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1 Introduction

Over the last 30 years the development of the sophisticated semiconductor growth techniques of molecu-
lar beam epitaxy (MBE) and metal organic vapor phase epitaxy (MOVPE) has resulted [1] in the growth
of a range of low dimensional structures that have revealed new physical phenomena as well as being
exploited by the creation of new classes of electronic and optoelectronic devices. In particular using
MBE and MOVPE [1] it is possible to grow multi layer structures whose interfaces are very sharp and
where the constituent layers can be as thin as a few monolayers. Initially quantum well structures made
up from layers of GaAs/Al,Ga, As were studied intensively. The underlying reason for this is that the
lattice parameters of GaAs and Al,Ga, As are virtually the same over the entire range of composition x
thus no untoward effects due to strain, such as dislocation formation, occur. GaAs/Al,Ga, ,As quantum
wells were incorporated in the first generation of optoelectronic devices that relied on quantum effects for
their operation and also have proved to be the model system for the study of the physics of quantum wells.

Of course, the fundamental consequence of quantum confinement is that by choice of the confinement
layer thickness we can, to an extent, choose the energy of photons that will be emitted when electrons in
the lowest confined state recombine with holes in the lowest confined state. This degree of freedom had
immediate impact in the field of semiconductor lasers whereby it was possible to produce devices in
which the active region was GaAs that could emit light at wavelengths shorter than 880 nm [2]. Quantum
well structures have also been exploited in other devices, for example in modulators using the Quantum
Confined Stark Effect [3] and solar cells [4].

The physics of low dimensional structures is usually studied using electrical or optical measurement
techniques, in this article we will concentrate on the latter. Of fundamental importance in quantum well
structures is the strength of the Coulomb interaction [5] between the photo-excited electrons and holes
which opened up the study of the basic physics two dimensional excitons. A good example of this is the
study of the low temperature exciton recombination dynamics taken under conditions of non resonant
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excitation [6]. In this work it was reported that the measured exciton decay time decreased with decreas-
ing quantum well thickness, this was attributed to the effect of the increased overlap of the electron and
hole wavefunctions due to the spatial confinement. This type of study involving the study of the dynam-
ics of recombination has proved to be particularly fruitful, in particular temperature [7] and excitation
energy [8] dependent studies led to increased understanding of the processes governing the dynamics of
excitons in two dimensional systems.

In general, at low temperature and under non resonant excitation conditions, the exciton radiative
recombination times in the majority of quantum well structures are in the nanosecond or sub-nanosecond
time regime. This statement needs to be qualified in that it applies to type I quantum well structures, i.e.
where the lowest energy electron and hole wavefunctions are confined to the same layer of material. In
the Al,Ga,_As materials system it is possible to choose the compositions and layer thicknesses to create
a type Il quantum well system [9], i.e. where the lowest energy electron and hole wavefunctions are
confined in the different layers of material. Probably the most widely studied type II quantum well sys-
tem is made up of layers of GaAs whose thickness is <3.5 nm and the barriers layers are AlAs [10]. This
results in the lowest energy confined electron state being associated with the X minima in the AlAs and
lowest energy confined hole state being the » =1 heavy hole state in the GaAs. The resulting spatial
separation of the electron—hole wavefunctions intrinsically leads to radiative lifetimes that can approach
microseconds (depending on the particular configuration of the quantum well system) [11]. As well as
opening up the study of the dynamics of spatially separated electrons and holes type Il GaAs/AlAs quan-
tum well system proved to be a model system for study of inter layer scattering of electrons [12].

So in summary of this very brief overview the fabrication of quantum well structures opened up a myriad
of opportunities for the study of new physical phenomena as well enabling the creation of devices with
improved and novel functionality. It was anticipated that further technological and scientific developments
would occur if carriers could be confined in all three dimensions, i.e. quantum dots. In particular it was
envisaged that the threshold current density of quantum dot lasers would exhibit reduced sensitivity to
temperature [13] and could serve in systems that require the controllable emission of single photons [14].

2  Quantum dots

For many years the fabrication of high quality quantum dots proved to be problematic, the most widely
employed technique involved nanolithography of quantum well structures [15]. Quantum dots fabricated in
this way suffered from a range of problems, perhaps most significant of these was the incorporation of
defects. These difficulties were overcome by the exploitation of the Stranski—Krastanov coherent island
growth mode which enabled the fabrication of self assembled quantum dots. Although, first described in the
1930s the technique was introduced in 1990 for the growth of coherent semiconductor islands [16]. During
the heteroepitaxy of a semiconductor with a lattice constant significantly different from that of the substrate,
e.g. in the case of InAs on GaAs strong strain fields occur due to the large lattice mismatch of 7.2%. This
leads to relaxation of the InAs after deposition of a few monolayers (ML) and dislocations are formed. If
layers are grown before this relaxation has occurred small strained islands form which are free of defects.
These islands appear spontaneously after deposition of a critical thickness of 1-2 MLs of InAs. The driving
force of this phase transition is the reduction of the free energy however kinetic effects also play an important
role. When equilibrium is reached quantum dots are formed residing on a thin wetting layer of 1-2 MLs of
InAs as shown by the cross sectional Transmission Electron Microscopy (TEM) image in Fig. 1.

Fig.1 High resolution cross sectional TEM image in
the (110) direction of two neighbouring InAs quantum
dots on a GaAs surface.
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Using this technique has enabled the growth of quantum dots in different material systems such as
Si/Ge [17], InP/GaAs [18], GaSb/GaAs [19], CdSe/ZnSe [20] and GaN/AIN [21]. Nevertheless the most
widely studied system has been InAs/GaAs which, much like the GaAs/Al,Ga,_,As quantum well system
has become the model for the study of the basic physics of semiconductor quantum dots.

2.1 Low temperature optical properties of InAs/GaAs quantum dots

InAs/GaAs quantum dots formed by the technique described above usually have heights in the range
3—12 nm and base widths in the range 15—30 nm although it is possible, to an extent, to control these
parameters by variations in the growth conditions [21]. In Fig. 2 are shown a series of photolumines-
cence spectra taken at 7= 6 K using an InAs/GaAs structure with a dot density of ~10'"' cm™ with dif-
ferent excitation power densities and the excitation photon energy greater than the GaAs barrier bandgap.

For the time integrated spectra shown in Fig. 2 the excitation spot was ~3 mm diameter, thus the
width of the spectra represent the variation in the energies of the confined electron and hole states of the
quantum dots due to variations in the dimensions and chemical compositions of the dots within the exci-
tation volume. The excitation power densities used were such that the range of average carrier densities
varied from less than one electron—hole pair per dot to greater that one electron—hole pair per dot. The
spectrum recorded at the lowest excitation density (Fig. 2(c)) has a single feature, with a peak energy of
1.131 eV, which is due to recombination involving carriers in the lowest energy confined electron and
hole states (designated as ground state recombination). As the excitation density is increased, features at
higher energy appear in the spectra at 1.205, 1.277 and 1.345 eV. These peaks have been attributed pre-
viously [22] to recombination involving excited states of the InAs/GaAs quantum dots. The emergence
of the recombination due to the higher lying transitions is due to state blocking effects, caused by Pauli
exclusion, when the lower states are fully occupied. In Fig. 3 are shown photoluminescence decay curves
of the ground state recombination for three different excitation power densities equivalent to those used
for the spectroscopy shown in Fig. 2. As the excitation density is increased a progressive change occurs
in the form of the decay curves. For the lowest excitation density (Fig. 3(c)) the rise of the photolumi-
nescence intensity is rapid, and then slows, reaching a peak after ~800 ps. As the excitation density is
increased the rise of the photoluminescence intensity becomes more rapid (Fig. 3(a), (b)) and also for the
highest excitation density a plateau occurs at the top of the decay curve after the maximum intensity has
been reached.

The observed plateau is a particular characteristic of the zero dimensional character of the quantum
dots. In the simplest picture the plateau occurs because of state blocking when, on average, the quantum
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Fig.2 Time integrated photoluminescence spectra for excitation photon densities per pulse of (a)
2x 10" cm?, (b) 8 x 10” cm™ and (c) 3 x 10° cm™.
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dots are occupied by more than one electron—hole pair. In this case if a ground state electron—hole pair
recombines there is a finite probability that the ground states can be filled by carriers that are in higher
lying states having been prevented from relaxing to the ground states. If this occurs the photolumines-
cence intensity from a significant subset of the quantum dots in any excitation cycle remains constant
after the excitation has been switched off leading to the observed plateau. This behavior has been ana-
lyzed and quantified using either rate equations [23, 24] or Monte Carlo simulations [25]. In all cases the
photoluminescence decays with a time constant ~1 ns, indicative of the strong spatial overlap of the
electron—hole wavefunctions.

Significant modifications occur to the spectra if the excitation photon energy is tuned to below the
GaAs bandgap and in particular to lie within the inhomogeneously broadened spectrum. So called reso-
nant excitation can reveal two types of features, firstly phonon assisted absorption [22, 26—28] and sec-
ondly features [29—31] due to the resonant excitation of a sub-set of the excited states of the quantum
dots which then leads to an enhancement of the intensity of the ground state photoluminescence of the
resonantly excited sub-set. This latter process is of particular relevance to the discussion to be presented
on the optical properties of InAs quantum dots with AlAs barriers.

Along with the study of quantum dot ensembles the study of the spectroscopy of single quantum dots
is proving to be particularly fruitful. Such studies are usually made in samples where the quantum dot
density is relatively low and the individual quantum dots are isolated by the use of a sub-micron mesa
structure. Using this technique the inhomogeneous broadening due to variations in size and composition
of the dots is removed from the emission spectra and the photoluminescence spectra usually consist of
very sharp lines due to recombination of, for example, excitons, multiple exciton complexes and charged
excitons depending on the experimental conditions [32]. If InAs quantum dots are to be useful in device
structures such as lasers or sources for single photon emission they must maintain their radiative effi-
ciency at higher temperatures, in particular room temperature.

2.2 Temperature dependent optical properties of InAs/GaAs quantum dots

Studies of the temperature dependence of the optical properties of an ensemble of quantum dots can
reveal information on the following. Firstly the temperature dependence of the photoluminescence inten-
sity is a useful way of monitoring the emergence of any thermally activated non radiative recombination
processes. Secondly by monitoring such properties as the photoluminescence line width and peak energy
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information can be obtained on how the carriers may be redistributed amongst the quantum dot ensem-
ble. These two aspects can be interrelated in that if the carriers are redistributed by a thermally activated
process(es) then the carriers can be lost non-radiatively during this cycle. In particular it has been found
[32—41] that the peak energy (E,) can decrease more rapidly as a function of temperature than might be
expected if the change was governed solely by the change in the bandgap of InAs. Furthermore it has
been observed that the full width at half maximum height (FWHM) of the spectrum can also decrease as
the temperature is raised up to some critical temperature followed by an increase in the FWHM at higher
temperatures. Linked to this behavior the photoluminescence intensity remains essentially constant in the
low temperature regime but decreases as the temperature is increased further. It should be stressed that
this behavior is not universal [42] and depends on the particular structure being studied. In fact the pa-
rameter that determines whether this behavior is seen is the value of the peak energy at low temperature
which in turn reflects the depth of the carrier confinement.

In Fig. 4 are shown the results of measurements taken with low excitation density of the integrated
photoluminescence intensity, relative peak position and FWHM from two quantum dot structures (sam-
ple numbers 617 and 592) with values of £ at low temperature of 1.105 and 1.23 eV. These two samples
show the contrasting behavior described above. It should be noted that the data for £, have been cor-
rected to reflect only changes due to relaxation and thermalisation so the expected change in the bandgap
of InAs has been removed using Varshni’s equation incorporating the constants provided by Vurgaftman
et al. [43]. As can be seen in Fig. 4 the change in £, for sample 592 is much less pronounced than that for
sample 617. The FWHM for 592 remains relatively unchanged with increasing temperature whereas the
FWHM for 617 decreases then increases with a minimum occurring around 140 K. The integrated inten-
sity from sample 592 decreases by only about a factor of 2 on increasing the temperature from 10 to
200 K, whereas, the integrated intensity of 617 remains relatively constant up to 70 K but then falls
much more rapidly having decreased by well over an order of magnitude at 200 K.

Qualitatively these changes in the optical properties of sample 617 can be explained as follows. As the
temperature is increased the carriers that are in less well confined quantum dots, i.e. those in the smaller
quantum dots that contribute to the high energy part of the photoluminescence spectrum, are thermally
emitted to the barrier and/or wetting layer and subsequently retrapped or lost through non radiative or
radiative recombination in the barrier layers. Thus as the temperature is increased the linewidth is re-
duced and the peak energy gradually shifts to lower energies until the temperature is sufficiently high
that the carriers are thermally distributed across the quantum dot states. As for sample 592 the average
confinement depth is much greater as reflected in much lower value of E, meaning that any thermally
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Fig. 4 Low excitation intensity experimental data for (a) the relative photoluminescence peak energy,
(b) the FWHM of the spectra and (c) the integrated photoluminescence intensity for the samples 592 and

617.
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activated carrier transfer processes are much less effective over the temperature range studied. Theoreti-
cal descriptions of this behavior are usually achieved using a set of rate equations which describe the
kinetics of the carrier exchange between the quantum dots and the barrier via the wetting layer [44, 45].
In the past it has been assumed that the carriers behave as correlated electron—hole pairs (excitons) dur-
ing the thermally stimulated exchange processes [46, 47]. Recently a much more comprehensive theo-
retical model [48] was described in which the consequences of carrier exchange involving independent
electrons and holes was compared with that involving excitons. We do not propose to describe this work
in detail here but below we note the main elements of the theory and show the contrast between the pre-
dictions of the theoretical results for the independent electron—hole and exciton models compared with
the experimental data. The main elements of the model as follows:

— a system of quantum dots in a semiconductor matrix where electron—hole pairs are generated con-
tinuously in the barriers,

— these carriers can either recombine or be captured by the quantum dots,

— the quantum dots have only one confined electron and hole states and the spectral distribution func-
tion for these states was assumed to be Gaussian,

— carriers captured into the quantum dots can then either be thermally activated into the barrier layer
or recombine radiatively.

The time evolution of the carrier concentrations in the barrier and the quantum dots were then described
by a set of coupled rate equations. In contrast to previous theoretical treatments this model includes the
following:

— A clear distinction was made between carrier relaxation in the form of independent carriers or exci-
tons.

— The redistribution of carriers in the quantum dots occurs via the GaAs continuum states.

— The energy differences between the quantum dot states and the matrix were not used as fitting
parameters but were determined as a function of dot size [49].

— When the photoluminescence spectra were calculated the anticorrelation of the confinement energies
of the electron and hole states was taken into account. This means that the smaller quantum dots have
smaller confinement energies for both electrons and holes.

In Figs. 5 and 6 we show the predictions of this model for the optical properties of the samples that we
studied experimentally for both the independent electron—hole and exciton models. Let us first discuss
the comparison of theory and experiment for sample 617 (Fig. 5) where the most radical changes in the
optical properties are observed. For all the observed properties the predictions of the independent elec-
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Fig. 5 Predictions of (a) the relative photoluminescence peak energy, (b) the FWHM of the spectra and
(c) the integrated photoluminescence intensity for the sample 617. The open and filled symbols corre-
spond to the excitonic and non excitonic models respectively.
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Fig. 6 Predictions of (a) the relative photoluminescence peak energy, (b) the FWHM of the spectra and (c) the
integrated photoluminescence intensity for the sample 592. The open and filled symbols correspond to the excitonic
and non excitonic models respectively.

tron—hole model are in far better agreement with the experimental data than the exciton model. Particu-
larly striking is the prediction that the fall off in integrated intensity with increasing temperature is much
less for the excitonic model than the free electron—hole model. This is because in the exciton description
the recombination partner for an electron or hole is always available, whereas in the case of the inde-
pendent electron—hole model the probability of finding a recombination partner decreases with increas-
ing temperature thus increasing the chance of non radiative recombination.

As for sample 592 (Fig. 6) again the agreement between the predictions of the independent electron—
hole model and the experimental data are much better than the exciton model.

Of course the changes in the optical properties are much less severe, both theoretically and experimen-
tally, which is due to the much greater carrier confinement in this sample. To an extent the agreement (or
not) between the theory and experiment was governed by the choice some of the input parameters. In the
original work [48] the conclusions concerning the dominance of the free carrier escape were further
supported by comparison between theory and experiment at higher injection levels which removed the
qualification above concerning the choice of input parameters.

As we have already said the latter description is in much better agreement with the experimental data
as might be expected because the Coulomb binding energy in this type of quantum dot is relatively
small, i.e. a few meV. In systems where this energy might be expected to be much larger, e.g. nitride
materials, this exciton effect may play a role in determining the room temperature photoluminescence
efficiency.

The results of the study described above clearly suggest that because of the dominance of the inde-
pendent electron—hole mechanism to achieve high optical efficiency at room temperature it should be
advantageous to use as wide a bandgap barrier material as possible.

2.3 Optical properties of InAs/AlAs quantum dots

As just stated to minimize the effects of thermionic emission it should be advantageous to use barrier
material with as large a bandgap as possible. The natural choice would therefore seem to be quantum
dots surrounded by AlAs barriers. The use of AlAs barriers also brings the added advantage of shifting
the peak of the emission from the GaAs quantum dots into the spectral region around 780 nm where they
could be used in devices used for optical reading. With these ideas in mind we have undertaken a study
of the basic optical properties of InAs/AlAs quantum dots, in particular we have investigated in detail the
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10 ' ' ' ' ' Fig. 7 Time integrated photoluminescence spectrum
T=6K from InAs/AlAs quantum dot structure recorded at
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recombination dynamics. Depending on the growth conditions the peak energy can lie in the range
1.5-1.7 eV. An example of the photoluminescence spectrum measured at 7= 6 K is shown in Fig. 7.
The emission from the quantum dots is the broad feature that peaks at 1.583 eV, the sharply rising fea-
ture at the low energy limit of the spectrum is due to emission from the underlying GaAs buffer layer.
Not only is the emission wavelength moved to much higher photon energy when compared with
InAs/GaAs quantum dots but a significant change occurs in the recombination dynamics as illustrated in
Fig. 8.

In Fig. 8 is shown a photoluminescence decay of the quantum dot emission, the non exponential decay
occurs on a time scale of many thousands of nanoseconds. Initially two explanations were put forward to
explain this particular observation. The first suggestion [50] drew parallels with the situation in
GaAs/AlAs quantum wells where the recombination can occur over a similar time scale (type II struc-
ture).

As already discussed the long time scale for recombination in GaAs/AlAs type II quantum wells is
because the optically injected electrons and holes become spatially separated with the electrons scatter-
ing to confined states associated with the X minima in the AlAs. The first striking observation of this
work was the appearance of a series of sharp lines, as shown in Fig. 9, in the low temperature (7 = 6 K)
photoluminescence spectra as the excitation energy was changed.

So it was proposed that the X electron states played a role in the recombination from InAs/AlAs quan-
tum dots by allowing the electrons that were photo excited in the InAs quantum dots to scatter to adja-
cent quantum dots that were not occupied by holes. Thus the subsequent recombination that occurred
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Fig. 8 Photoluminescence decay curve of recom-
bination from InAs/AlAs quantum dot structure
measured at 7= 6 K.
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Fig.9 Low temperature (7= 6 K) photoluminescence spectra measured with the indicated excitation
photon energies.

involved spatially separated electrons and holes that occupied different quantum dots. An alternative
explanation was put forward by Shamirzaev et al. [51] who explained the long-lived nature of the decays
as being due to the quantum dot ground states being triplet in nature. To an extent this argument has been
supported by theoretical estimates [52] of the exchange splitting in small InAs/AlAs quantum dots. More
recently a modification of the model described in the work by Dawson et al. [50] has been put forward
[53] to explain the long timescales for the recombination. This work involved more detailed low tem-
perature photoluminescence decay time and spectroscopy measurements.
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For the highest excitation photon energy (2.140 eV) used the spectrum has a well defined peak at
1.583 eV and a distinct shoulder at 1.645 eV. As the photon energy is progressively reduced (for the sake
of clarity not all the spectra recorded are shown here) the spectra change radically. For the 1.978 eV
excitation two extra distinct features emerge, labeled A and B. As the excitation energy is further re-
duced A and B move to lower energy, until eventually line A disappears around 1.64 eV. For further
reductions in excitation energy below 1.820 eV another line, labeled C emerges. A particular characteris-
tic of A, B, and C are that as the excitation energy is reduced the energy difference between A, B and C
and the excitation energy also reduces such that in the cases of B and C the excitation and emission ener-
gies finally become coincident. This overall behavior is illustrated in Fig. 10 where the difference in the
excitation energy (AF) and the peak emission energy for the lines A, B and C is plotted against the exci-
tation energy (E,). The gradients of the linear fits to the data shown in Fig. 10 are equal within the range
0.55 £ 0.03. Along with the appearance of these relatively sharp line spectra we also note that for excita-
tion photon energies below 1.615 eV the broad photoluminescence feature at 1.583 eV, which dominates
the spectra at high excitation photon energies, disappears.

To try to understand the nature of the sharp lines the decay of the photoluminescence at a particular
energy was measured when the sharp line was present at that particular detection energy and when it was
not. This was achieved by varying the excitation energy. Experimentally it was found that the decay
curves were essentially unchanged suggesting that when a sharp line is present at a particular detection
energy there is no radical change in the nature of the emission process but rather the excitation energy
used has led to an enhancement of the emission intensity at that energy. This enhancement is as was
observed [29—31] in the InAs/GaAs quantum dot system when the excitation energy was resonant with
the excited states of a subset of the quantum dots resulting in increased emission from the grounds states
of the particular subset. In such a process the photo excited electron and hole remain within the same
quantum dot. We can rule out at least part of that process in the situation considered here because the
photoluminescence decays occur over a much longer time scale than nanoseconds.

The results described above demanded that modifications needed to be made to the previous work [50]
in which it was proposed that the long recombination times were due the spatial separation of electrons
and holes into different quantum dots via scattering involving the X states of the AlAs. If this model was
wholly correct the sharp line spectra could only be explained by resonant excitation of a subset of the
quantum dots followed by recombination of the electron—hole pair within the same quantum dot. If this
was the case then the observed decay times of the sharp lines would be on the nanosecond time scale,
which they clearly are not.

Thus the following modification was proposed. As pointed out by Williamson et al. [54] for the
InP/GaP quantum dot system the local strain field in the GaP caused by the InP quantum dots can lead to
localized states associated with the GaP X minima. The depth of the localisation is influenced by the size
of the quantum dots and also the degree of lattice mismatch between the quantum dots and the barrier
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materials. Thus this idea was extended to InAs/AlAs quantum dots, bearing in mind that the separation
of the InAs quantum dots can be as small as 1 nm this strain effect could lead a continuous distribution
of localized X states where the precise energy of any specific state is determined by the size and compo-
sition of the adjacent InAs quantum dots. Thus because of the variation in the sizes and the chemical
composition of the quantum dots one could anticipate a wide range of localised X like states in the bar-
rier material. Thus it was proposed that the emission above 1.675 eV is due to the recombination of elec-
trons localised in X related states located in the AlAs with holes in the InAs quantum dots as shown
schematically in Fig. 11.

This view then leads to a natural explanation for the lines A and B as being due to the resonant excita-
tion of electrons to either the » =1 or the n =2 states in the InAs quantum dots and the subsequent en-
hancement of the emission involving the adjacent localized X states. Also this model can be used to
explain why the recombination dynamics occur over a relatively long time scale and are strongly influ-
enced by the energy difference between the excitation and recombination states. The strong decrease of
the recombination rates of A and B with decreasing energy difference between the excitation and recom-
bination states was ascribed as being due to the strong spatial mixing of the " and X electron wavefunc-
tions. Furthermore, the non exponential character of the decay of the quantum dot emission was ex-
plained by the fact that at any particular detection energy emission was monitored where the degree of
mixing varied.

According to the previous model [50] the 1.583 emission band is due to recombination of electrons
and holes being localized in spatially separated InAs quantum dots. The spatial separation of the elec-
trons and holes is possible as long as the /" states within the dot are at higher or equal energy as the low-
est X states in the barrier (note: whose position depends on the dot size as well due to the strain fields
involved). As the excitation photon energy decreases below the X states (in the largest dots) the route for
electrons to leave the quantum dots where they have been excited originally is removed and only fast
recombination within the quantum dots, i.e. line C remains.

3  Summary

Using the sophisticated epitaxial growth technique of MBE it has been possible to grow high quality
InAs quantum dot structures which has opened up the study of relaxation and recombination of carriers
in quantum dots. In this article we have described recent work in two particular aspects of this field of
study. Firstly, we considered the results of a detailed comparison of theory with experiment on the tem-
perature dependence of the photoluminescence spectra and intensity of InAs/GaAs quantum dots. In the
past the temperature induced change of carriers between the quantum dots had been described in terms of
correlated electrons and holes (excitons). By comparing the results of a theoretical treatment in which the
carrier exchange between the quantum dots was considered to involve excitons or free electrons and
holes we were able to demonstrate the dominance of the former process for the InAs/GaAs quantum dot
system. The theory developed is not only of importance for the InAs/GaAs system, in systems where the
Coulomb interaction is much stronger the excitonic contribution to the exchange process may have im-
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pact on the high temperature photoluminescence efficiency. Secondly we presented the current under-
standing of the optical properties of the InAs/AlAs quantum dot system. Similarly to GaAs/AlAs quan-
tum wells there is a significant body of evidence that the indirect nature of the AlAs bandgap plays a
significant role in determining the nature and time scale of the recombination at low temperatures. Spe-
cifically some of the spectral features have been attibuted as involving electrons localised at strain in-
duced X related minima in the AlAs with holes in the InAs quantum dots. Although it should be stressed
that this conclusion is at variance with an alternative view presented by other workers who have sug-
gested that the electrons occupy states in the InAs quantum dots. Clearly more work needs to be done to
fully understand the character of the electron state. Perhaps there is again an opportunity for the tech-
nique of Optically Detected Magnetic Resonance to provide some definitive conclusions, much as was
the case for type Il GaAs/AlAs quantum wells [55]. Nevertheless the long recombination times observed
at low temperatures suggest that the InAs/AlAs quantum dot system may not be as readily exploited in
optical devices at room temperature as the time scale for radiative recombination may make such quan-
tum dots susceptible to non-radiative recombination processes.
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