorporation of Si was
generally described by a positive activation energy, E, in the above equation. Although it was never
thoroughly evaluated, it was noticed that when the growth temperature was reduced the dopant
incorporation also reduced. This was most probably ¢aused by reduced cracking efficiency of silane
at the reduced temperature.

2.2.3.2 p-type Doping

Zinc, and sometimes Cadmium, both group ITb elements, is the most commonly used p-type dopants
in InP-based MOVPE. Zinc was used throughout the work described here with dilute mixtures of
750vpm dimethyl zinc in hydrogen as the dopant precursor. In contrast with Si, Zn is a less 'ideal'
dopant. The variation in the incorporation with dopant flow in InP can be described by an o value
of approximately 0.52. Butler? noted that the Zn incorporation in InP was insensitive to growth
rate, suggesting =0, and in the author's experience the incorporation varied little with y. A major
problem with Zn is its notably high diffusion co-efficient which can lead to significant problems in
growing certain device structures. This will be touched upon in later chapters. The incorporation of
Zn in InP was also noted to saturate at the 2-3x1018cm"3 range and any subsequently incorporated
Zn is interstitial rather than substitutional in nature.

Zn doped Gag 47Ing 53As is less well studied than InP. The main use for Zn doped
Gag 47Ing 53As is as a highly doped, low resistance ohmic contact layer to InP. Fortunately its
dopant incorporation characteristics give a doping efficiency of at least one order of magnitude
greater than InP. It has also been found by the author that y>0 for Zn doped Gag 47Ing 53As, hence
the Zn level can be increased by increasing the AsH3 flow. It was also noted for both InP and
Gag 47Ing 53As that, in the growth temperature range 600-700°C, the thermal activation energy
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was negative. This suggests that at these temperatures the dimethyl zinc precursor is completely
cracked and the incorporation variation with temperature is probably governed by a temperature
dependent sticking co-efficient of the gas phase dopant species to the semiconductor surface. These
observations were exploited in growing highly doped p-Gag 47Ing 53As (1019-1020 cm3) by
increasing the AsH3 flow and decreasing the growth temperature.

As mentioned above, it is common to grow a highly doped p-Gag 47Ing 53As layer on top of p-InP
to reduce the contact resistance of Ti-Pt-Au alloyed metal contacts. Such structures were routinely
examined by electrochemical CV and SIMS profiling and no evidence of diffusion of Zn from the
highly doped Gag 47Ing 53As into the less doped InP was found. One puzzling observation made by
Antell and Butler at BNR Europel6 was a discrepancy between the electrically active Zn in the p-
InP region of p-Gag 47Ing 53As/p-InP structures and the electrically active Zn evaluated in p-InP
calibration structures.  The discrepancy could be removed by either alloying the p-
Gag 47Ing 53As/p-InP structure in a rapid thermal annealing furnace or by terminating the growth
of the p-Ga 47Ing 53As/p-InP structure with InP, cooling the structure in PHj rather than AsHj. It
was later found that atomic hydrogen, generated by the cooling AsH3, diffused through the structure
thereby passivating the acceptors in the p-InP. This was not observed in any calibration growths as
these structures, comprising single p-InP layers, were always cooled in PH3. As a result all p-
Gag 47Ing 53As/p-InP structures are capped with InP to avoid cooling in AsHj3.

2.2.4 Uniformity of the grown layer

In order to minimise the variation in device performance across a processed wafer, it is necessary to
grow the device structure as uniformly as possible across the wafer area. Variations in composition,
thickness and doping must therefore be investigated and minimised.

2.2.4.1 Compositional uniformity

Compositional uniformity is assessed over the entire 2" wafer by employing high density room
temperature photoluminescence (PL) and double crystal X-ray diffraction (XRD) mapping7. Using
these techniques, which will be described in the next chapter, the parametric influence on alloy
compositional uniformity has been studied11,17,18,19,

The compositional uniformity of the ternary alloy (the Ga/In ratio), is a function of the total carrier
gas flow through the reactor. This effect is illustrated in figure 2.7 which compares the mismatch
uniformity of Gag 47Ing 53As grown with total hydrogen carrier flows of 9.6 sim and 15 sim.
Uniformity measurements performed on the quaternaty alloy GayInj_xAsyPj.y grown prior to any
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optimisation, displayed a decrease in both PL wavelength and lattice constant in the direction of gas
flow. Extraction of the variation in elemental composition from these data indicates that the effect is
wholly due to a reduction in As/P ratio with flow direction. Fortunately, the uniformity established
with the group III elements in the ternary alloy is maintained when growing quaternary alloys,
allowing us to address the uniformity of the As/P ratio independently. Since the thermal activation
energy of pyrolysis of AsH; is less than that of PH,, it was perceived that the group V non-uniformity
could be improved by adjusting the susceptor temperature profile, making the downstream end of the
wafer cooler and hindering the cracking of PH; over that area of the wafer. Figure 2.8 illustrates the
improvement in PL wavelength uniformity of a quaternary alloy after this modification. Standard
deviations in PL wavelength of 4 to 5 nm over an entire 2" wafer can now be routinely obtained in
both the ternary and quaternary alloys.

2.2.4.2 Thickness uniformity

Thickness uniformity has been assessed by measuring the variation in the periodicity of InP/GalnAs
MQW's by XRD, Figure 2.9 shows the MQW period variation over a 2" wafer, giving a standard
deviation of only 2.9%. These measurements agree well with "Dektak" stylus thickness profiles
made on partially processed devices. The reduction in thickness observed at the edges parallel to the
gas flow is thought to be due to a reduction in gas velocity occurring at the sidewalls of the

reactor. 11
2.2.4.3 Electrical uniformity

Electrical uniformity information has been obtained on layers of p-InP and n-Gag 47Ing 53As by
using a matrix of van der Pauw structures patterned over test wafers. Fully automatic wafer mapping
was used to measure the variation in sheet resistance. The p-InP layer exhibits excellent uniformity
with a standard deviation in sheet resistance of only 5%. The sheet resistance of the n GalnAs, on
the other hand, is less uniform , with a standard deviation of 19%.

The sheet resistance decreases, hence the doping level increases, along the flow direction. The model
for dopant incorporation described in section 2.2.3.1 would suggest that the downstream area of the
wafer is hottest. This is consistent with the observations made in optimising the As/P ratio
uniformity in quaternary alloys described above. Similar measurements made on a sulphur doped
Gag 47Ing 53As layer using hydrogen sulphide (H,S) as a source, showed an improvement in
electrical uniformity by a factor of about '/3. We can deduce from these measurements that the
incorporation of both Si and S as dopants is more sensitive to temperature variations than the
incorporation of Zn. This would suggest that good dopant uniformity requires a more stringent
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control of susceptor temperature profile than good alloy compositional uniformity. The doping
uniformity evaluation was performed after the quaternary alloy optimisation.

All of the above uniformity studies were evaluated whilst the author was operating on the 'C' reactor
at BNR Europe. One notable difference between this reactor and the ‘E' reactor used to perform
most of the work of this thesis, is the width of the reactor cell. The 'C' reactor had approximately
10mm clearance between the edge of the wafer and the sidewall of the reactor cell. As mentioned in
section 2.2.4.2, it is thought that this introduced 'velocity drag' and compromised the Ga/In and
thickness uniformity at the wafer edges adjacent to the sidewalls. In the 'E' reactor, however, the
width of the reactor cell was increased to avoid this problem so that there was a space of
approximatcly 25mm between the wafer edge and the reactor sidewall,
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2.3 Concluding Remarks

InP-based MOVPE is now a mature technology for the production of 1.3-1.5um optoelectronic
devices. The development of the technique from the research laboratory to the production line was
relatively rapid after the demonstration of device quality material in the mid 70's. The key
milestones in the technology are listed in table 2.2 below, with reference to the main instigator.

Table 2.2 Key milestones in the development of III-V based MOVPE.

Milestone Worker Date
Basic MOVPE growth Manasevit 1968
F_H_igh quality Al,Gaj_.As Seki 1975
GaAs FET's Bass 1975
GaAs/Al, Gay..As photocathodes Bass 1978
GaAs/Al,Gaj_,As CW Lasers Dupuis 1978
Reliable GaAs/Al,Gay_,As lasers Thrush 1979
GaAs/Al,Gay . As quantum well lasers Dupuis 1979
InP/In,Gay..As, Py, double heterostructure lasers Hirtz 1980
GaAs/Al,Ga;..As HEMT's Andre 1984
InP/In,Gaj_,As, P;_, buried heterostructure lasers Nelson 1986
Production of GaAs/Al,Gay_,As MQW Lasers STC Paignton | 1987
InP/In,Ga_yAs, P;.. MQW Lasers Dutta 1987
Thijs 1990

Although the technique has matured into a production line process it does not mean that no more
research is required, as this thesis will demonstrate.
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Figure 2.2 Schematic diagram of a vent-run MOVPE 'C' reactor. The actual 'E' reactor

configuration is identical to this except for the number of source lines, which is greater than shown
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Figure 2.3 Schematic diagram of the reactor cell, detailing the inner rectangular liner (containing
the susceptor), the cylindrical pressure housing and the exhaust charcoal canister.
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Figure 2.4 Schematic diagram of the ultrasonic cell that is used to determine the relative.
concentration of gases as part of a binary gas mixture.
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Figure 2.5 Schematic diagram showing the location of the ultrasonic cell in a TMIn gas line.
Feedback to the MFC can be provided, as shown, to maintain a constant flow-concentration product.

33



" I B/H 5 #%' +00 )" 17 ' #8011 * ! 1 2 " 4
6>6 6+ *
+*D *> 44
e < *D+9
< 4*99 B !C
B !C 49+
4D,
6*+D
66D4
6+,8 6,+,
98>> 98>> F
D8 K *4:8 ! ' D8 K 4:6 !
& ! $ #% T D/H & ! $ #% T CI
"1 B/J 15+ 1 # I* 11 # #9$ ! $# Y H
- 6K- #.1 BR % $! / I)rig I$s$!’ #G ' 1" S #% # ,
#% |/ ! + 4+ +1!, # ' I o> I+ ' # % # )!

FG



1$# | #* # $ ! #* #
&
?19
QT: V)6 !
L E7TK 6)D !
D, K *1)+ ! 9, | [ N
@ GB6D
L &7 ! I
"1 BJ/A o+ 1 # I* 11 # #3$ $# 2 % 't #
F)yri1s ! 1$$! #3$ I #* # #3% ! # 1o I * #$ | !
+ 1, # 2 % .11 I #* I+ ' # % #)! G/l /
44
CDE
#+
|
C AE
CJE
| E
$ #%
2JJAT 1/G ?B/DP
@? GAT F/DE ?B/C
@ #GA ! # + $ #
" 1 B/D o+ 1 # I* 11 # ! $# #9$ Yol #.1
+ o+ +1. # Yol # % # ) |l FP/

Fl



Chapter 3 Assessment of InP-Ga,In I-LAsyP I-yA oays

Chapter 3

Assessment of InP-GaxIn]-xAsyP1.y Alloys

3.1 InP-GaxlInj.yAsyP1.y Material System

In the 1950's and 1960's it was realised that the main limitation to using ITI-V materials in
semiconductor optoelectronic devices was the one-to-one relationship between the lattice constant
and the band gap energy of the available binary alloys. Figure 3.1 shows a plot of lattice constant
versus band gap for binary II-V alloysl. The need for semiconductor material with band gap
energies of 0.8 and 0.95 eV was driven by the requirement for optoelectronic sources and detectors
for silica fibre based optical communications (this will be discussed in detail in Chapter 5). It can be
seen from figure 3.1 that a range of ternary and quaternary alloys of the elements Ga, In, As, P and
Al, grown with the correct composition, would have the same lattice constant as InP. The alloy
system Ga-In-As-P is most suitable for optical communications, as alloys with band gaps in the
range 0.75 eV to 1.35 eV can be grown lattice matched to an InP substrate.

The first preparation of GayIn)_xAs,Pj.y alloys lattice matched to InP was achieved in 19722 by
liquid phase epitaxy (LPE). This, together with the demonstration of room temperature operation of
Gayln) _xAsyPy .y lasers34 in the mid-70's, provided the impetus for many telecommunication
companies to invest heavily in InP based optoelectronic research and development.

In order to grow GayInj_yAs,Py_y alloys, it is necessary to have a method of calculating x and y
from some assessment technique. The values of x and y can be estimated chemically using
techniques such as secondary ion mass spectroscopy and Auger electron spectroscopy but these are
generally not used due to poor accuracy. The preferred method of calculation is through an
interpretation of the band gap energy of the layer and the mismatch in the lattice constants between
the layer and the substrate. Once x and y have been determined, the grower will know if he has to
make any alterations to the [TMGa]:[TMIn] ratio or the [AsH3]:[PH3] ratio in order to achieve the
desired composition, i.e. x and y provide the interface between what the grower can control and what
properties are desired in the layer. The band gap of the layer is normally assessed using
photoluminescence and the layer mismatch using X-ray diffraction. The next sections will describe
the elements of these assessment techniques (as well as some others commonly used) and the
algorithms used to infer the values of x and y from the information generated by them.
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3.2 Photoluminescence

Photoluminescence, sometimes known as luminescence spectroscopy, describes the luminescence
observed from a semiconductor that has been excited by photons with energy hv > Eg, the band gap.
The photoluminescence (PL) spectrum can be used to identify electronic transitions that occur
intrinsically or as a result of extrinsic impurities or defects. If we want to evaluate band-to band
transitions, i.e. estimate Eg, then room temperature PL can supply this information. If, however, we
wish to perform a more fundamental study of the material and investigate impurity or defect related
transitions then we must perform the measurement at low temperatures (usually liquid helium
temperatures, 4.2K). Such a low temperature is required to prevent thermal ionisation of the
optically active centres and to minimise the broadening of any sharp spectral features by lattice
vibrations. The majority of PL data presented in this thesis will be at room temperature but some
low temperature data, courtesy of the University of Surrey, is used to describe material quality.

The photoluminescence was measured in a home made system equipped with both Nd:YAG (1064
nm) and Ar ion (514.5nm) lasers. The latter was rarely used and then only for measuring GayIn;_
xAsyPI-y alloys with wavelengths < 1.05 pm. The PL was excited by focusing the laser beam into a
1mm?2 spot, giving a typical excitation power density of 100 W/cm2. The photoluminescence was
detected using a compositionally graded InP/GayInj_4As photodiode, i.e. its composition would be
graded (with compressive strain) enabling detection of signals up to the 1.7-1.8 pm range. A PbSe
detector was available if any longer wavelengths needed to be measured. A commercially available
(Biorad) Fourier transform spectrometer was used to acquire the PL spectrum. A schematic of the
PL apparatus is shown in figure 3.2.

At room temperature, the photoluminescence is dominated by band-to-band transitions. There have
been several reports>-0 that the peak room temperature PL wavelength, 7‘pr is prone to shifting due
to the severity of the pumping intensity. Little noticeable variation in the peak PL wavelength was
found at, or below, the nominally used intensity of 100 W/cm2. The pumping intensity was similar
to those used by Kuphals, who noticed small changes in A.p (3-4nm), and about three orders of
magnitude less than Bassignana6, who noticed large changes in kp (16nm). The room temperature
band gap of the alloy under investigation is calculated from kp using the expression:

he h - Planck's constant
I c- speed of light G.2.1)
A, — peak PL wavelength
For each samples' PL measurement, the peak wavelength, peak intensity and full width at half
maximum (FWHM) would be recorded.
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In addition to resolving the PL spectrum, the apparatus shown in figure 3.2 was also capable of
spatially imaging the PL using an infra-red vidicon tﬁbe, a video camera and a monitor. The image
that is generated corresponded, spatially, to about Imm x 1mm of the wafer surface which, combined
with a movable x-y stage, enabled the operator to examine the whole wafer surface. Non-radiative
recombination centres present in the grown wafer, e.g. dislocation lines, can be resolved using this
technique as demonstrated by Gourley et al’ to evaluate the critical thickness of GaAs/GaylInj As
layers. Photographs of such images are used throughout this thesis in the discussion of growth
quality. The vidicon used in this apparatus is an Hamamatsu N2606-06 that has a spectral response

to over 2um wavelength.

Perhaps the main advantage of room temperature PL is the non-destructiveness of the technique and
the ability to perform measurements on complete grown wafers. In order to improve compositional
uniformity (and subsequently verify that grown wafers meet the required composition variation
specification), spatial mapping of the room temperature PL is required. The apparatus shown in
figure 3.2 was equipped with a 4x2" wafer x-y stage, whose positioning and spectral data acquisition
was completely computer controlled. Although the mapping density could be altered, a mapping
'pitch’ of 2.5mm was generally used resulting in approximately 660 data points per wafer. As well
as providing uniformity data, such maps are often used by device designers to select areas of the
wafer (in terms of wavelength) most suitable for their device applications, or also by the grower to

notice any growth related variations across the wafer.

3.3 High Resolution X-ray Diffraction

When an alloy of GayInj_yAsyPy_y is grown on an InP substrate it will have a different lattice
constant from the substrate, unless it is grown with a composition that lies exactly on the line of
lattice matching shown in figure 3.1. The mismatch in lattice constant between the layer and the
substrate is accommodated by a change in crystal symmetry of the layer from cubic to tetragonal.
This model assumes that the layer is coherently strained and that all the mismatch can be
accommodated in this way. If the layer is coherently strained, the in-plane lattice constant will equal
that of the substrate, whereas the lattice constant in the growth direction will be a greater or less
value depending on the magnitude of the relaxed lattice constant of the epitaxial layer. This is
illustrated in figure 3.3, which shows the tetragonal distortion for an epitaxial layer with a relaxed
lattice constant greater than the substrate lattice constant. The relaxed lattice constant is related to
the in-plane and growth direction lattice constants by the relation$:
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a; - relaxed lattice constant
( a_s__i]J a, - in-plane lattice constant 33.1
G ¢, - growth direction lattice constant
v~ Poissons ratio

2v
= c,(1+(1+ V)

Using the values of a, and a, we define mismatch as:

m=2L"9 (3.3.2)
as

Hence a positive mismatch implies a, >a; and a negative mismatch implies a <a;. Therefore to
measure mismatch we need a technique for assessing both the lattice constants of the substrate and
the tetragonally distorted epilayer, or the difference between the two lattice constants.

The Bragg condition for the diffraction of X-rays in crystalline materials is given by:

A - X -ray wavelength
d -lattice constant of material (3.3.3)
@- Bragg angle

A =2dsind

This relation can also be expressed in its differential form to describe a mismatched layer grown on a

substrate:

Ad Ad - difference in lattice constants
= =-oot 6Ag A@- difference in Bragg angles (334

This equation describes the mismatch in perpendicular (growth direction) lattice constants between
the layer and the substrate. The term A represents the difference in Bragg angles between the layer
and the substrate. It is sometimes referred as the 'splitting' and is usually expressed in arc-seconds.
The mismatch, i.e. the difference in relaxed lattice constants, is related to the perpendicular (growth
direction) lattice constant difference Ad/d through Poisson's ratio:

"= (ﬂ) M _ _(1_‘_‘1) cot GAD (3.3.5)
1+v/ d 1+v

The value of 0, i.c. the Bragg angle of InP, is generally assumed to be constant at 31.7° (for 004
reflection) and the Poisson's ratio is assumed to be 0.33 for all GayInj_yAs,Py_y alloys.

A schematic diagram of the apparatus used to measure A6 (the Philips HR1 X-ray diffractometer), is
shown in figure 3.4 . It comprises a Cu X-ray radiation source, a four crystal Ge monochromator,
the sample stage and an X-ray detector. The semiconductor wafer is mounted on the sample stage
and the Bragg angle of the substrate is then determined by 'rocking' the sample until the maximum
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diffracted intensity is detected. Once this is determined, the sample is rotated stepwise through the
desired angular scan to assess the lattice constant difference of the epi-layer(s) and the substrate. An
example of the variation in detected X-ray intensity with the rocking angle for a single layer of near
lattice matched Gaxlnl_xAsyPl_y (A=1.33um) is shown in figure 3.5. The most intense peak is that
of the substrate and the less intense that of the epilayer. The separation of the two peaks is measured
to be approximately -39.6 arc seconds, hence using the above relations, m = 150 ppm (0.015%). The

plot shown in figure 3.5 is often referred to as a rocking curve.

One of the major advantages of the X-ray diffractometer used, is the inclusion of a 4 crystal
monochromator. First proposed by Bartels?, it reduces the background intensity noise by almost two
orders of magnitude when compared to the more commonly used double crystal X-ray diffraction
technique. Consequently, the use of this instrument has been invaluable for interpreting the
mismatch data on thin (i.e. low intensity) layers and periodic structures of the type discussed
throughout this thesis.

If we replot the rocking curve of figure 3.5 on a logarithmic scale as shown in figure 3.6, we notice
that there are other peaks present. These are due to an X-ray interference effect caused by thin
layers (<lpm) and are termed thickness fringes. The spacing of these fringes in figure 3.6 is
approximately 90 arc seconds. This value can be related to the layer thickness through the formula:

ot (3.3.6)
2cos0,A0
for InP based materials this becomes
189
f P 3.3
Coam) Ad(arc secs) @37

Hence for a fringe spacing of 90 arc secs, we have an estimated layer thickness of 0.21um, which is
close to the expected layer thickness of 0.2um. In the event of several thin layers being grown, each
layer will give rise to its own set of thickness fringes which will almost always interfere with each
other and make interpretation nearly impossible. A notable exception is the superlattice structure
which consists of alternate layers of material A, with thickness t5 and mismatch mp, and material
B, with thickness tg and mismatch mg. The rocking curve of such a structure will consist of a
series of satellite peaks similar in appearance to thickness fringes. The intensity of these peaks
generally reach a maximum at a value of mismatch that is representative of the weighted mean of

my and mp, i.e.
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= Mala t el
t,+1y

(3.3.8)

This value of mean mismatch is often termed the “zero order peak" or the "net mismatch". Higher
order peaks are separated by AO. In a similar way to thickness fringes, the period of the structure
(p=tp+ tg) can be calculated from the equation:

A

=2 339
2cosf,A0

p=ty+typ

Many examples of this type of rocking curve will be presented during this thesis and the 'quality' of
the satellite peaks used to assess the quality of growth.

3.4 Determination of the Solid Phase Composition from the alloy
band-gap energy and alloy mismatch.

The ability to determine the solid phase composition of a grown alloy is fundamental in the practice
of III-V crystal growth. It is essential to the prediction of the gas flows required to grow an alloy of
interest. This was highlighted in the previous chapter when the linear relationship between gas
phase ratio and the solid phase was discussed. If we know the gas phase 'recipe’ for alloy
composition A, then in order to develop a gas flow 'recipe’ for composition B we must have an
indication of the value of the solid phase compositions of A and B, i.e. in the case of Gaylnj.
xAsyP1.y the values of x and y.

The values of x and y can be determined by direct techniques such as SIMS (secondary ion mass
spectroscopy) and Auger electron spectroscopy. These techniques will give ratios of the constituent
clements of an alloy. Inaccuracies in such direct detection techniques have prompted most InP-
GaxInl_xAsyPl_y crystal growers to use the relationships that exist between the solid composition (x
andy), and the values of the band gap energy(via photoluminescence) and the lattice constant (via a
mismatch measurement from X-ray diffraction). These relationships will be discussed for both
ternary (GayInj_,As) and quaternary ( GaxInl.xAsyPl_y ) alloys.

3.4.1 GaxIny_3As

In the case of ternary compounds there is one unknown, x. We therefore only need one piece of
information to determine it. We can use either the lattice constant (mismatch) with Vegard's law, or

the band gap energy (PL wavelength) and the dependence of I:‘,g onx. Vegard's law for GayInj_,As;
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AGa,m, a5 = X-0Gas (1= X). a1, GA41)

AGa,in, 45 - lattice constant of Ga,In; ,As
Qa4 - lattice constant of GaAs
a;,4s - lattice constant of InAs.

The lattice matching condition to InP is given when

a =a
Ga,In s = AnP (34.2)

Using the values of lattice constants in the table 3.1 below, we can show that this is reached when x

is approximately 0.47.

Table 3.1 Lattice Constants and Band Gap Energies for Ga-In-As-P Binary alloysl 6.

Binary Compound | Lattice constant (2) | Band Gap (eV)
InP 5.869 1.35
GaAs 5.653 1.42
GaP 5.451 2.74
InAs 6.058 0.36

The relationship between the band gap energy Eg and the composition x is given by:

Eg(GaxIn,_xAs) =x. Eg(GaAs) +(1-1x). Eg(InAs) -b.x.(1-x) (3.4.3)
E, (Ga n,  As) - band gap of alloy

E,(Gads) - band gap of GaAs

E,(In4s) - band gap of InAs

b - bowing parameter for Ga in,_ . As (V)

The third term of this equation takes care of the non-linearity that has been shown to exist in the
extrapolation of the ternary band gap from the two binary alloys. This non-linearity is characterised
by the bowing parameter for GayInj.,As, the published values of which vary between 0.434 and
0.6ev10-16,

Unpublished studies by Briggs comparing the values of x determined from X-ray measurements with

those determined from PL measurements, have shown that in some instances the accuracy of
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equation 3.4.3 is questionable. The inaccuracies may be explained by the magnitude of strain in the
grown layer and its effects on the band gap energy. This observation was also made, and corrected
for, by Kuphal5. As a result of this uncertainty in the relation between Eg and x, the determination
of x at BNR Europe was performed almost always by X-ray diffraction.

342 GaylnyxAsyPry

Quaternary compounds have two unknowns, x and y. We therefore need both the lattice constant
and the band gap information to determine these values. Vegard's law for Gaylny_xAs,Py.y states:

aGa‘In,_,AsyP,_y = X.Y.QGa45 +X. (l_y).aGap +(l— x).y.a]mu +(l—-x).(l-y).a1np

(3.44)
The lattice matching condition to InP occurs when:
A Gain,4s,R, = GnP (3.4.5)

it can be shown that this is achieved when x = 0.47y17.

The relationship between the band gap and the composition can be expressed by:

x.(1-x)|y. E(Ga,In,_,As ) +(1-y).E,(Ga,In, . P)|
x.(A-x)+y.(1-y)

 .(-))[% Ey(Ga,As,P) +(1-x).E,(Inds,B,,, )|

x(1-x)+y.(1-y)

E (Ga,nm_  As,F_, )=

(3.4.6)

Each of the ternary band gaps in the numerators of the above expression take the form of equation
3.4.3. Table 3.2 lists the different values of ternary bowing parameters that were available in the
literature10-16,

Table 3.2 - Values of ternary bowing parameters (in eV) found in the literature!0-16.

Ternary Moon1? Nakajima11 N ahory12 Kuphal13 Glisson14 | Adachild Krijn16
GalnP | 0.758 0.758 0.758 0.758 0.758 0.786 0.790
GalnAs | 0.478 0.460 0.436 0.436 0.600 0.555 0.434
GaAsP | 0.210 0.210 0.210 0.108 0.210 0.146 0.210
InAsP 0.101 0.101 0.18 0.078 0.270 0.091 0.280

From personal experience, it was noted that there were some shortcomings in this model. One

particular example is when two alloys were grown, in the same run, with the same group Il gas
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flows and different group V gas flows. In this example, we had a lattice matched layer and a
coherent, compressively strained layer. By virtue of the constant group III gas flows, the x values in
the two alloys should have been the same when in fact, using the above model with Kuphal's bowing
parameters, they were not. It could be argued that there may be a side reaction in which the gas
phase concentration of the group V species affects the cracking of the group III species, but this
seems unlikely as a constant composition GayInj_yAs layer can be grown with varying AsH3 flows.

Again there seems to be some shortcomings of this model when strained layers are used.

Fortunately, prior to the commencement of most of the work discussed in this thesis, we became
aware of a model developed by Silver at the University of Surrey. His relation between the band-gap
and x and y was similar to equation 3.4.6 above, but with an additional term he calls the 'quaternary
bowing parameter’. His modified band-gap equation is:

x.(1-%)[y. E (Ga Im ,As) +(1-y). E(Ga,In, .P)]
x(l-x)+y.(1-y)
- )[x. E,(Ga,ds,P)+(1-%). E,(nds, P, , )]
x.(1-x)+y.(-y)
—-x.y.(1-x).(1-y). bGa,In,,,As,,ﬁ,,

E (GaIn  As,B., )=

(3.4.7)

The value of quaternary bowing parameter, b(Gaylnj.yAsyP;.), Silver used was 1.5eV. It was
found that when we used his model in conjunction with Krijn's16 ternary bowing parameters, we
obtained excellent agreement in the values of x in samples like those mentioned above. Again it was
thought that the previously used model was prone to the effect of strain on the band gap, exemplified
by the example discussed above. The introduction of the quaternary bowing parameter seems to
have 'de-sensitised' the model to these effects. This model was used throughout this thesis to
determine solid phase compositions.

3.4.3 Alloy Composition and Quantum Well State Modelling Program

In addition to calculating the elemental compositions from the band gap and the mismatch
information, the program developed by Silver was also capable of calculating the energy of confined
states in a quantum well structure. The implementation of the conduction and valence band line-ups
between the well and barrier was achieved using the method of Krijn16. The program takes the
following information as input:

- well and barrier thickness;
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- well and barrier compositions defined as
- band gap and mismatch, or
- elemental compositions, i.e. x andy.
The program generated the following as output:
- band gap and elemental composition of the well and barrier materials;
- energy levels of confined electron states;
- energy levels of confined hole (light and heavy) states.
The program was particularly useful in comparing the results of MQW structure growths with
expectations from constituent alloys and well/barrier thicknesses.

3.5 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a characterisation technique that enables us to create
images of structures with sub-nanometre resolution, i.e. well beyond the limitations of optical
microscopy. This section will describe the principles of the technique in relation to the samples
discussed in this thesis.

3.5.1 Overview of Technique18

TEM is simply the imaging of electrons that have been either transmitted or diffracted by the
sample under examination. In order for there to be an image of the sample there must be a variation
in the amplitude of the transmitted/diffracted electron waves that reach either the imaging screen or
the photographic material.

When a high energy electron beam is incident on a thin crystalline sample, a fraction of the beam
will be directly transmitted and a fraction diffracted in a manner described by Bragg's law. An
image of the sample can be created from both of these beams. In the case of the transmitted beam,
the image contrast is provided by the variation in the energy loss experienced by the electron beam
as it passes through the sample, i.e. a variation in electron intensity. Such an image is referred to as
a bright field image. In an MQW structure, for example, the electron beam will experience a
different energy loss (associated with scattering) in the well material than in the barrier material.
The resultant differences in intensities from the well and barrier will provide the necessary contrast

to form an image.
Imaging of the diffracted beam, referred to as the dark field image, enables the microscopist to relate

imaging with the diffraction pattern. In common with most crystalline structures, III-V
semiconductors produce a transmission electron diffraction pattern that comprises a series of spots
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in the imaging plane. These spots correspond to diffraction from the interaction with the electron
beam and the various crystal planes in the sample. A TEM image can be taken at any one of these
diffraction conditions!8. The diffraction condition is often quoted in terms of its reciprocal lattice
space vector g. Most of the images discussed in this thesis are taken under the reciprocal lattice
space (400), (200) and the (220) conditions ( this is usually written as g=(400), for example). The
appropriate diffraction condition can be selected over other diffractions or the transmitted beam by
the use of an aperture at the objective lens of the microscope. In the diffraction mode the image
contrast is provided by the variation in diffraction intensity. Different types of information can be
interpreted from the TEM images of GaxInI_XAsyPl_y samples examined under different diffraction
conditions. This will be discussed further as appropriate.

3.5.2 Sample Preparation19'21

One of the fundamental requirements of the sample under investigation is that it must be thin
enough to allow electron transmission. This is commonly realised in one of two ways:
- by examining the corner cleaved edge of the structure, for example in InP based materials,
we would cleave the sample along the (0T11)and (011) cleavage planes;
- by thinning the sample. This can be done either chemically (BrpCH30H to thin InP) or
by ion beam milling (usually Ar?).
Both of the above techniques have their relative merits. The comer cleave method is quick and
straightforward to implement but limits the area of the sample that can be viewed. Samples that
require 'plan view' examination or detailed viewing of the cross-section need to be thinned.
Chemical thinning is often used for plan view analysis but it is not controllable enough to make the
thin foils required for cross-sectional examination, so ion-beam thinning is almost always used.
There are some sample preparation artifacts associated with ion beam preparation that have to be
considered when performing analysis of the TEM images, the main ones are:
- damage to the structure may be introduced during the thinning process, it can be
minimised by using optimised conditions such as low beam currents and voltages and low
incident angles for the beam. Milling at liquid nitrogen temperatures can also reduce
damage.
- coherently strained layers are prone to elastic relaxation at free surfaces
- stresses may be exerted on thinned areas of the sample by unthinned areas.
These facts were borne in mind when interpreting TEM data in this thesis. Images that are
presented were prepared by both the corner cleave and the ion-beam thinning technique.
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3.6 Other Assessment Techniques

Techniques other than those discussed above, were used to assess the material grown. They can be
grouped under thickness measurements and electrical characterisation.

3.6.1 Thickness Measurements

The thickness of the layers comprising an MQW structure were determined using either X-ray
diffraction or TEM. The thickness of lattice matched bulk layers were normally determined by
either ball lapping or 'Dektak’ thickness profiling. These two techniques would be used to determine
a first estimate at lattice matched alloy growth rates and to confirm layer thickness in grown device
structures.

Ball lapping consists of lapping a small area of the grown wafer with a ball-bearing (of fixed and
known diameter) covered in diamond 'lapping compound'. After lapping, a spherical crater would
be left in the sample and, further to delineation, the grown layers could be viewed as a series of
concentric rings. The viewed ring diameter can be related to the layer thickness if the ball diameter

is known.

Dektak’ thickness profiling is a stylus based technique where a thickness profile can be made over
mesa features on the wafer. In the case of Gaylnj_yAs grown on InP for example, we would take a
small piece of wafer and place a dot of photoresist on the sample. The sample would then be baked
for a short while to harden the resist which would be used to mask the selective etching of
GayInj_yAs. A mixture of HySO4:Hy0,:HO in the ratio 1:1:25 is known to be effective for this.
The resist could then be removed with solvent and the mesa feature profiled by the stylus. This
technique was found to be more accurate than the ball lapping as it seemed to give more consistent
growth rate results with high resolution techniques such as TEM or X-ray diffraction.

3.6.2 Electrical Characterisation

The techniques of Hall measurements, Hg (mercury) probe capacitance-voltage (CV) profiling and
electrochemical CV profiling were available to electrically assess grown wafers.

The van der Pauw based Hall effect was used to determine the resistivity, mobility and carrier type of

single layers of material grown on semi-insulating (Fe doped) InP substrates. The theory behind this
technique is discussed in detail in original works by van der Pauw.22,23
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Hg probe CV profiling uses a temporary Schottky barrier in the form of a reservoir of Hg to contact
the grown wafer. A standard reverse bias CV profile could be acquired if the relative permittivity of
the material was known. This technique only provided an adequate profile if the layer was either
undoped or modestly doped, i.e. less than mid 1016 cm=3. Carrier concentrations higher than this
cause lower breakdown voltages of the Schottky junction resulting in the inability to totally deplete
the layer and acquire a full profile. This could be overcome using the electrochemical CV profiling
technique where the reverse bias is kept fixed at a value less than the breakdown voltage. The
profile is obtained by controllably etching the sample using either anodic or cathodic etching
(depending on the type of the sample). The electrolyte provides both the ability to etch and a
Schottky barrier. The electrolyte most frequently used at BNR Europe was ammonium tartrate.
More detailed descriptions of this technique can be found elsewhere24.

48



Chapter 3 Assessment of InP-Ga,In .,_xélsyP 1 _yA oys

References

1. G.P. Agrawal and N.K. Dutta, Long Wavelength Semiconductor Lasers, Van Nostrand Reinhold,
1986.

2. G. A. Antypas, R. L. Moon, L. W. James, J. Edgecumbe and R. L. Bell, GaAs and Related
Compounds, 1972, Conf. Ser. no. 17, Institute of Physics, London, 1973, p.48.

3. AP. Bogotov, L.M. Dolginov, L.V. Druzhinina, P.G. Eliseev, B.N. Sverdlov and E.G.
Shevchenko, Sov. J. Quantum Electron., 4, 1975, p1281.

4. J.J. Hsich, Appl. Phys. Lett., 28, 1976, p283.

5. E. Kuphal, A. Pécker and A. Eisenbach, J. Appl. Phys., 73(9), 1993, p4599.

6. 1.C. Bassignana, C.J. Miner and N. Puetz, J. Appl. Phys., 65(11), 1989, p4299.

7. P.L. Gourley, R M. Biefeld and L.R. Dawson, Mat. Res. Soc. Symp., Proc vol 56, 1986, p229.

8. M. A.G Halliwell, Advances in X-Ray Analysis, 33, pp61-66, Ed. C.S Barrett, Plenum Press, New
York, 1990.

9. W.J. Bartels, J. Vac. Sci. Tech. B, 1(2), Apr-Jun 1983, p338.

10. RL. Moon, G.A. Antypas and L.W. James, Journal of Electronic Materials, 3(3), 1974, pp635-
644.

{
11. K. Nakajima, A. Yamagichi, K. Atika and T. Kotani, Journal of Applied Physics, 49(12), Dec
1978, pp 5944-5950.

12. RE. Nahory, M. A. Pollack, W.D. Johnston Jr and R.L. Barnes, Applied Physics Letters, 33(7),
Oct 1978, pp659-661.

13. E. Kuphal, Journal of Crystal Growth, 67, 1984, pp441-457.

14. T.H. Glisson, J.R. Hauser, M. A. Littlejohn and C K. Williams, Journal of Electronic Materials,
7(1), 1978, ppl1-16.

15. S. Adachi, Journal of Applied Physics, 53(12), Dec 1982, pp 8775-8792.
16. M.P.C.M. Kirijn, Semiconductor Sceince Technology, 6, 1991, pp27-31.
17. S. Adachi, Properties of Indium Phosphide, pp387-399, INSPEC(IEE), 1991

18. P. Hirsch, A. Howie, R.B. Nicholson, D.W. Pashley and M.J. Whelan, Electron Microscopy of
Thin Crystals, chapters 1 and 13, Robert E. Kreiger Publishing, 1977.

19. G.R. Booker, Inst. Phys. Conf. Ser. No. 76, Oxford 25-27 March 1985, pp 201-210.

20. R.E Mallard, G. Feuillet and P-H Jouneau, Inst. Phys. Conf. Ser. No. 117, Oxford 25-28
March 1991, pp17-20.

21. F Glas, Inst. Phys. Conf. Ser. No. 134, Oxford 5-8 April 1993, pp269-278.

22. L.J. van der Pauw, Philips Research Reports, 13(1), Feb 1958, pp2-9.

49



Chapter 3 Assessment of InP-Ga, In 1_x4syP 1-yA oys

23. L.J. van der Pauw, Philips Technical Review, 20(8), 1958/9, pp220-224.

24. M. Razeghi, "The MOCVD Challenge', Adam Hilger, 1989, Chapter 2.

50



Chapter 3 Assessment of InP-Ga In _xAsyP 1y Alloys

WAVELENGTH, A (microns)
43 2 12 10908 07 06 05
6.2 T T T T T T T

o

LATTICE CONSTANT, a (A)
o
©

I

) ~ @
T I I

o
o
T

o
>
|

Alx GO|-xP

53 AN NN !

o] 0.5 1.0 1.5 2.0 25 30
BAND GAP, Eg (eV)

Figure 3.1 Band gap and lattice constant for GayIn}_xAsyP}_y (clear region). Hatched lines
indicate areas of indirect band gap. Dotted lines indicate quaternary compositions which are lattice

matched to the binary compound.
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Figure 3.2 - Schematic diagram of room temperature photoluminescence apparatus. The FTIR
spectrometer is constantly purged with N, to minimise the effects of water absorption lines.
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Figure 3.5 - HRXRD Rocking curve of A=1.33 pm GaylIn}_yAsyP}_y layer. The most intense peak
is that of the InP substrate and the less intense is that of the grown layer. Since the difference in

rocking angles between the layer and the substrate is negative we can deduce that the layer is

compressively strained.
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Figure 3.6- HRXRD Rocking curve of the same sample describe in figure 3.5 but with a logarithmic

y-axis scale. Such plots are useful for evaluating relatively low intensity periodic fringes which can
be observed using HRXRD. These fringes are caused by the layer thickness. The thickness can be

estimated from the 90 arc second separation to be 0.21 pm.
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Chapter 4

The Growth Limitations Imposed by the
Critical Thickness-Mismatch Product

4.1 Introduction

Lattice mismatch arises when an epitaxial layer is grown with a different lattice constant from that
of the substrate. In the InP-based GayIn)_yAsyP)_y alloy system the lattice parameter is controlled
by the extent to which Gallium and Arsenic atoms are introduced into the group III and group V
sub-lattices of InP. The lattice parameter will be increased by the introduction of Arsenic into InP
since the size and bond length of Arsenic are greater than those of Phosphorus, whereas the lattice
parameter will be decreased by the introduction of Gallium into InP as its size and bond length are
less than Indium. By carefully controlling the ratios of the group III and group V species, these two
counteracting effects can be balanced, giving rise to a lattice matched epitaxial layer. Figure 4.1
illustrates the range of compositions in the InP-GayInj_yAs,Pj.y, material system that have zero
mismatchl. If the layer is not grown under these conditions then it will have a net mismatch, the
sign of which depends on the lattice constant of the epitaxial layer in relation to that of the substrate.

Figure 4.2 illustrates the two possible situations that can occur in InP based epitaxy. When a thin
epitaxial layer with lattice constant aj, is grown on a relatively thick substrate with lattice constant
ag so that all the mismatch is accommodated elastically in the grown layer, we define the mismatch,

m, as:

m=L=9% _Aa
a, a
a; - relaxed lattice constant of epi -layer

4.1.1)
a, — lattice constant of substrate

The mismatch is often expressed in parts per million or as a percentage, depending on its
magnitude. The term mismatch is often referred to as strain and vice versa, which is a common
misnomer. When an epitaxial layer has a positive mismatch, the lattice undergoes compressive
strain in the plane of the growth and tensile strain in the growth direction. Conversely a negatively
mismatched layer is subject to tensile strain in the plane of growth and compressive strain in growth
direction, these scenarios being illustrated graphically in figure 4.2. It is interesting to note from
these schematic diagrams that there is a change in the lattice symmetry of the epitaxial layer from
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cubic to tetragonal when it is grown on a mismatched substrate. This is known as tetragonal
distortion and arises as a result of the in-plane lattice constant assuming the lattice constant of the

substrate. The net strain in the growth plane is given by:

_@-a) 4.12)
a

€ TEx T &y
s

which is often referred as the bi-axial strain. In response to bi-axial strain the lattice constant
changes in the growth direction. The strain in the growth direction, €, is given by:

-2
€ =—1_‘;€n “4.1.3)

where v is Poisson's ratio. For tetrahedral semiconductors v is approximately 1/3 so €, = -eLZ. The

total strain can be resolved into axial and hydrostatic components, these can be related to the strains
in the growth plane and in the growth direction. The axial component is given by:
€m=€l—8||5—2€|| (414)
and the hydrostatic, or volumetric, component is given by:
3hyd=£xx+£”+€”z8||. (4.1.5)
By resolving the strain into these two components, the effect on the band structure can be
calculatedS.

The above equations assume that the epi-layer is grown so that all the strain is accommodated
coherently, i.e. a critical thickness-mismatch product has not been exceeded and the entire epi-layer
is tetragonally distorted. When this critical product is exceeded the strain must be relieved in an
alternative way, which is normally manifest in the generation of crystallographic defects such as
misfit dislocations. As the epi-layer continues to grow beyond its critical thickness, the in-plane
lattice parameter will gradually change from the value of the substrate to the relaxed value. This
process is called relaxation and is defined by:

a,—a, 4.16)

ap —ag

R=

R - level of relaxation (%)

ap, - fully relaxed (bulk) lattice parameter
a, - partially relaxed lattice parameter

a, - coherently strained lattice parameter

The concept of a critical thickness at which a strained epi-layer changes from being coherently
strained to being partially relaxed was first proposed by Frank and van der Merwe?. It was studied
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in depth in the GaAs-GaAsg 5P 5 material system by Matthews and BlakesleeS, Some of their key
observations were:
- the critical thickness for the onset of misfit dislocations and relaxation is described by the

equation

“.1.7)

a (l_%) (m V2h, , IJ

8=ﬁhc 27r(l+v) a

£ - strain

h, - critical thickness

v- Poisson's ratio

a- lattice constant of substrate

- the dislocation lines were parallel to the intersection of the {111} slip planes and the
growth interface plane, i.e. (100). This means that the dislocations were parallel to the

[011] and [011]directions on the (100) plane.

Figure 4.3 graphically illustrates the above equation for the InP- Ga,Inj_,As material system. It
shows that for a capped layer grown with a strain of 1%, the critical layer thickness is in the region
of 240 A. Although it is unlikely that a strained layer in excess of this thickness will be grown as
part of a quantum well structure, it is often necessary to grow relatively thick layers for the purpose
of calibrating the layer composition and growth rate against the growth conditions, hence these
results have to be borne in mind. The above equation 4.1.7, is the accepted expression for a strained
layer that is sandwiched between layers that are nominally lattice matched, i.e. in the case of InP
based materials the strained layer would be capped with a layer of InP. Fitzgerald6 describes, that in
the case of uncapped layers, the RHS of the above expression (4.1.7) for critical layer thickness is
divided by 2, resulting in a reduction of the critical thickness value. When the critical thickness of a
capped structure is exceeded, relaxation occurs via the generation of misfit dislocations at both the
bottom and top interfaces of the strained layer. Whereas in the case of an un-capped structure the
relaxation occurs via the generation of misfit dislocations at the bottom interface onlyS. The
question arises: how does a growing layer know which critical layer thickness to obey, the capped or
the un-capped? In other words, if a growing layer exceeds the critical thickness defined by an un-
capped structure, why does it not relax at the bottom interface prior to the deposition of the cap? It
is conventionally accepted7 that when a strained layer is grown in excess of its uncapped critical
thickness, it becomes metastable with respect to relaxation. Whilst in this metastable condition,
relaxation via the generation of misfit dislocations depends on the energy barriers associated with

their formation and motion, which are known to be dependent on the temperature of the substrate.
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Figure 4.3 illustrates the critical layer thicknesses for both capped and un-capped structures in the
InP-GayInj_xAs system.

4.2 Critical layer thicknesses of individual layers

Strained layer GaAs-GaylInj_cAs epitaxy has been the most intensely studied III-V strained layer
system. The determination of the critical thickness of this material system generated some
controversy in the field Some authorsS reported agreement with the Matthews-Blakeslee
predictions that were outlined in section 4.1. Others? reported critical layer thicknesses that were
greater by factors ranging from 3 to 10. The controversy was resolved by Gourley et all0, who
demonstrated that some assessment techniques were more sensitive at resolving the critical thickness
point than others. They showed that photoluminescence (PL) imaging could resolve dark line
defeéts (misfit dislocations) in capped layers grown slightly over the critical layer thickness i.e. 250
A of Gag gIn 7As (1.4% strain). This was in stark contrast to an assessment by interpretation of
the X-ray rocking curve, which only showed signs of relaxation when a layer thickness of 600 A was
grown. The PL image of this layer had shown it to be heavily dislocated. Although Gourley et al
resolved the controversy, it was Andersson et al8 who first used photoluminescence measurements to
predict critical thicknesses. This was judged by the reduction in intensity and increase in wavelength
of a PL spectrum rather than by the direct imaging of defects. It is generally accepted amongst the
PL ‘community'11 that PL imaging is a more sensitive technique.

Fortunately the PL imaging technique was available to the author for assessment of the InP based
structures grown as part of this work (for a more detailed description see section 3.2). Its ability to
provide a direct indication of whether defect generation has occurred in a non-destructive manner
and on a full wafer scale makes it not only a very powerful analytical technique, but also a method of
screening out defective wafers when strained layer structures are grown as part of a device
production process. Occasionally, when calibration layers are grown to optimise the growth
conditions for a particular alloy composition, the critical thickness-mismatch product is exceeded
and strain relieving dislocations are introduced. PL imaging is also used in these cases to identify
defects. Figure 4.4 shows PL images taken from two wafers, the details of which are given below in
table 4.1.

Figure 4.4a is a PL image taken from a 0.8% compressively strained GaylInj_ AsyPl,y layer. It is

interesting to note that the defect lines run predominantly in the [011] direction with the occasional
defect running in the orthogonal [011] direction. Figure 4.4b is an image taken from a -0.3%
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tensile strained GayInj_yAsyP}_y layer; the preferred direction of the dislocations is opposite to that
of the compressively strained sample. Only a few faint defects can be resolved in the [011] direction.

Table 4.1 Description of samples whose PL images are shown in figure 4.4.

Figure 4.4a Figure 4.4b
Mismatch inferred 0.8035% -0.315%
from rocking curve (compressively strained) | (tensile strained)
Mismatch measured ~0.83%
on thinner layers
Layer thickness ~550A ~3000A
Predominant direction | {011] [01T]
of dislocations

It is interesting to note that the X-ray rocking curves of these samples, shown in figure 4.5, are
indicative of high quality samples. One of the known effects of layer relaxation is to broaden the
FWHM of the layer signalu, but there are no signs of this in these two samples. In fact the
measured mismatch of the 0.8% compressively strained sample was almost identical to the value
inferred from an MQW structure grown with wells of the same composition as this layer but with
thicknesses well below the critical value (see section 7.2.2). These observations are consistent with
those of Gourley et allo, confirming that PL imaging is more sensitive than X-ray diffraction for
detecting when the critical thickness has been exceeded . X-ray diffraction can still be a useful
characterisation tool when the layers of interest are thicker. In such ‘heavily relaxed' layers, the
dislocation density can be so great that it quenches all the photoluminescence making imaging
impossible. Figure 4.6 compares the rocking curves of two samples grown with the same
composition of 0.95% compressively strained Gaxlnl_xAsyPl_y material. Figure 4.6a is the rocking
curve of the sample shown in figure 4.6b, in which the layer thickness, 350 A, is approximately a
factor of 1.5 greater than the critical value. A sharp, well defined, peak with strong 'thickness
fringes' (a sign of good layer quality, see section 8.3) is observed in this sample. Figure 4.6¢ is the
rocking curve of the variable thickness quantum well stack shown in figure 4.6d, the single thickest
layer of strained Gaylnj._ AsyPl_y in this structure being 1200 A, approximately 5 times greater
than the critical value. It is obvious from the rocking curve that the layer peak is diffuse with no
thickness fringes. Again these observations are consistent with those of Gourley et all?,

There are reported differences between the GaAs-GayIng_yAs and InP-GayIn|_,As material systems
in the manner in which individual layers relax. Wagner et all? have shown that in the case of
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tensile strained, uncapped InP-GayInj_ As layers, relaxation is via the nucleation of partial
dislocations at the upper, un-capped surface. Tsuchiyu et al20 did not observe this in the same
tensile strained structures, but instead observed cracks in the tensile layer. In the case of
compressively strained InP-GayInj_yAs un-capped layers, Tsuchiyu et a120 reported relaxation via
the generation of misfit dislocations at the interface between InP and GayIny_yAs. The behaviour of
compressively strained InP-GayIn;_,As is therefore similar to that of compressively strained GaAs-
Gaylnj_xAs.

4.3 Multiple Quantum Well Structures Incorporating Strained
Layers

The behaviour of strained MQW stacks whose barrier material is of the same lattice constant as the
substrate is, generally speaking, less well studied than that of the single quantum well case. In the
GaAs-GayIn) _,As system Fritz et al!3 have studied such structures. In their paper, they seem to
suggest that the introduction of misfit dislocations into the structure is governed by the critical
thickness of the single quantum well. In addition, it is expected that a second critical thickness,
imposed by the net strain of the stack, will also be an overall thickness limitation, i.e. limiting the
number of well-barrier cycles which can be grown. 14 The net strain of an MQW structure is given
by the expression:

(Aa) _ L, +Lg L.+ L&
n=0

a. L, +1, A

“.3.1)

L,,, L, — well and barrier thicknesses

&,,,&, — well and barrier strains

A- MQW period=L,, + L,

(ﬁJ — net strain of MQW structure or mismatch of

a/p-0

'zero-order' peak as observed in X - ray diffraction.
In summary, there are two critical thickness conditions for an MQW structure: one for the individual

strained well, the other for the strained stack. Beanland et all3 have discussed this and proposed
that if
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N.A> hc|(Aa) andL, <h,

a /p=o

N - number of well / barrier cycles

A - MQW period = L+ L,

L, —well width

hcl( g] ~ critical thickness of strained MQW stack

a7/ peo

(ﬂ) —net strain of MQW structure or mismatch of 43.2)
a/p=0

'zero -order' peak as observed in X - ray diffraction.
h, — critical thickness of the 'individual well'

then the structure will relax, not through the generation of dislocations within the quantum well
stack, as in the case of the individual well exceeding its critical thickness, but at the interface
between the entire stack and the GaAs buffer layer. This phenomenon has also been observed
experimentally by Gourley et allé, who demonstrated using PL imaging that dislocations were
present in such a structure only at the interface between the stack and the buffer layer. They
achieved this by varying the depth to which the incident excitation beam penetrated the structure,
enabling the PL emission to be probed in a vertical sense. With shallow probing they could examine
the upper quantum wells in isolation from the rest of the structure, whereas with deep probing they
could resolve the behaviour of the structure at the buffer/stack interface. No dislocations were
observed in the upper wells, but the interface between the stack and the buffer layer was heavily
populated with strain relieving defects.

In the GaAs-GaylIny_yAs MQW system, the criteria for an individual well, Ly,< h, in equation
4.3.2 has been shown to be governed by that of the capped critical thickness!3-14. In the InP-
GayInj;_yAs MQW system, Temkinl” presented experimental evidence which indicated that the un-
capped critical thickness described the misfit dislocation behaviour of the individual well. Similar
experimental evidence was presented in the InP-GayIny_yAs MQW system by Le Corre et all8,

4.4 Multiple Quantum Well Structures with Strain Compensation

The problem of generating misfit dislocations at the interface of the strained quantum well stack and
the buffer can be overcome by growing the structure with zero net strain between the stack and the
buffer layer. Zero net strain, or strain compensation, can be achieved by growing the wells under
compressive strain and the barriers under tensile strain or vice versa, the strain being relative to the
buffer layer. Only compressively strained layers can be grown in the GaAs-Ga(In,Al)As(P) based
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material system. Hence, to attempt strain compensation, a buffer layer must be grown that is graded
in composition from that of the substrate to a value with a strain equal to the net strain of the stack
that is to be grown. Matthews and Blakeslee?! demonstrated this by growing a GaAs/GaAsg 5P 5
MQW stack on a GaAsg 75P 95 buffer layer. The buffer layer was graded in composition over 30 p
m in thickness from GaAs to GaAsg 75P¢ 75 and continued at this composition for a further 5 pm.
GaAs grown on top of this material will have a relative tensile strain of 0.9% and GaAs 5P 5 will
have a relative compressive strain of 0.9%. Therefore by growing the wells and barriers with the
same thickness, a strain compensated structure can be grown. There is now the possibility of
growing potentially limitless numbers of well/barrier cycles providing that the net strain is kept as
small as possible. One of the problems that plague this approach is that misfit dislocations are
generated as part of the graded buffer layer process and their presence at the interface of the buffer
layer and the MQW stack is difficult to prevent. However strained layer superlattices have the useful
metallurgical property of inhibiting the vertical propagation of threading dislocations that occur as a
result of misfit strain. Such strain compensated structures have been grown and studied by many

groups, too numerous to mention.

Even though the strain compensated structure acts as a 'dislocation filter', it is thought by many that
the presence of misfit dislocations at the base of the stack would be a latent reliability hazard for any
electronic or optoelectronic device using such a stack as its active region. In the

InP-GaylIn)_xAsyP] .y based material system, nature has been kinder to the crystal grower as both
compressive and tensile alloy materials can be grown directly onto an InP substrate, so allowing the
opportunity of investigating strain compensated MQW growth without the complication of growing
graded buffer layers. The following chapters describe the growth and assessment of both
compensated and non-compensated MQW structures in InP based materials, with consideration of
the results that have been reported in the literature for the GaAs-GaylIny_yAs and other strained

layer material systems.
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The Growth Limitations Imposed by the Critical Thickness-Mismatch Product

Chapter 4
Critical layer thickness of GalnAs on InP as a function of mismatch
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Figure 4.3 Plot of the Matthews-Blakeslee critical layer thickness for strained Ga,Inj_,As alloys
grown on InP substrates. Plot shows the critical thicknesses for both capped and uncapped
structures.
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Figure 4.5a Rocking curve of sample whose PL image is shown on figure 4.4a. There is no
indication of any deterioration in the quality of the layer.
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Figure 4.5b Rocking curve of sample whose PL image is shown on figure 4.4b. Again, there is no
indication of any deterioration in the quality of the layer.
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Figure 4.6a Rocking curve of structure shown in figure 6b below. The sample exceeds the critical
layer thickness but exhibits a sharp well defined layer peak with strong thickness fringes.
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Figure 4.6b Structure of sample whose rocking curve is shown in figure 4.6a above.
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Figure 4.6¢ Rocking curve of structure shown in figure 6d below. The sample exceeds the critical
layer thickness and the deterioration in layer quality is demonstrated by the broadening of the layer

peak.
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Figure 4.6d Structure of sample whose rocking curve is shown in figure 4.6¢ above.
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Chapter 5

InP-Based Quantum Well Lasers

5.1 The Role of InP Based Lasers in Modern Telecommunication
Systems

The development of the InP-based laser has been fueled by the developments in silica optical fibres.
The first semiconductor diode lasers, however, were GaAs based and operated in the 0.8-0.9 um
wavelength range. It was by using this material system that the technology of semiconductor laser
fabrication was developed. A disadvantage of this material system was that the wavelength of
operation was not well matched to the low loss and low dispersion characteristics of optical fibres, as
shown in figure 5.1. In comparison however, the InP-GayIn)_yAsyP).y based material system, by
virtue of the band gap energy of the alloys involved, enables laser diode structures to be fabricated
with active regions that will operate in the important 1.3um and 1.55pum wavelength windows that
are identified in figure 5.1. One further advantage of InP-GayInj_yAsyP]_y over GaAs based lasers,
is that the former secem to be less susceptible to degradation in performance (predominantly caused
by the generation of dark line defects), over long periods of time.

This combination of wavelength compatibility with a low loss/dispersion transmission medium and
highly reliable performance, has made the InP based laser one of the key building blocks that has
driven the highly successful optical fibre transmission business. One of the most important and
profitable areas of this business is trans-continental systems that are deployed under the sea. These
so-called sub-marine systems can carry many parallel optical fibre channels and enable
telecommunication data to be transmitted to an end receiver with minimal delay. It is this feature of
minimum delay together with the economics of capital investment and maintenance that makes
optical fibre transmission more attractive than satellite based systems for the major telephone
companies that provide long haul trunk telephony.

The first example of a commercial sub-marine optical telecommunication system was the so-called
TAT-8 link between Europe and North America. It was laid in 1988 and was based on an operating
wavelength of 1.3um. The information carrying capacity of this system exceeded the total capacity
of all previously laid sub-marine copper cables. The next systems, for example TAT-9 and 12, were
based at 1.5um operating wavelength where the loss of the fibre is lower than at 1.3um. The
problem of fibre dispersion at this wavelength can be minimised by using narrower spectral
linewidth distributed feedback (DFB) lasers or by employing specially fabricated dispersion shifted
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fibre, where the dispersion zero is shifted from 1.3pm to 1.5pm. One common feature of all of the
above systems is the need to provide a regeneration of the optical signal at periodic lengths along the
optical train to overcome the finite loss of the fibre. In the above systems this was provided by
optical repeaters which convert the optical signal into an electrical one, electrically amplify the
signal, re-synchronise the signal with the system clock frequency before re-converting back into an
optical signal for transmission. These repeater systems consist of many sub-systems and
components, all of which provide a finite reliability hazard and contribute to the overall reliability
budget of the system as a whole.

The Erbium doped fibre amplifier was developed in the late 1980's and is now an attractive
alternative to the repeater as it is much simpler to construct, has fewer associated control electronics
and is cheaper. Another main advantage of the fibre amplifier is that it is ‘bit-rate transparent’, i.e.
unlike optical repeaters it does not require a major re-design in the high-speed eclectronics (that
perform signal re-generation) each time the bit-rate is increased. The optical signal passes through,
and is amplified by, the fibre amplifier. The gain is provided by the Er ions which have to be
optically pumped at either one of two wavelengths: 0.98um or 1.48um The former yields an
amplifier with better noise characteristics than the latter. Despite this, the first long-haul optical
systems using fibre amplifier technology used 1.48pum InP-based high power laser pumping sources,
by virtue of the high reliability track record that InP-based devices have when compared to GaAs
based devices. Although the systems using InP based pumps are in successful operation, system
designers now prefer the low noise characteristics offered by the 980nm pump source which can be
fabricated using the strained GaAs-GayInj_yAs material system.

As optical transmission technology has matured, the speed at which data is transmitted, the bit rate,
has grown to cope with the increasingly diverse demands of telephony and data communications.
Table 5.1 below lists the evolution in the standardised bit-rates as defined by ITUT for SDH
(European based Synchronous Digital Hierarchy standards) and ANSI for SONET (North American
based Synchronous Optical Network)

Table 5.1 Evolution of standardised bit-rates for SDH and SONET.

SONET SDH Line Rate (Mbits/sec)
0OC-1 N/A 51.84
0OC-3 STM-1 155.52
0C-12 STM-4 622.08
0C-24 N/A 1244.16
0C-48 STM-16 2488.32
0C-192 STM-64 9953.28
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The majority of optical transmission systems operate at maximum bit-rates defined by OC-48/STM-
16, but most large telecommunication equipment suppliers are developing and deploying 10
Gbits/sec systems. The systems operating up to, and including, 2.5 Gbits/sec, were mostly based on
lasers that were directly modulated, e.g. a 2.5 Gbits/sec electrical pulse waveform would directly
modulate the biasing of the diode laser. At 10 Gbits/sec and beyond this becomes increasingly
difficult due to wavelength chirp (spectral broadening caused by carrier-induced refractive index
changes in the laser). This can be overcome by driving the laser in a CW mode and using an
external intensity modulator.

5.2 Lasing Action in InP Based Lasers and the Advantages of
Quantum Wells

There are several detailed texts that discuss the theory of operation of semiconductor lasers! in
general and InP based lasers? in specific. Only a few important aspects of the principles of
operation are outlined here.

5.2.1 Basics of Laser Action in Semiconductor Lasers

There are three possible ways that an electron can interact with a photon in a direct band-gap
semiconductor:
- Spontaneous emission of a photon occurs when an electron recombines with a hole to
ptroduce a photon;
-Absorption of a photon with an energy greater than the band gap of the semiconductor will
result in an electron being excited from the valence to the conduction band,
- The third, and most important interaction as far as lasing is concerned, is that
between a sufficiently energetic photon and an electron in the conduction band. This
interaction gives rise to two photons, with the emitted photon being in the same frequency
and phase as the incident photon. This process is termed stimulated emission and is, in
comparison to the other two, the least probable transition to occur under thermal
equilibrium conditions.

If we approximate the band structure of a semiconductor to a 2 level electronic system, we can

describe the thermal equilibrium of upward (valence to conduction) and downward (conduction to

valence) transition rates in the presence of an optical field by

Ay, + By iy ®(v) = Biny @(v) 521
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A,, — Einstein A co -efficient describing spontaneous emission (s™")
B,,, B); — Einstein B co -efficients describing stimulated

emission and absorption respectively (m’® / Js*)

ny,n, — populations in the respective energy levels (m®)

@®(v) ~ optical field (Js/ m®)

The LHS of equation 5.2.1 represents spontaneous and stimulated emission rates (which both depend
on the population in level 2) and the RHS represents absorption (which depends on the population in

level 1). By further assuming a Boltzmann approximation for the distribution in electron energy, i.e.

m_ [-&-E)]|__ [-hv
n exp[ kgT ] CXD[kBT} ¢22

kg — Boltzmann's constant 1.381x102 J/K 4 — Planck's constant 6.626x10™* Js
T — temperature (K) hv— Energy of tansition (J)

we can show that:
L’z_=_§1ﬁ(_t’)_=exp[;"£] (5.2.3)
m o Ay + By ®(V) kgT

If B1»=B»1, i.e. the probability that a photon will transfer an electron from level 1 to 2 is the same

as from 2 to 1 then we can say:

stimulated Mg stimulated _ BOD(y)
absorption n; spontaneous A

(5.2.4)

Hence in order to achieve laser action, we require an excess population in level 2 (i.e. population
inversion) and an intense optical ficld so that stimulated emission is much more likely to occur than
spontaneous emission. The ratio of stimulated to spontaneous emission can be likened to a signal to

noise ratio.

The state of population inversion can be achieved in a p-n junction by biasing the device in the
forward direction so that there is a higher density of electrons in the conduction band than there
would be under thermal equilibrium. A simple schematic of band bending in a homojunction p-n
diode under forward bias is shown in figure 5.2. Electrons and holes participate in the stimulated

emission process only within the depletion region of the p-n junction.
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5.2.2 Threshold Current, Efficiency and Temperature Sensitivity

As the level of population inversion increases, a point will be reached when there will be an equal
probability of an incident photon being either absorbed, or participating in stimulated emission. At
levels of population inversion greater than this, the device will provide gain. The general condition
for net gain is given by Bernard and Duraffourg3 as:

En,-Eg>hv2E, (5.2.5)

E e~ Quasi - Fermi level in conduction band
E o Quasi - Fermi level in valence band
hv— photon energy

Hence there is a window of photon energies between the band gap, Eg, and £y - Eg, in which net

stimulated emission will occur. The injected current density at which this occurs is often termed the

transparency current density.

Although the main criterion for lasing action, i.e. net stimulated emission, is met at the so-called
transparency current density, there still exist other 'loss' mechanisms that have to be overcome and
therefore require an additional amount of excited electrons. The point at which these losses are
overcome is termed the threshold condition. Like any other laser, a semiconductor laser requires a
reflective cavity to generate the optical feedback that gives rise to laser oscillation. This is achieved
in semiconductor lasers by the use of a Fabry-Perot cavity where the cleaved ends (facets) of the laser
chip act as partially transparent mirrors and the cavity length defines the longitudinal mode spacing.
Alternatively, the feedback can be provided by a grating etched in a layer of the laser structure along
the length of the active region, the longitudinal mode properties being defined by the grating
characteristics. This is often termed a distributed feedback (DFB) deviceZ. A third type of feedback
can be provided by a combination of the Fabry-Perot structure and the DFB, this is known as a
distributed Bragg reflector (DBR) structure2. These three types of feedback mechanisms are
illustrated in figure 5.3.

There are two types of losses we have to consider: internal losses and mirror losses. At threshold,

the gain of a Fabry-Perot laser cavity must exactly balance these losses. i.e.
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Fg =&, +l"aim

1 1 52.6
=-—1} +Tq; (5.2.6)
2L R,RZJ Fint

T" — optical confincment factor (dimensionless) a;,, — internal losses (cm™)
g— material (or intensity) gain (cm™) L —1laser cavity length (cm)
a,, — mirror loss (cm™) R,, R, —facet reflectivities.

One of the main sources of internal loss is non-radiative recombination, where electrons and holes
recombine without the gencration of a photon. These mechanisms will be discussed further in

chapter 6. The injection current density at which threshold occurs can be written as:
J!h = Jrad+Jnonrad+Jse (527)

J,5, — threshold current density (Acm™)

J,.q — Tadiative recombination current density(Acm?)

J onrad — NON - 1adiative recombination current density(Acm’”)
J,, —current density required for stimulated emission(Acm™)

Radiative recombination is a commonly used term to describe spontaneous emission.

Figure 5.4 illustrates the effect of increasing the injection current on the optical output power of a
‘typical' semiconductor laser, such a plot is commonly termed as a light-current (L-I) characteristic.
Once the threshold condition has been met, any further increase in injected current results in the
optical power increasing by several orders of magnitude. After this, the increase in output power is
linear with the injection current, until some saturation point is reached where the relationship
becomes sub-linear. An important parameter that is used to describe the performance of such a
device in the linear region, is the external (or differential) quantum efficiency, ng, which relates the
efficiency with which the laser can convert injected current into optical output. The external
quantum efficiency at an operating current I, is described by:

( photon escape rate J
Na =17k

photon generation rate
ih{ 1 J 5.2.8)
SN D 7 v P e _dPe
4 | o +1h{ 1) d-1,)hv dl hv
™ 2L \RR,
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7, —internal quantum efficiency P, - output power of laser
I, — threshold current of laser hv - photon energy

The internal quantum efficiency, n;, is the ratio of radiative to total recombination rates and has an
ideal value of unity when stimulated emission is achieved, i.e. above threshold.

Both threshold current and external quantum efficiency are sensitive to changes in the temperature
at which the device is operating. The threshold current is commonly (empirically) found to vary
with temperature as:

I,=1, exp(%J (5.2.9)

where I is a constant and T() is known as the characteristic temperature. Ideally it would be
desirable to have a Ty as high as possible to minimise the effect of temperature on device
performance.

5.2.3 The Advantages of Using Multiple Quantum Well Active Regions

A quantum well is a thin layer, for example less than 200A, of a relatively low band gap
semiconductor (e.g. Gag 47Ing 53As) sandwiched between two layers of higher band gap
semiconductor (¢.g. InP or Gaylnj_yAsyPj.y ). The lower and higher band gap materials are
referred to respectively as wells and barriers. A multiple quantum well is a sequence of such
"sandwiches", usually with a constant well and barrier thickness through the sequence. The
different relative energies of the well and barrier materials give rise to a square well potential in the
conduction band, due to the conduction band offset, and similarly in the valence band due to the
valence band offset. Such a structure is the physical realisation of the quantum mechanical 'particle
in a one dimensional box' problem. The well-known solution to this problem is the quantisation of
the energy levels, for both electrons in the conduction band and holes in the valence band, into
discrete levels. The position of the energy levels in the wells depends on the effective mass of the
carrier, the conduction/valence band discontinuity and the well width. The energy levels can be
calculated by solving the Schrodinger wave equation. In general the conduction and valence band
offsets are relatively constant in the InP-GayIn)_xAs,Py_y based materials system at>;

AE./ _
%E =039+001

(5.2.10)
v —_
A EAE =0611+001
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where AEC(V) is the difference in the conduction(valence) band edges, and AE is the difference in the
band gap. The holes are therefore in a much deeper well, and consequently more confined, than the
electrons (the confinement also depends on the effective mass, the greater the effective mass, the

greater the confinement) .

The presence of discrete energy levels means that carriers will be quantised in motion in the growth
direction but free to move in the x-y plane, i.e. the growth plane. If an electron and hole recombine
in a quantum well structure, the wavelength of the emitted photon is no longer defined by the band
gap, but by the separation in the energies of the n=1 valence band level and the n=1 conduction band
level. Thus by controlling the thickness of the well material we can control the wavelength of

emission.

A further consequence of the quantisation of the energy levels is that the density of states is no
longer continuous and parabolic with the energy of the carrier, but is quantised into a series of
discrete steps (each step occurring when the energy of the carrier equals that of the quantised level).
In a semiconductor laser, the majority of radiative transitions occurs at the band edge as no change
in momentum is required, hence we can relate the efficiency of the laser to the density of states
(DOS) close to the conduction band edge. In a device with a bulk active region, the DOS at this
point is low, whereas in a quantum well laser the DOS has a step like change to a finite value, which
is relatively large compared to the bulk case. Therefore a quantum well laser should be more
efficient, i.e. higher gain for a given injection level, than a bulk device. In summary, the effects of
the increased DOS at the band edge on laser performance are:

- reduced threshold current density due to higher gain for a giveén current injection
level,

- higher differential gain at low injection levels;

- increased modulation bandwidth and reduced spectral linewidth due to increased
differential gain;

- reduced wavelength chirp as a result of increased differential gain.

One major limitation of the quantum well laser is the effect of gain saturation that results from the
step-like nature of the DOS. An important parameter to optimise in the design of a quantum well
laser is the optical confinement factor, i.e. the fraction of the intensity in the guided region that
interacts with the active region. Unlike a bulk active region device, it is often necessary to include a
separate confinement heterostructure (SCH) to maximise the optical confinement factor, I', in MQW
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based devices. A further improvement in MQW based devices is the reported improvement in
characteristic temperature, TOG.

The InP-based MQW active region laser is, however, not without its problems. These will be
discussed in Chapter 6.

5.3 Threshold Current Density Analysis of Quantum Well Lasers

For GaAs-based quantum well lasers, MCTlroy et al’ deduced theoretically that the relationship
between the gain co-efficient per unit length, g, and the injection current density, J, could be
approximated by the relationship:

eJ
Fg=NI‘wGw=N1"wGol N_JOJ

3.1

NT,, — optical confinement factor for structure expressed as number of wells times
the confinement factor per well

G,, — gain co - efficient per well

Gy, J, —constants

¢ - Eulers constant, i.e. exp(1) =2.713

The gain co-efficient required to reach threshold, gg,, may be equated to the total losses as defined
by the equation in section 5.2.2:

J, 1 1
= N[, G,| 1+1 —"’—) =——h{ )+I‘a-
Em w o( N, J 2L \RR, int

(5.3.2)
&y, — gain of structure at threshold =I'g
Ia;, —loss of structure = a
re-arranging this equation for In(J;y,)
1 1 a
In{J,) = + +In{ NJy) -1 (5.3.3)
o) (ZLNFWGOJ m(R,RZ) NT,G, In(N)

This theoretical relationship is supported experimentally in GaAs-based lasers’ and InP-based
MQW laserss, by the observation of the empirical relationship:
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m(zﬂ,_) _k
Jy NL

J,, —threshold current density for the infinite cavity length
k — constant

634
By equating the empirical observations with the theoretical predictions, we obtain

Jw=NJ0exp[ & —)
NFWGO

and

po 1 m( 1 ]
2T,G, \RR,

Hence if we plot the threshold current density of an MQW laser against the reciprocal cavity length,
we can evaluate the values J, and k. The latter gives direct information on the well gain through

(5.3.5)

the [, Gg product. If the experimental analysis is extended further by plotting the threshold current
density against the reciprocal length for a variety of number of wells, we can attempt to evaluate the
parameters J and I'y, G that appear in the above equations and

I,G,= rwGo(lm(J %a)) (53.6)

J,, — threshold current density per well

using the following procedure:
1- assume a value for the loss in the structure, «;
2- evaluate gy, for a given value of N, since we know o, R and L;
3- evaluate I'y, Gy, , i.e. gg/N;
4- for each threshold condition at each device length evaluate Jyy , i.e. Jip/N;
5- plot I', Gy, as a function of 1n (Jy);
6- go back to step 2 and repeat analysis for a different value of N until analysis
complete;
7- if the choice of a is correct then a straight line fit should be observed for all
lengths of devices at all number of wells. If no straight line fit is observed then go
back to step 1 and revise the estimate of . Repeat analysis until a good fit is
obtained;
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Once a satisfactory experimental curve of the above relationship has been obtained, the values of Jj
and I'y; G can be inferred from the slope and the intercept of the curve respectively. This analysis
technique is used several times in this thesis to evaluate the effect of different magnitudes and signs
of well strain. Broad area (50um wide) stripe lasers are ideal for investigating the effect of changing
material properties on device behaviour. Such devices are easy to fabricate, as will be mentioned in
the next section, and their simple structure minimises the influence of processing variations on the
end result.

5.4 Typical InP-Based MQW Ridge Laser Fabrication Process

All the lasers, whose results are discussed in this thesis, were fabricated in a 'standard’ manner by
the laser processing team at BNR Europe, Harlow. Any deviations from the norm will be explicitly
highlighted in the text. The best way to summarise the fabrication process is through a flow chart as
shown in figure 5.5. There are three 'types' of semiconductor lasers that will be mentioned in this
thesis: the broad area laser, the DFB ridge waveguide laser and the Fabry-Perot cavity ridge

waveguide laser.

As mentioned above, the broad area laser is primarily a vehicle for evaluating the 'quality’ of the
semiconductor material and the effect of varying the material properties on the device performance.
The main points to note, are that the structure does not employ any scheme for lateral current
confinement and that the cleaved facets define the reflectivities (approximately 29% for air/InP
based material interface). The ‘end on' view of a typical broad area device is shown in figure 5.6.
The processing of these structures involves steps 1, 4, 5 and 7 as defined in figure 5.5. The full
device structure is grown in a single stage of MOVPE and then the p-contact window is defined by
etching SiO, which has been deposited on the wafer surface. After the thinning of the substrate, the
p and n side metallisations are deposited and alloyed as required. The devices are then cleaved to
the desired length and tested.

The ridge waveguide laser is an example of a weakly index guided laser. This is achieved by
defining a ridge of material into, but not beyond, the p-InP layer of the laser structure; a schematic
example of this is shown in figure 5.7. The ridge controls the optical mode in two ways: it inhibits
the spreading of the current injected from the p-contact, hence controlling the area over which
population inversion will be achieved, and it provides lateral optical guiding via the discontinuity in
the refractive index between the semiconductor material in the ridge and the oxide surrounding the
ridge. The processing of such structures involves steps 1, 3, 4, 5, 6 and 7 of figure 5.5 (steps 8 and 9
are taken if further testing or packaging are required). Figure 5.7 represents a ridge structure with a
MQW active region surrounded with un-doped Gaylnj_yAsyPy.y waveguiding layers. The ridge
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width is typically 2um. The most attractive features of this device are the ease of fabrication (only
one MOVPE growth step) and the fact that the active region remains buried within the structure,
receiving no direct contact with any the processing steps. Hence there is little risk of incorporating
re-growth or processing related defects that may compromise the long term reliability of these
devices. These features undoubtedly contribute to the well-established reliability track record of

ridge lasers.

In a Fabry-Perot ridge waveguide laser, the optical feedback, as mentioned above, is provided by the
end facets. Cleaved crystal facets provide 29% reflection. However they are very rarely used in
practice, instead facet coatings are deposited on either end of the cavity to precisely define the
reflectivity to the requirement of the device designer. One of the disadvantages of the Fabry-Perot
cavity is that it supports a number of longitudinal modes defined in frequency by

mc

= 54.1
Vi onl ( )

v,, — frequency of optical mode, m. n - effective refractive index of the guided mode
m— integer L —cavity length.
c—speed of light

The only longitudinal mode discrimination is provided by the gain spectrum. Generally the gain
spectrum is much wider than the frequency separation of the Fabry-Perot modes hence, when viewed
on an optical spectrum analyser, one sees a series of modes whose intensity is modulated by the gain
curve. These 'side-modes' are problematic when the laser is directly modulated at high frequencies,
especially when used in conjunction with non-dispersion shifted fibre, therefore for high speed

transmission applications a single frequency source is preferred.

The multi-mode behaviour of a simple Fabry-Perot laser can be overcome by making the feedback
frequency dependent so that the mirror losses are different for different longitudinal modes, thus
suppressing the modes that are outside the frequency of interest. One of the most successful ways of
doing this is to define a grating in the plane of the cavity of the device making the so-called
distributed feedback laser (DFB). Unlike in a Fabry-Perot structure, the feedback mechanism in a
DFB laser is not provided by the facets but by the grating that is etched continuously along the cavity
in one of the layers close to the active region. In most of the structures discussed in this thesis, the
grating is defined in the upper layer of the waveguide core. The feedback is provided by a periodic
variation in the refractive index, which is generated by the fabrication of a grating in, or near, the

waveguide. The refractive index modulation gives rise to both forward and backward travelling
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waves as a result of the reflection from the index variations. Coupled wave the:ory9 predicts that at
wavelengths near the Bragg wavelength of the grating the forward and backward travelling waves
are coupled. The Bragg wavelength is defined by

2nA

Abragg = — (54.2)

A — period of grating ABrage — Bragg wavelength of grating
m—order of grating (m = 1=first order) » — refractive index of active region

Coupled wave theory also predicts that the grating generates a stop band, i.e. only a fixed range of
wavelengths are allowed to propagate. In a uniformly fabricated grating the stop band allows the
lasing of the two longitudinal modes whose wavelengths are closest to the Bragg wavelength.
Lasing action can be forced to occur in a single mode by either coating only one facet with an anti-
reflection coating or by introducing a A/4 phase shift into the grating.10

One of the main disadvantages of the DFB structure is the added complication that defining a
grating has on the fabrication process. For a 1.55um wavelength device, the required grating pitch
is of the order of 100's of nanometres and therefore involves fine line lithographic techniques such as
X-ray lithography, holographic photolithography or, more commonly, electron beam lithography.
The need for a grating to be defined in the upper layer of the waveguide core implies that two growth
steps have to be performed: the sub-structure growth which comprises the n-side buffer layer, the
active region and the waveguiding core layers, followed by the overgrowth of the grating etched sub-
structure which comprises the p-side layers. This process is summarised schematically in figure 5.8.

5.5 Summary

The InP-based MQW laser is far from optimum in design. There are many aspects of its
performance that are inferior to GaAs-based MQW lasers and most of them are attributable to the
basic material properties of the InP-GaxInl_xAsyPl_y alloys used. The next chapter highlights these
inferiorities, describes the causes and discusses the proposed changes to the conditions under which
the quantum wells are grown that can hopefully improve the device performance.
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