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Chapter 1

Introduction

1.1 Low dimensional semiconductors

According to Heisenberg’s uncertainty principle, the confinement of carrier
motion along a given direction increases the kinetic energy of the particle in that
direction by an amount that is inversely proportional to the length scale of the
confinement. If this energy is comparable to the carrier thermal energy (= Y2kgT per
degree of freedom), then the effects of this ‘quantum confinement’ are able to be
observed. Due to the typical values of electron effective mass and working
temperatures, quantum confinement effects are only observed when the carriers are
restricted to regions of a few nanometers at most. Semiconductor heterostructures
that contain a few nanometers of a narrow bandgap (E;) semiconductor placed within
wider E; semiconductor provide an ideal means of investigating such effects. The

thin films of material required for these studies may now be realised with an

extremely high level of precision due to the advent of epitaxial growth techniques
such as Molecular Beam Epitaxy (MBE) and Metal Organic Vapour Phase Epitaxy
(MOVPE).

In a complementary way, the reduction of the periodicity of the crystal lattice
to only a few repeats in the direction of the confinement results in a strong
modification to the electronic density of states (DOS). The DOS may be modified
further by restricting the carrier motion in additional (perpendicular) directions.
Systems with confinement in one, two and three directions are referred to as quantum
wells, wires and dots respectively. The evolution of the DOS with increasing
‘dimensionality’ of the confinement is shown schematically in Fig 1.1.

As the dimensionality of the structure reduces, the DOS continuum in the
bulk (3D) matenal breaks down in to sub-‘bands’, for quantum well (QW) and
quantum wire structures. Since the onset of the first sub-band in a QW occurs at a
higher energy than the bulk E,, injected carriers are not wasted filling up lower

energy states in order to reach the required DOS for lasing to occur. Therefore the
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threshold gain in QW devices is able to be obtained at a lower carrier injection level

than in bulk, resulting in reduced threshold current densities'.
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Fig. 1.1 Evolution in the density of electronic states (DOS) as the dimensionality of
the confinement (system) is increased (reduced). In 2D and 1D systems, the DOS
breaks down into sub-bands, with edges denoted by E,, E,, etc. Free carrier motion 1s
still possible in in the unconfined directions. In a quantum dot, discrete electronic
states are formed (E,,, etc.) with no free carrier motion.

In addition, as the dimensionality is decreased the relative DOS at higher
energies decreases with respect to that at the sub-band edge. Hence the number of
available states into which carriers can be thermally excited decreases and this
should result in a greater thermal stability for laser devices'. Furthermore, the

enhancement of the DOS at the band edge in structures of reduced dimensionality 1s

predicted to provide an increase in the available differential gain’. Since the

modulation bandwidth of a device is proportional to the differential gain, devices
containing low dimensional active regions are therefore very attractive candidates for
optical communication applications operating at high modulation speeds.

The ultimate case of quantum confinement corresponds to the formation of a
Quantum Dot (QD). Here the carrier motion 1s confined 1n all three dimensions such
that the sub-band structure of QWs and quantum wires 1s lost and an atomic-like
series of discrete states is produced. As long ago as 1976, before their physical
realisation, 1t was predicted that if an ensemble of identical QDs could be
incorporated into the active region of a laser diode, the temperature dependence of

the threshold current density (Ji) would be eliminated’. This insight relies on the QD
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states being well described by a delta function-like DOS, with separations that
significantly exceed the thermal energy (kg7). In principle, an infinitely narrow DOS
results in all of the injected carriers recombining with an identical transition energy.
The absence of a sub-band continuum, into which carriers may be excited as the
temperature increases, eliminates higher energy °‘parasitic’ recombination and
decreases the transparency current density (Jp) at non-zero temperature. In 1982,
Arakawa and Sakaki' produced the first experimental evidence that 3D carrier
confinement, provided in this case by a magnetic field applied perpendicular to a
QW laser, could reduce the temperature sensitivity of Ji.

Furthermore, the complete localisation of the excitons within the QDs should,
in theory, reduce or eliminate their transfer to non-radiative centres in the
surrounding matrix material, thereby reducing the non-radiative component of Ji. In
samples that have been subjected to irradiation damage, the luminescence of a QD
laser structure has been found to be up to 1000 times more intense than that of a
comparable QW device’. Indeed, both proton-irradiated® and annealed’ QD
structures have demonstrated improved luminescence efficiency with respect to as-
grown structures, perhaps as a result of defect passivation within the GaAs matrix".

However, a potential disadvantage of the highly localised nature of the states
in QDs was predicted in 1991: “the phonon bottleneck”. Due to the fully quantized
carrier confinement in a QD, there is no wavevector (k) dispersion in any direction.
In higher dimensionality systems, carrier relaxation to the bottom of the respective
band can proceed via the emission of a series of single LO phonons, which occurs
very efficiently on a time scale of ~100 fs per phonon, followed by slower but still
efficient LA phonon scattering. These processes are able to conserve both energy and
momentum. The lack of continuum states within QDs inhibits such a process, it
being very unlikely that the spacing between the discrete levels exactly matches the
LO phonon energy. Therefore it was predicted that the carriers would remain
trapped for several nanoseconds in the higher energy states and this mechanism was
cited as an intrinsic reason for poor optical efficiency in original studies of QDs’. In
addition, a slow carrier relaxation would limit the maximum modulation speed of a
QD based laser. In early time resolved studies of QDs a long carrier relaxation time
(7re1) Was reported for higher energy states, reaching 1 ns for the transition between

the two lowest lying states'®. A 7,4 of over 7 ns was reported more recently,
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attributed to a weaker exciton-LO phonon coupling in truncated pyramidal QDs'!. In
general however, literature reports suggest that 7, may be typically only a few ps in

12, 13

most QD systems and therefore that efficient phonon and/or carrier-carrier

scattering processes are active, even at low temperature.

1.2 Stranski-Krastanow nucleation of InAs/GaAs QDs

A number of techniques have been developed to fabricate semiconductor
QDs. Of these the self-assembly technique, based on the Stranski-Krastanow process,
is the most successful for producing QDs suitable for electro-optical applications.
This technique will now be described.

The self-assembly technique starts with the deposition of a relatively highly
strained 2D layer on an underlying substrate. The elastic energy stored in this

pseudomorphically strained film can be reduced via the formation of either misfit
dislocations or the spontaneous 3D islanding of the deposited material. In the case of
the latter, because the islands are initially unsurrounded by material, the lattice

constant is able to relax parallel to the surface, reverting back to its unstrained value

as the height of the dot increases. However there is an increase in surface energy and
hence a transition from 2D layer to 3D islanding growth will occur when the
decrease in elastic energy outweighs the increase in surface energy. For a system In
which this occurs the transition between coherently strained 2D growth and the onset
of 3D island growth is reached after a ‘critical thickness’ (6.) of epitaxial material
has been deposited. This critical thickness is a function of the lattice mismatch (dap)

between the epitaxial material and the substrate and must occur before the critical
thickness for the formation of mis-fit dislocations occurs. For the most commonly
studied system consisting of InAs grown on GaAs, 4ay = 7%, and the resultant
islands have dimensions of a few to 10s nm, sufficient for strong quantisation effects
to be observed. The transition from a purely 2D to 3D growth during the deposition
of a strained epitaxial layer is referred to as the Stranski — Krastanow (S-K) growth

mode.

For InAs/GaAs QDs, S-K growth occurs after as little as 1.7 ML of InAs has

been deposited'®. Photoluminescence excitation spectroscopy studies have verified
both the thickness" and the composition'® of the thin InAs Wetting Layer (WL) on

which the QDs are formed. The amount of required material (6;) increases with
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decreasing Indium (In) fraction, reaching ~ 4 ML for Ing sGag sAs/GaAs QDs'’. The
lowest In composition that can support islanding of the In,Ga;.xAs layer appears to
be ~25%.

In later work, it was shown that the extent of the In segregation 1s a key
determinant of @, for the S-K transition'®. By monitoring the QD size as a function of
growth temperature (7g) using an in situ Scanning Tunnelling Microscopy (STM)
technique, pure S-K growth has been shown to occur only when T < 420 °C. For Tg

> 420 °C, the total QD volume is greater than the amount of additional InAs material
deposited, implying that significant mass transport to the QDs occurs from the WL

and GaAs substrate'”. In addition, studies have shown that following overgrowth of
the QDs with a matrix material, material can be lost from the QDs and/or alloying

can occur. Hence the growth of ‘real’ self-assembled QDs can be much more
complicated than that implied by the basic S-K mechanism.

Since the islanding of InAs in a GaAs matrix was first demonstrated in
1985'%, QD formation via the self-assembly technique has been demonstrated for
many pairs of binary and ternary III-V compounds, e.g. InGaAs/GaAs®',
InGaAs/AlGaAszz, InP/InGaP*. However, of these, the In(Ga)As/GaAs matenal

system has remained the most extensively studied.

All of the samples studied in this thesis have been grown by MBE. In MBE,

the constituent elements of the nanostructure are evaporated from their solid sources
in the form of a “molecular beam”, the material is subsequently deposited atomic
layer by atomic layer on a heated crystalline substrate (e.g. GaAs). The thickness of
the resulting epitaxial layers may be controlled with monolayer (ML) precision due
to the low growth rates (a few A/sec or less) and sub-second opening and closing of
mechanical shutters placed in front of the cells that contain the elemental sources.
This inherent controllability makes the MBE technique ideally suited for the growth
of QDs. In addition, the growth can be monitored in-situ by techniques such as
reflection high energy electron diffraction (RHEED) which provides real time

monitoring of the growth surface.
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1.3 Electronic structure of self-assembled InAs/GaAs QDs

A calculation of the electronic structure of self-assembled QDs 1s very
difficult given their complicated shape and strain profile. In addition, the
composition of the QDs may not be accurately known and is also likely to be non-
uniform. However a number of general statements can be made. For example the
number of confined electronic states increases with QD size and their separation
decreases. In addition the degeneracy of the levels will generally increase with
increasing quantum number(s) and hence energy. For a QD with cylindrical
symmetry about the growth axis the lowest energy state (the ground state GS) 1s 1s
which is able to contain a maximum of two electrons. The next state is 1p which is
four fold degenerate. However departure from cylindrical symmetry may split the 1p
state into two separate levels. Most self-assembled quantum dots have a height that is
significantly smaller than the in-plane dimensions. Hence it is mainly the former
which controls the quantisation energy of the lowest state but the latter which
controls the separation between the confined states. However, the exact dependence
of the quantised energy levels on the QD dimensions is a sensitive function of the

24, 25 2

confining potential, as determined by the QD shape , strain®® and piezoelectric

field*’. Full calculations of the electronic states of a QD require atomistic models run
on a super computer’’, however reasonable approximations can be applied to use

simpler models. For example, it is believed that large disk-like QDs provide a

harmonic oscillator potential that results in uniformly spaced energy levels (£ =
hv[nt+'2] ) and wavefunctions that can be represented by simple eqﬁationszg.

The InAs QDs studied in this thesis, have a GS to first excited state (ES1)
separation of ~45 meV for electrons and ~12 meV for the holes’ . The much larger
effective mass of the holes in InAs (and all III-V semiconductors) always results in a

smaller energy level separation for the holes than for electrons. Since the occupation
of excited states is disadvantageous for QD laser operation (see next section) it is
desirable to maximise this separation as much as possible in order to reduce the
thermal excitation of carriers out of the GS, which is generally the lasing state. As
discussed above it is believed that the GS — ES1 separation is predominantly
determined by the lateral confinement provided by the QD*!. Therefore, GS — ES1

may be increased by either decreasing the lateral extent of the QD or by confining it
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in higher band gap material. In practice, it is difficult to tailor both inter and intra-
band state separation energies simultaneously, due to the nature of the self-assembled
QD growth process. However, InAs QDs with GS — ES1 separations (in this case the
sum of both the electron and hole contributions) in excess of 100 meV have been

achieved either when capped with GaAs® or InAlAs™. The beneficial effect of the

increased sub-state separations on the lasing performance is reflected in the weaker

temperature sensitivity of Ji, around RT.

1.4 Limiting factors in QD laser performance

Initial calculations of the expected performance of QD lasers assumed
idealized dots containing only one electron and one hole level and that all QDs in the
laser were identical®. Real QDs contain multiple states, there are states external to the
QDs, there may be defect related and Auger non-radiative recombination and the
dots within an ensemble exhibit a significant distribution in size, shape and

composition. Hence an important question is how far from the ideal behaviour a QD

laser will deviate.

Although a gain medium containing QDs has the potential to offer
simultaneously high differential gain and low transparency current density (Jp), a
combination which can provide the lowest Jy, at any cavity length, the full extent of
this advantage can never be realised in practice. The material gain (gma) Obtainable
from the ground state (GS) transition of a single QD is inversely proportional to the
homogeneous broadening of the transition. However the gain produced by a single
QD is very small and hence in order to produce a total gna able to overcome the
losses of a typical laser cavity a high density array of QDs must be produced. The
‘self-assembly’ technique, which was discussed in section 1.2, is able to produce a
high density ensemble of QDs, with densities as high as ~10'' cm™ possible, but
suffers from the fact that there are intrinsic fluctuations in the QD size, shape and
composition, which results in an inhomogeneous broadening of the optical transitions
(typically of order 20~30meV). This inhomogeneous broadening "smears" out the
DOS intrinsic to a single QD and is the dominant contribution to the emission
linewidth, even in highly uniform ensembles of QDs**. In such an inhomogeneously

broadened system, the peak DOS and therefore the lasing energy, corresponds to the
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most probable size of QD in the array. For a QD ensemble of fixed in-plane QD
density, any inhomogeneous broadening leads to a reduction in the peak DOS,
resulting in lower saturated and differential gain. Although careful optimization of
the growth conditions may reduce the degree of inhomogeneous broadening it
appears difficult to reduce it below ~15meV°>>.

The existence and population of excited QD states is also detrimental to
device performance. Any population of excited states reflects wasted carriers which

results directly in an increased threshold current density. In addition, since the
saturated and differential gain is proportional to the degeneracy of the state involved

in the lasing, any thermal occupation of these states may result in a switch from GS

to ES1 or even the second excited state (ES2) lasing with increasing injection current

or temperature. The population of excited states has also been correlated with an

increase in the non-radiative current density, due to the greater number of non-

radiative channels being accessible via these states™°.

Another factor that affects the performance of a QD laser is that, particularly

at low temperatures, there may not be a thermal distribution of carriers within the QD
ensemble. For example, the transition from a non-thermal to a thermal distribution is
believed to cause the widely reported decrease of Ji, with increasing temperature
between 6 and 200 K, observed in nearly all QD lasers®” %, An example of this
behaviour is shown in Fig. 1.2, which shows the temperature dependence of Jy
between 77 and 300 K for a QD laser structure with a large inhomogeneous
broadening (Vn 57 — see chapter 3, section 3.4.2.2). At low temperatures electrons
and holes recombine within the QD into which they are initially captured and hence
the whole ensemble contributes to the emission; carriers in different QDs are

effectively isolated from each other. As the temperature is raised the thermally

induced transfer of carriers from QDs with shallower confinement to more deeply

confining QDs is able to narrow the gain spectrum and consequently reduce Ji,.
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Fig. 1.2 J as a function of temperature under pulsed injection for a 3 mm
cavity length of Vn 57 (see text). The Ji, reduces with increasing temperature
up to ~220 K. For higher temperatures, Jy, increases monotonically.

The spectral form of the lasing emission is also determined by the carrier
distribution within the inhomogeneously broadened QD states, ie. the temperature.
At low temperatures, when carrier transfer between QDs is effectively suppressed,
the lasing emission consists of a broad, multimode lasing spectrum’’. On increasing

the injection further above J, additional lasing modes appear’’. This behaviour

results because there is no global clamping of the carrier density and QDs that
initially are not lasing at threshold are able to continue to increase their carrier
density until they reach lasing. At higher temperatures this process is suppressed
once a thermal distribution within the ensemble is achieved.

Above 200 K, Jy, is typically observed to increase slowly with temperature

until an ‘onset’ temperature is reached, between 250 and 300 K, above which Jy,

increases relatively rapidly. In general, the temperature at which this onset occurs
decreases with increasing threshold gain (increasing cavity loss)*'. It has therefore
been suggested that the degradation of Ji, at high temperature originates mostly from

the thermal population of the excited states, since the Fermi level increases with

increasing threshold gain.
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The threshold gain (gw) of a semiconductor laser is given by

_ 1 a +lln(-l-)
Se T TR

where I' is the optical confinement factor, which represents the fractional overlap
between the optical mode and the gain material; a; is the internal loss of the structure
due to photon scattering within the cavity and any absorption that does not return
electrons and holes to the lasing transition; L is the cavity length and R is the
reflectivity of the facets. In spite of the higher material gain potentially achievable in
QD lasers, in general they have a much lower modal gain (gmod = I @mar) than QW
lasers. This is due to the finite density of a QD array with only a low areal
occupancy, typically ~5%, compared to the ‘full’ areal coverage provided by a QW.
The modal gain may be increased by either adding more QD layers to the active

region or increasing the in-plane QD density although there are limits to the increase
achievable by both methods.

1.5 Motivation for the development of long wavelength GaAs-
based lasers

An all optical method for data transmission offers several advantages over the
high frequency co-axial cables conventionally used for these purposes. Because light
has a much higher frequency than signals transmitted via co-axial cables,
considerably higher modulation rates are possible. In addition signals transmitted as
a series of light pulses are less sensitive to interference than are electrical signals.
The attenuation spectrum of silica based optical fibres is determined by the
absorption and scattering of the confined laser light within the material. Fig. 1.3
shows the attenuation curve for a typical silica fibre. A suitably matched telecoms
laser should be designed to emit in one of the transparency windows centred at 1.3 or
1.55 pm. From Fig. 1.3 it can be seen that the minimum attenuation occurs at 1550
nm, which is the wavelength of choice for emitters used in long haul
telecommunication applications. At 1310 nm, the attenuation is slightly stronger, but
at this wavelength the dispersion for the propagating light pulses is a minimum,

making it an 1deal choice for high bit-rate data transmission over distances < 10 km.
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Fig. 1.3 Attenuation spectrum of a silica fibre as used in optical networks. Laser devices
are targeted to operate in the transparency windows, centred at 1.3 or 1.55 pm,

Historically, InGaAsP QWs grown on InP substrates were used to achieve 1.3
um emission*’. However, these structures suffer from a low refractive index contrast
(An; ~ 0.3), poor thermal conductivity and small band offsets, all factors that serve to
degrade the high temperature performance of fabricated devices®. In contrast, the
wide bandgap AlGaAs cladding layers grown on GaAs substrates are able to
combine good electrical and optical confinement in a material system which is
closely lattice matched over a wide composition range. These benefits, coupled with
inexpensive large area GaAs substrates, have allowed GaAs/AlGaAs hetero-
structures to become the industry standard for 850 nm emuitters.

In order for GaAs-based systems to reach 1.3 pm, various approaches are
being actively pursued. Active regions comprising pseudomorphically strained
InGaAs QWs are able to emit up to ~1.2 um before the build up of strain results in
the onset of misfit dislocation formation. GaAsSb QW devices have demonstrated
1.3 pum lasing at RT* with, however, poor temperature stability of Jy, at RT™.
Incorporating a very small amount (<1%) of nitrogen into either GaAs or (In)GaAs
QWs, results in a large reduction of the bandgap, such that emission up to and
beyond 1.3 pm may be achieved. However, reproducible growth of these structures
1s hampered by the poor miscibility of In and N, resulting in compositional

inhomogeneities within the QW that lead to large fluctuations of the emission

11
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wavelength. Nonetheless, these so-called ‘dilute nitride’ materials have the potential

to reach 1.55 pm*°,

1.6 Long wavelength (>1.3 pum) InAs Quantum Dots

In comparison to all of the possibilities described above, the most promising
means of obtaining optically efficient 1.3 pm emission at RT is by using self-
assembled QDs. Using ‘standard’ growth conditions for the S-K formation of InAs

QDs on GaAs, the room temperature (RT) emission wavelength may be extended out

to ~1.24 pum for an InAs coverage of 4 monolayers (MLs)*’. This limitation has
driven crystal growers to pursue innovative growth methods in order to tailor the
QD’s size, strain and confinement environment to further redshift the emission.

The first report of RT 1.3 um emission from an ensemble of In(Ga)As QDs
was achieved using atomic layer epitaxy (ALE), a technique in which the In and Ga
are deposited alternately under As; flux*®, This method has been successfully
employed in both MBE and MOCVD and results in large (10 nm high x 30 nm wide)
lens shaped QDs. The first 1.3 um QD laser to demonstrate GS lasing at RT, with a
Jin of 405 A/cm?, was grown using this technique*’. However, ALE grown QDs are
typically characterised by a low surface density (~10'® cm™) resulting from the large
ad-atom migration distance. Since the QD density is a critical determinant of the
optical gain available in a laser structure, longer cavity lengths or high reflectivity
mirror coatings are typically required for ALE-grown devices to operate at
temperatures at and above RT.

An alternative method of increasing the PL peak wavelength and improving
the homogeneity of the QD ensemble is to reduce the growth rate. Initial work
demonstrated that when grown at relatively low temperatures (7g ~ 490 °C) the
composition of the QDs changes with growth rate, with lower growth rate (~0.0065
ML/s) QDs having higher In contents and hence longer emission wavelengths“.
Furthermore, the slower surface diffusion allows the attainment of an equilibrium
1sland shape prior to the capping with GaAs. Therefore the majority of the QDs are
un-dislocated, when as much as § ML of InAs has been deposited®*. However, as in
ALE, the strain-driven surface kinetics of the In ad-atoms, resulting from the low

growth rate, produces a low QD density (~10"° cm™).
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A third alternative for obtaining 1.3 um emitting QDs was realised by several
research groups almost simultaneously. It was found that by ‘capping’ the QDs with
a thin (few nm) layer of In,Ga;.As before further overgrowth with GaAs, the
emission wavelength of the QD could be extended towards 1.3 um. In early studies
of QD structures capped with a constant thickness of In,Ga;.xAs, it was found that
the PL peak wavelength increased with increasing x, reaching 1.3 pm at x=0.4>. A
reduction in the QD strain®’, QD size/height® enlargement, and increased In
incorporation into the QDs>® have all been suggested as mechanisms that may be
responsible for this redshift of the emission. It is unlikely that the lower bandgap of
the barrier material (InGaAs) has a dominant role in lowering the confinement

energy of the QD GS as PL redshifts have also been reported for InAlAs capped
QDs’" °®, This assertion is also supported by the PL excitation studies presented in

chapter 3, section 3.2.

When the QDs are both grown on and overgrown with InGaAs the term dot-
in-a-well (DWELL) is often used to describe the structure. In 1999, a QD laser
demonstrated a lower Jy, than that of a QW laser for the first time. The structure used

consisted of a single layer DWELL with a 7.8 mm as-cleaved cavity that lased from
the GS with a Ji of 26 A/em® at 1.26 pm>. The DWELL design is now an
established technique for obtaining high performance 1.3 um emitting devices and is

the structure used for the majority of laser devices studied in this thesis.

1.7 Overview of experimental thesis chapters

1.7.1 Chapter 3: 1.3 pm emitting InAs quantum-dot-in-a-well laser

structures containing high growth temperature
GaAs spacer layers

In this chapter the effect of the In composition (x) in the In,Ga;.xAs DWELL
on the QD emission properties is studied using photoluminescence (PL) and PL
excitation (PLE) spectroscopy. An x value of 0.15 is found to be optimum for
optically efficient RT 1.3 pum emission. Building on this result, multilayered
Ing 15GaggsAs DWELL laser structures were fabricated and investigated. The lasing

performance of initially grown structures, containing GaAs spacer layers (SL) grown

13
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at low temperature (510°C), is found to be very poor. Structural studies reveal that
dislocated QD growth, originating in the second QD layer, is induced by an
incomplete planarisation of the GaAs SL, a result of insufficient Ga ad-atom mobility
at the growth temperature used.

However, by increasing the SL growth temperature to 585 °C after the initial
15 nm of GaAs growth, high quality multi-layer growth was achieved with
dislocation densities estimated to be reduced by over a factor of 1000. SLs grown
using this two-temperature technique are referred to as High Growth Temperature
Spacer Layers (HGTSLs). The resultant improvement in material quality enabled a
5-layer structure to exhibit GS lasing from a 1.5 mm cavity and a 5 mm cavity device
to operate from the ground state at 85 °C. A 3-layer device, containing 70 nm
HGTSLs and high reflectivity coated facets, demonstrated one of the lowest ever
reported Ji (19 A/cm?) at room temperature. Despite the excellent material quality of

the structures, the form of the low injection EL indicates the presence of a bimodal

QD size distribution. Temperature dependent studies of the EL and Ji, demonstrate

the influence of carrier redistribution within the QD ensemble in determining the

performance of the laser devices.

1.7.2 Chapter 4: Multilayer DWELL QD laser structures

incorporating modified GaAs High Growth
Temperature Spacer Layers (HGTSLs) and
modified InGaAs capping layers

Due to the success of the HGTSL technique in improving the performance of
multilayer DWELL laser structures, a new set of structures was grown that included
7 and 10-layer devices. The design of the active region was otherwise identical to

that of the 1nitial series, but the GaAs/AlGaAs waveguide thickness was reduced in
an attempt to increase the optical confinement factor. However, decreasing the

waveguide thickness is found to have little impact on device performance. None of

the structures in this series demonstrated an improved performance with respect to

the best structure of the previous series (Vn 61, 5-QD layers). The lowest cw Jy, and

maximum GS operating temperature were obtained from the 7-layer structure (70

A/cm® and 90 °C, respectively). Photocurrent spectroscopy indicates that each

structure possesses a similar absorption strength per OD layer and therefore that a

14
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reasonable level of repeatability had been achieved when multiple layers of QDs are
grown up to a total of 10 layers. In addition EL. measurements suggest that the
optical efficiency per QD layer is maintained in structures with a high number of

layers indicating that there is no increase in defect density as the layer number

Increases.

Having confirmed that the repeated stacking of the QD planes offers a limited
improvement in performance, the HGTSL technique was re-optimised: the GaAs SL
thickness was reduced to 35 nm and the growth temperature of the final 20 nm was
increased to 620 °C. A S-layer structure with a 1 mm cavity was able to operate cw
from the GS at temperatures up to 60 °C. The mechanism for the improved

performance was thought to be the same as that found in the initial development of

the HGTSL step, ie. a smoothing of the QD nucleation surface. For this reduced SL
thickness the initial HGTSL technique results in poor device performance.

A structure with an InGaAs capping layer having a graded In composition
was studied. This design was intended to provide a smaller lattice mismatch between
the QDs and capping matrix and hence reduce the QD strain. The EL is seen to be
strongly bimodal, suggesting that the growth kinetics during capping had been
altered. In spite of this, an unusually temperature stable lasing wavelength is
achieved, attributed to the flat gain profile resulting from the broad QD size
distribution.

The final part of this chapter focuses on the effect of post-growth annealing
on the optical properties of DWELL laser structures. On the basis of these studies,
the bimodal emission characteristic of all the laser structures studied in this thesis is

attributed to the effect of in-situ annealing which occurs during the growth of the
thick AlGaAs top cladding layer.

1.7.3 Chapter S: Optical properties of p-type modulation doped
Quantum Dot laser structures

Previous chapters have demonstrated that whilst the HGTSL technique can
result in laser devices exhibiting very low threshold current densities at room
temperature their temperature stability remains poor and at best only comparable to
quantum well lasers. In an attempt to achieve better temperature stability p-type
modulation doping, as initially studied by the Deppe group®®, was applied to the
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lasers. Using this approach a S-layer QD laser doped with 15 acceptors per QD
exhibited a negative characteristic temperature between -50 and 45°C and a threshold

current density below 50A/cm® at RT. The reason for this improved performance

appears to be related to a delayed thermal redistribution of electrons within the QD

ensemble due to an increased confinement potential provided by the extrinsic holes
in the QDs. The contribution from a photon coupling model is also considered. A
range of optical techniques applied to both undoped and doped QDs indicates a

number of significant differences, including relative populations of the different QD

states and the expected state blocking of absorption in the doped structures.

Time resolved PL studies of the low temperature carrier decay time as a
function of p-type doping level reveals a lifetime that decreases with increasing
doping. In addition, the PL efficiency decreases with increasing doping. This
behaviour is attributed to a non-radiative Auger process which is enhanced by the
extrinsic holes. However the dependency on hole density is weaker than in higher

dimensionality systems, a result of the discrete QD energy states and strong

transition selection rules.

1.7.4 Chapter 6: InAs QD structures with a thin antimony
containing capping layer

In this chapter, the effects of a GaAs;.xSby (0.14<x<0.26) capping matrix on
the optical properties of InAs QDs are investigated. Initial attempts to form long
wavelength (>1.3 pm) emitting InAs(Sb) QDs were not successful. The low
temperature emission 1s blueshifited and becomes weaker with respect to a
conventional InGaAs DWELL structure, which is attributed to the surfactant
property of Sb. However, when the QDs are capped with a layer of GaAsggsSbo.14,
1.3 um emission at RT is obtained with a narrow (20 meV) linewidth. For higher Sb
contents (x>0.14), the emission redshifts strongly with increasing Sb composition
and exhibits a pronounced blueshift with increasing laser excitation. This
demonstrates the onset of a type-II transition occurring between electrons confined in
the QDs and holes 1n the surrounding GaAs;.xSby layer.

From a consideration of both the spatial modulation in the strain state of the

GaAs|xSbx capping layer and the spectral form of the blueshift, it is postulated that

the hole wavefunction is located in a region of the GaAs;.xSby layer directly above
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the QD. PLE studies highlight differences in the carrier relaxation mechanisms and
oscillator strengths between the type-I and type-II systems. The marked reduction in
the oscillator strength of the type-II transition was confirmed by a long (~70 ns)
radiative lifetime of the GS exciton i1n a structure with a GaAsg 73Sbg 22 capping layer,
measured using time resolved PL. Despite the type-II nature of the transition for
samples with x>0.14, magneto-PL studies revealed that the spatial extent of the GS
exciton is not significantly extended compared with a type-I system.

The lasing performance of a structure with GaAsggsSbo.14 capped QDs was
found to be equivalent to that of a device with an Ing5GaggsAs SRL. Type-II
structures with 0.22 <x < 0.26, engineered to emit at ~1.55 um, failed to lase at RT,

but exhibited novel emission and absorption properties. It remains unclear if this lack

of lasing is a result of a low oscillator strength (intrinsic) or defects associated with

the high Sb content (extrinsic).
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Chapter 2

Sample preparation and experimental methods

In this chapter the techniques used to fabricate the devices following wafer

growth and the experimental techniques used to probe their various properties

are briefly described.

2.1 Device fabrication

In this section, brief descriptions of the fabrication steps will be given that are
required to produce electrically contacted devices from the MBE grown wafers
containing doped AlGaAs cladding layers. Both mesa light emitting diode (LED)
structures and ridge waveguide lasers were typically produced from such wafers

using well established techniques such as optical lithography, wet chemical etching

and metallisation.

2.1.1 Mesa diode processing

Cylindrical mesa LED structures were processed for use in spontaneous
emission studies and photocurrent measurements. Prior to the 1nitial
photolithography step, the wafers are cleaved to ~1x1 cm® pieces and thoroughly
cleaned using hot n-butyl acetate, acetone and isopropyl alcohol. The mask set used
for the optical lithography contained apertures that produce either circular or square
mesa devices, with diameters/side lengths of either 200 or 400 um. Initially the
metallisation of the n-type back contact was performed by evaporating ~200 nm
InGe-Au onto the n” GaAs substrate. This was then alloyed for one minute at ~420
°C to ensure good ohmic contact with the substrate.

To allow optical access perpendicular to the growth plane, the top contact
was applied to only a 5-10 um wide circumference region around the edge of the
device. This shape was defined by the first mask used in the photolithography.
Following the evaporation of the back contact, the sample was re-cleaned and
attached to a thin glass plate using hot wax, with the p-type surface facing upwards.
The sample was then transterred to a room lit purely with yellow filtered light, where
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the sample was baked on a hot-plate and spun with a ~1 pm covering of photoresist.
The yellow light allowed the processing to be viewed but did not affect the
photoresist which is only sensitive to UV light. The photoresist was baked again to
evaporate solvent. The sample was then aligned to the mask defining the top contact
and exposed to UV light for ~6 seconds, immersed in a developing solution for 1
minute and then rinsed immediately in de-ionised water and blow-dried before
inspection under a microscope. Under these exposure and developing conditions, the
features defined by the mask were found to be suitably sharp. If not however,

acetone was used to remove the photoresist and the patterning process repeated.

The top p-type contact was then deposited on the patterned sample surface.
As before, this was achieved by metallisation, in this case ~400 nm of Au-Zn-Au.
The areas of photoresist covered with metal were then ‘lifted off” by immersion in
acetone prior to cleaning and alloying for 1 minute at 360 °C. Having deposited both
n- and p-type contacts, the sample was re-patterned with the second mask that
defined the circular or square mesa shape. This process requires that the new mask be
aligned precisely with the existing contacts via the overlapping of 5 um size
alignment features present in both masks.

Following the exposure and development of the photoresist, the patterned
sample was chemically etched using a mixture of Hydrobromic acid, Acetic acid and
Potassium Dichromate solution in the ratio 1:1:1. This wet etch erodes only areas not
covered with the photoresist ie. the regions of the sample in between the mesas. The
etch 1s 1sotropic and the etch rate 1s ~4 um/min. Typically, samples were etched to a
depth of ~4 um from the surface such that the active region is etched through and the
etch terminates in the n” doped substrate. The profile of the etch and exact depth

could be determined using a Talystep system. The photoresist covering the mesas

was then finally removed and the sample re-cleaned.

The sample was next cleaved into pieces ~0.5 cm? using a diamond scriber in

order for the individual pieces to be mounted using Au-epoxy on to a TOS header

package. The mesa contacts were then ultrasonically bonded to the pins of the TOS,

using gold wire.
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2.1.2 Laser processing

In many respects the processing of laser devices follows that of mesas, but is
slightly more complicated. The same combination of metallisation materials was
used to form the n- and p-type contacts and the exposure and developing conditions
were 1dentical to those employed in mesa fabrication. The top contacts form the
‘ridge’ of the laser and have widths ranging from 5 to 20 um. Dry reactive ion
etching was used to controllably etch material outside the area of the ridge. The
initial structures studied were deep etched through the active region to a depth of
~3.2 pm. However, the good optical confinement provided by the index guided
optical mode in such deep etched structures may be offset by the effect of increased
non-radiative recombination at the sidewall surfaces as a result of the etching. It was
thought that this may limit the device performance and the etching depth was
consequently reduced to ~1.8 um 1.e. terminating before reaching the active region.

A comparison of the results for deep and shallow etched devices is given in chapter
3, section 3.4.2.5.

One significant difference in the procedure for processing mesa and laser
devices i1s the need for the deposition of a dielectric layer, in this case SiNj, to
electrically isolate the individual ridges. This also allows for enlarged Ti-Au bond
pads to be used for contacting the ridges to the pins of the TOS.

In the next step the substrate was thinned to ~150 pm using a mechanical
polishing unit in combination with Al;03/H,0 paste that grinds the material away.
Following a thorough clean, the back contact was formed by evaporation and
alloying. The pieces of fully processed wafer were now ready to be cleaved into
sections containing 5 or 6 devices and then cut into the desired cavity lengths with a
diamond scribe, typically 0.5 — 5 mm. The laser ‘chips’ were then mounted and
bonded on to the TOS headers as described above.
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2.2 Overview of the experimental setups

Figs. 2.1, 2.3, 2.5 and 2.7 outline the experimental setups used for
photoluminescence (PL), electroluminescence (EL), photocurrent (PC) spectroscopy
and photoluminescence excitation (PLE) measurements respectively. These
techniques will be described individually in the following subsections, but before this
is done some collective features of the instrumentation will be outlined.

In order to maximise the coupling efficiency, and hence throughput, of the

light between each component in the setup (i.e. the lamp, the large and small
monochromators and the cryostat) the focal length (f) of each lens was chosen

according to the /- number of the relevant instrument. In practice this required lenses
Ly, F> and C;to have f~ 5 cm. Lenses L, M; and C; were chosen such that 15 <f<

30 cm. All lenses had diameters of ~5 cm.

The long (0.75 m) single grating Czerny — Turner monochromator, labelled
‘spex’ in the figures, contained either a 1200 lines/mm grating (G), blazed at 1 um or
a 600 lines/mm grating, blazed at 1.3 pum depending on measurement and sample
being studied. The 1200 lines/mm grating provides an instrumental resolution of 10
A/mm which is doubled in the case of the 600 lines/mm grating. The 1.3 um blazed
grating was used in the work performed on the longer-wavelength Antimonide QD
structures discussed 1n chapter 6. Permanently installed in the smaller equivalent of
‘spex’, labelled ‘minimate’ in the figures, was a 1 um blaze grating with 600
lines/mm, providing a resolution of 40 A/mm.

The 150 W lamp, used in the PLE and PC measurements, was mounted
horizontally such that the longest dimension of the Tungsten filament was oriented
parallel to the monochromator slits, thereby reducing the effect of vignetting
(entendue).

A liquid nitrogen (LN,) bath cryostat provided temperature control in the
range 77 to 300 K, with a continuous flow He cryostat used for measurements at
lower temperatures. Samples of epitaxial wafer were stuck to Cu sample sticks using
vacuum grease.

In order to work at temperatures above RT, the devices were mounted on a
copper stage containing a resistor. By passing a current through the resistor and using
the resultant Joule heating to warm the copper block, stable temperatures of up to
~150 °C could be obtained within 5 mins of being set (assuming the use of suitable
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feedback PID settings). This piece of instrumentation was designed by Dr A. Ramsey
(Department of Physics and Astronomy, University of Sheffield) and was used for
EL and LI measurements between RT and 140 °C.

2.2.1 Photoluminescence

PL spectroscopy is a well established technique used for the optical
characterisation of semiconductor materials. In the case of bulk semiconductors, an

excitation source, typically a laser or lamp generates electron-hole pairs at energies
in excess of the bandgap (E;) of the material being studied. The intra-band carrier
relaxation processes, involving LO/LA phonon emission and carrier-carrier

scattering occur on a timescale orders of magnitude shorter than the radiative

recombination time. Therefore the carriers are able to relax to the bottom of their

respective bands before recombining and emitting photons with energies close to E,.
This basic description of the PL. mechanism is the same for all the InAs/GaAs QD

structures studied in this thesis. The carriers are photo-generated in the GaAs matrix,
using a variety of laser wavelengths (HeNe, Nd:YAG and Ar"). They are then
captured into the QD states on a sub-ns timescale and relax to the lowest lying
(ground state) level before recombining. The choice of laser depends on the aim of
the particular measurement. Temperature dependent PL. measurements were typically
carried out using a ~1 mW HeNe laser that resulted in occupation levels << 1
exciton/QD, effectively ruling out QD excited state emission from the spectra. Under
these low excitation levels and at low temperature (~77K), when the states in the QD
ensemble are electronically isolated, the spectral width of the emission provides
information relating to the structural homogeneity of the QD ensemble. Excited state
emission 1s a consequence of the limited degeneracy of the QD ground state and is
observed when higher injection levels are used. Fig. 2.2 shows spectra acquired at
4K from an InAs DWELL structure under excitation from an Ar’ laser operating at
514 nm, where neutral density filters have been used to attenuate the incident laser
beam. Emission from the QD excited states at ~1125 and 1050 nm is clearly visible
as the incident power is increased.

Fig. 2.1 shows a schematic diagram of the experimental setup typically used
for temperature dependent PL using a 1 mW HeNe laser. The laser light from the
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HeNe passes through a plasma line filter before being reflected and focussed to a

spot of diameter <0.25 mm”

on the sample surface. In order to minimise this spot size
and reduce the amount of reflected laser light coupled into the spex, the normal to the
sample surface was inclined at ~5° relative to the direction of the incident laser
beam. PL was collected and collimated by C, then focussed into the spex by () after
being transmitted through a second long pass filter, placed before the slits.

Once dispersed by the spex, the PL 1s detected by a LN, cooled Ge
photodiode and the signal voltage is recorded by a Keithley digital multimeter
(DMM). A Labview program provided fully integrated control of the spex and

DMM.

m Computer

Ge
Detector

Cryostat

Fig. 2.1 Experimental setup used for photoluminescence
measurements. The grey dotted line depicts the optical path.

26




% 1.47 kW/cm®
=

o

| -

L) 465 Wicm®
2

2

o 147 Wicm’
£

3

o

. S e
EER——— . ] . m—

950 1000 1050 1100 1150 1200 1250 1300 1350
Wavelength (nm)

Fig. 2.2 Low temperature PL spectra of a QD
structure recorded for a range of excitation levels.

2.2.2 Electroluminescence

In EL the carriers are generated electrically, being injected from the »n- and p-
type AlGaAs regions into the intrinsic (i) layer of a p-i-n diode which contains the
QDs. Otherwise the luminescence mechanism is identical to that of PL. Primarily,

EL was used to study the spontaneous emission spectrum of LED mesa structures as

a function of either pulsed or cw injection current and/or temperature. The sample to
be examined 1s mounted on a TOS header package, which 1s electrically connected to
a cw or pulsed current source via coaxial cables. Since the injection is supplied to a
device of known area, ELL measurements are preferential to PL when 1t is desirable to
have a more exact knowledge of the QD state occupancy. Pulses 5 ps wide, driven at
a duty cycle of 1% were used as standard for all measurements using pulsed
injection. The pulsed and cw current sources, having maximum current outputs of 1
A and 200 mA respectively, were controlled remotely via Labview programs. Fig.

2.3 shows the experimental setup used for the EL measurements.
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Fig. 2.3 Experimental setup used for electroluminescence
measurements. The grey dotted line depicts the optical path.

2.2.3 Light — Current (LI) Measurements

LI measurements give the current dependence of the spectrally integrated EL.
In practice this involves either replacing the spex and Ge detector with an InGaAs
photodiode or setting the spex grating to ‘zero’ order and using the Ge detector.
Typically, the former method was used for the characterisation of laser devices and
the latter was employed in the study of spontaneous emission from mesas.

LI characterisation of laser structures yields important information, such as
the threshold current density (Jy) required for lasing and the external differential
efficiency of the cavity. The processed laser chips were aligned with a cleaved edge
facing the InGaAs detector, which was connected to the Keithley DMM.

Temperature dependent LIs were conducted in pulsed mode and the temperature
variation of Jy was used to determine the characteristic temperature (7). Since 7 1S
dependent on the temperature range over which it 1s measured, this range 1s given
alongside all of the values listed in this thesis. ¢cw mode operation produces
significant Joule heating in the active region of the device. This results in a higher
lattice temperature than that indicated by the temperature controller of the cryostat.
Fig. 2.4 shows the results of a temperature dependent LI characterisation. The main
part of the figure shows the temperature dependence of the threshold current density

(Jin) under pulsed and cw current injection. The inset shows a cw LI curve, obtained
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at RT. from which the threshold current can be determined to be ~35 mA. At low
temperatures (< -50 °C) a negligible difference is seen between the cw and pulsed
Jus. This is a result of the temperature insensitivity of Jy, over this temperature range.
At higher temperatures (> ~0°C) however, the pulsed and cw dependencies diverge,
indicating the increasing importance of Joule heating in cw mode and also revealing
a temperature induced loss process in the QD lasers e.g. thermally induced carrier

escape from the QD lasing state(s).
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Fig. 2.4 Main part: plot of the temperature dependence of Jy, between -200 and 150°C for
a QD laser structure in pulsed and cw mode. Inset shows an L-I taken with cw current.

2.2.4 Normal incidence photocurrent spectroscopy

A photocurrent measurement is, in some respects, the inverse of EL. Incident
light is absorbed in the i region of the structure, creating an electron-hole pair which
may then escape to the p and »n type contacts respectively. The magnitude of the
photocurrent (PC) at a particular photon energy Av is determined by a number of
factors, including the applied electric field (E) across the i region, which controls
carrier escape by tunneling, the lattice temperature, which controls carrier escape by
thermal excitation, the joint density of states of the transition at the corresponding

energy, which controls the absorption strength, and the radiative recombination time
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(traq) Which provides a competing process to carrier escape. PC will only be detected

if the carrier escape rate > carrier recombination rate (=t ). At low temperatures
and under zero bias (£=0), the measured PC is very low when the carrier pairs are
created in the QD states. This results from their low tunnelling and thermal activation
rates in this regime. By applying reverse biases of up to a few 100 kV/cm, the carrier
tunnelling time may be reduced below the recombination rate and an increase in the
measured PC is observed. At higher temperatures, thermally activated carrier escape
1s able to compete with any electric field induced tunnelling. From previous work it
has been established that the thermal escape of carriers dominates tunnelling for
temperatures >200 K.

For PC measurements the lamp and minimate were used to generate the
tuneable light source. This light was then collimated, chopped at a frequency of ~160
Hz and focussed to a rectangular spot, with a longest dimension of ~2mm, onto a 400
pm diameter mesa. A long-pass filter was placed between the exit slit of the

minimate and the lens F; to prevent transmitted second order diffracted light from

exciting the sample. The modulation of the incident light and subsequent lock-in
detection was necessary in order to extract the low PC signal (~ 10’s nA) from the
background noise. The contacts of the TOS mounted samples were connected to the

inner lines of two co-axial cables. The outer parts of the cables were electrically

contacted and grounded to the cryostat and optical bench, thus shielding the small PC
signal from external electromagnetic interference. A circuit box was designed to

allow an external voltage source to be connected in parallel with the sample. A

schematic diagram of the PC experimental setup is shown in Fig. 2.5.
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Fig. 2.5 Experimental setup used for photocurrent
measurements. The grey dotted line depicts the optical path.

Fig. 2.6 depicts an example of a typical PC spectrum, recorded at RT and
under zero applied bias, from a 5 layer DWELL structure. Strong absorption is seen
for the bulk GaAs spacer layers (< 860 nm) and also for the QW surrounding the
QDs (900-1000 nm). Absorption in to the QD states 1s much weaker, due to their low
(~10 %) fractional occupancy of the sample area. However it is possible to make out

three confined state transitions between 1100 and 1300 nm.
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Fig. 2.6 RT photocurrent spectrum of a 5 QD layer laser structure recorded for zero applied bias.

2.2.5 Photoluminescence excitation spectroscopy (PLE)

PLE, like PC, 1s a technique used to obtain information relating to the
absorption spectrum of an investigated sample. Incident ‘excitation’ light 1s tuned
from high to low energy and the intensity of the resultant emitted light, at a given
fixed energy, 1s monitored as a function of the excitation energy. Thus, the physical
processes that determine the form of a PLE spectrum are not the same as those
involved in PC. For the absorption of an incident photon to be ‘recorded’ in the
detected signal, the photo-generated carriers must be able to relax to the energy level

of the states being monitored (usually the GS in QD ensembles). Therefore the

carrier relaxation mechanisms are embedded in the spectral form of the PLE. In bulk
and quantum well systems this relaxation mechanism does not greatly distort the
spectra. However in QDs, which because of their discrete electronic states and the
resultant importance of effects related to the phonon bottleneck, carrier relaxation
can dominate PLE spectra, with features observed at integer multiples of the LO
phonon energyz. Unlike true absorption features, such features are not independent of
the detection energy and can be attributed to relaxation processes specific to the
subset of QDs probed in the measurement i.e. a narrow distribution of QDs having

equivalent GS energies. This effect is clearly illustrated by noting the differences in
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the two PLE spectra of Fig. 2.7, recorded at the emission peak (blue line) and on the
high energy side of the emission (red line). Features that correspond to absorption 1n
the GaAs (~1.51 eV) and InAs WL (~1.42-1.46 eV) have no dependence on the
detection energy, whereas the energies at which the resonances below ~1.36 eV
occur is dependent on the detection energy. These latter features represent carrier

relaxation processes within the QDs.

As in PC measurements, light from the 150W projector lamp bulb was
focussed into the minimate, dispersed, passed through a long pass filter, re-
collimated and focussed onto the sample surface, oriented with its normal at a
shallow (~5°) angle. The emission was again recollimated and focussed into the spex.

after passing through a second long pass filter placed immediately before the slits. A

diagram of the PLE setup i1s shown in Fig. 2.8.
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Fig. 2.7 PL (grey line) and PLE spectra (red and blue lines) recorded at 77K.
The arrows indicate the detection energy of the corresponding PLE spectrum.
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Fig. 2.8 Experimental setup used for PLE measurements.
The grey dotted line depicts the optical path.
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Chapter 3

1.3 um emitting InAs quantum dot-in-a-well
laser structures containing high growth
temperature GaAs spacer layers.

Preface

The development of Quantum Dot (QD) devices emitting at 1.3 um at room
temperature (RT) has been well documented in the thesis of I. R. Sellers. In sections

3.1 and 3.2 I shall review and extend the latter stages of this work, using additional

results obtained from photoluminescence excitation (PLE) spectroscopy.

3.1 Introduction: In,Ga;;As capped Quantum Dots

Clearly, there are several important parameters to be considered when

attempting to optimise the performance of devices based on ensembles of QDs. A
specific ground state (GS) energy needs to be achieved with as little inhomogeneous
broadening as possible. In addition, a high optical efficiency is required from the
individual QDs, which need to be grown at a high density to provide sufficient gain
for incorporation into a laser structure. The simultaneous achievement of each of
these requirements in a single structure provides a considerable challenge.

Ensembles of InAs QDs grown within a GaAs matrix typically have peak

emission wavelengths of ~1 um at RT and are therefore unsuitable for incorporation

into laser structures designed to emit at the longer telecoms wavelengths of 1.3 and
1.55 um. A reduction in QD height, indium out-diffusion from the QDs and
increased hydrostatic strain in the QDs are all proven consequences of their capping
with GaAs. Each of these effects acts to reduce the GS emission wavelength in
comparison to that of free-standing ‘uncapped’ InAs QDs, which may reach ~1.6 um
at RT'. However, the disadvantageous consequences associated with GaAs capping
may be significantly reduced by growing a thin InGaAs layer immediately above the
QDs before depositing the GaAs. The overgrowth of InAs QD ensembles with thin
InyGa,.xAs capping layers has provided a viable route towards the achievement of

optically efficient QD structures emitting at >1.3 pm. There are a number of possible
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mechanisms that may be responsible for the extended QD emission wavelength when
using this technique. These include: i) a strain driven decomposition of the capping
layer that results in enlarged In(Ga)As QDs of possibly increased In content’; ii) a
reduction in the hydrostatic strain within the QDs due to the smaller lattice mismatch

between the QD and capping layer® and iii) a lower confinement potential for the QD

states. The relative importance of these effects will be discussed in section 3.2.

In an early study, RT emission at 1.35 um with a linewidth of ~ 21 meV was
realised using this technique'. Subsequently, more extensive investigations have
shown that the emission wavelength of such structures can be extended from 1.1 um
when capped with GaAs, to 1.35 pm when covered with In,Ga;.xAs layers containing
30% In> °. These developments for QD test structures were soon incorporated into
real laser structures. In 1999, for the first time, a long-wavelength (>1 um) QD laser
device was reported, operating with a lower threshold current density than a
Quantum Well (QW) laser device at RT'. The structure in question contained a QD

layer grown in the middle of a 10 nm Ing 15Gag gsAs QW, hence coining the term Dot-
in-a-Well (DWELL) for this type of structure.

All of the samples studied in this thesis are based on structures that comprise
active regions of InAs QDs grown within a thin (few nm) wide In,Ga;.xAs QW.
Initial growth studies, intended to optimise the In fraction, ‘X’, in the QW
surrounding the QDs focussed on achieving optically efficient samples, comprising a
uniform, high density array of QDs, emitting at a peak wavelength of 1.3 um at RT
and suitable for later incorporation into QD laser structures. These structures
consisted of a single layer of QDs and lacked the waveguide structure of a laser

device. Although these requirements are essential for producing high quality lasers,

their realisation does not necessarily guarantee good laser performance. As shall be
discussed 1n section 4.4 of chapter 4 the extra requirements of a laser structure
involves the growth of multiple layers and the depositing of AlGaAs at a temperature

~100 °C higher than that used to grow the QDs, which appears to alter the size and
shape distribution of the QDs and may also reduce their density.
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3.2 Optimisation of the indium composition in the InGaAs
DWELL

As has been outlined in the previous section, QDs grown within an In,Ga,.
xAs QW show superior emission characteristics to those grown directly on GaAs. To
investigate the feasible parameter space for the growth of such DWELL structures, a
series of five single layer test structures were grown, each differing only in the
amount of Indium in the surrounding QW. All other aspects of the growth were kept
constant. The structure of the samples was as follows: the QDs were formed by
depositing 2.9 MLs of InAs at a rate of 0.09 ML/s on a 2 nm layer of In,Ga;.xAs.
This thin layer of In,Ga;xAs, on which the QDs nucleate, is referred to as the
Strained Buffer Layer (SBL)®. The QDs were then capped by a 6 nm In,Ga;.<As QW
referred to as a Strain Reducing Layer (SRL)° containing the same material
composition as the SBL. Indium compositions (x) of 0, 0.06, 0.12, 0.15 and 0.2 were
chosen. This ‘full - DWELL’ structure was grown at 510 °C. Finally, a 50 nm GaAs
capping layer was grown above the DWELL.

The optical and structural properties of the samples were then studied via
Photoluminescence (PL)/PLE spectroscopy and Atomic Force Microscopy (AFM).
The latter technique required a separate series of structures to be grown, in which the
growth 1s terminated following the deposition of a single layer of QDs. These QDs
are grown on a 2 nm In,Ga;xAs SBL, as i1s used for the ‘full’ structures, and the
purpose of these measurements is to ascertain the effect of the In composition in the
SBL on the density of the QDs. On inspection of the PL/PLE spectra (Fig. 3.2), two
systematic changes are seen in the QD emission characteristics as the Indium
composition increases: the PL peak wavelength increases and the linewidth of the
emission narrows. A further trend of increasing QD density with SBL Indium content
is revealed in the AFM images. These properties are summarised in Table 3.1.

From these studies, an increase in QD density from 1.3 x 10'? cm™ for x=0 to
3.6 x 10" cm™ for x=0.2 is found®’. These values are consistent with previous
findings that report increased densities for QDs grown on either thicker In,Ga;<As
SBLs, or SBLs with higher a In composition'’.
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Table 3.1. Variation of RT optical and structural parameters of In,Ga,.As DWELL structures.

One possible explanation for the increase in QD density with greater Indium

composition in the SBL may be related to changes in the equilibrium condition of the
growth surface when growing the QDs on a SBL. Due to an increase in the amount
of strained material at the growth front during the growth of the QDs on SBLs with
higher In fractions, In and Ga atoms may be released from the surface of the SBL, ie.
desorped, as °x’ increases. This material is then able to be incorporated into pre-
existing QD 1slands or float on the surface, available for further QD nucleation.
Alternatively, differences in the strain fields below the QDs may be the cause

of the vanation in density. QDs are known to interact via their lateral strain fields

during growth''. This repulsive interaction is proportional to the square of the lattice
mismatch (Aap). Therefore, it is not unreasonable to assume that this interaction sets
some limit to the maximum density that can be attained. It follows that as Aay is less
between In,Ga .xAs and InAs than it is between GaAs and InAs, a higher density 1s
to be expected when the QDs are formed on In,Ga;.xAs (as confirmed by the AFM

results). The reason why the increase in QD density from x=0.15 and x=0.2 is so
small as to be negligible is not completely clear. It may be that the dislocations that

form at higher indium concentrations act as a sink for additional Indium atoms'?.

Evidence for dislocation formation when x>0.15 is consistent with the behaviour of
the integrated PL intensities of the structures: as x increases from 0 to 0.15 the
integrated PL intensity increases by ~30%, but for x=0.2 the intensity is quenched by
over an order of magnitude. Such a rapid decrease indicates that some critical limit
for the allowed volume of strained material has been exceeded, and any further

deposition results in strain relaxation and an increase in the concentration of non-

radiative recombination centres.
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Fig. 3.2 shows PL and PLE spectra, detected at the PL peak, for each sample
(x=0, 0.06, 0.15 and 0.2) at a temperature of 6K. The respective PLE spectra have
been normalised to the intensity at the GaAs bandgap, and the PL spectra have been

normalised to a constant value.
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Fig. 3.2 Normalised 6 K PL (dotted line) and PLE (solid line) spectra of the In,Ga, As
DWELL structures. PL was excited using semi-monochromatic light at 770 nm.

The spectra reveal some interesting changes in the electronic structure of the
DWELL as the In composition is varied. In the sample where the QDs are formed on,
and capped with GaAs, a double peaked feature, centred at ~1.46 eV, is observed. Its
position i1s found to be independent of the detection energy (Eg4e) and it can therefore
be attributed to interband absorption in the In(Ga)As wetting layer (WL). The

separation between the two peaks (~35 meV) represents the energetic splitting of the

light hole (LH) and heavy hole (HH) states in the WL. Similar HH-LH separations

have been reported in PLE studies of other long wavelength InAs/GaAs QDs formed
on GaAs' ',

For the samples in which the QDs are embedded in an In,Ga, ,As QW, the

shape of the PLE changes somewhat. Two absorption features are still seen, and
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these redshift and separate with increasing In%. Their exact nature is uncertain, but
they are tentatively attributed to absorption from the HH/LH states into the first
confined electron state of the QW/WL composite. In a strained In,Ga; As QW the

HH state occurs at a lower energy than the LH state due to the combined effects of

strain and quantum confinement. The transition from the HH state is marked on Fig
3.2 for the x=0.06 sample. The HH-LH separation reaches ~95 meV when x=0.15,

which is comparable to a splitting of 88 meV, obtained from low temperature

Electro-Reflectance measurement of a DWELL structure with a nominally identical
In,Ga; .As QW thickness and In composition'”. The authors of this work claim that
the measured HH-LH splitting in a DWELL structure is > 50% larger than would be
the case in a nominally identical InGaAs QW, with most of this difference occurring
in the HH band. It is argued that the dual effects of an increase in strain at the
QD/QW interface and the reduced potential of the InAs WL may serve to reduce the

energy of the greater confined HH state more effectively than that of the lesser

confined LH state.

Perhaps most interestingly, the dependence of the QD PL peak energy on

nominal indium composition is almost identical to that of the HH absorption peak 1n

the QW/WL. The approximately linear dependence of both is shown in Fig 3.3.
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Fig. 3.3 PL peak energy and the lowest energy transition in the DWELL (el — HH) as a function
of indium composition. The trends are approximately linear and have very similar dependencies.
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