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Abstract

Semiconductors nanostructures are fabricated using
a range of techniques which inevitably have an impact in
the resulting optical properties. Multilayers are grown
by epitaxial techniques with a varying degree of uni-
formity in thickness, composition, etc., all leading to
localisation effects in two-dimension. These multilayers
are patterned to fabricate wires and dots using, in this
case, electron beam lithography and dry etching. The
fabrication steps contribute to modifications of the opti-
cal properties, beyond the expected purely confinement-
related effects.

An overview of linear and modulation spectroscopy
is presented to demonstrate the impact of fabrication
steps as well as of lateral confinement upon the emission
from wires and dots. We focus on photoreflectance of
GaAs-GaAlAs dots and Si-SiGe wires as a probe of
strain relaxation. Near-field scanning optical micros-
copy of single dots of GaAs-GaAlAs at helium tempera-
tures illustrates the potentials of using scanning probe
techniques to study the underlying quantum mechanics
of nanostructures. Finally, we suggest that a combina-
tion of lateral exciton confinement and exciton localiza-
tion is a possible way forward to realise high emission
efficiency nanostructures.

Key Words: Quantum wires and dots, excitons, elec-
tron-phonon interaction, localization, energy and mo-
mentum relaxation, InAs-GaAs quantum wells, lumines-
cence, luminescence excitation, photoreflectance, near-
field scanning optical microscopy.
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Introduction

The purpose of this contribution is to provide an
overview of progress in the understanding of excitons in
semiconductor quantum dots and wires vis-a-vis highly
localised excitons in submonolayer quantum wells of
InAs-GaAs from the point of view of efficient exciton
radiative recombination.

Semiconductor quantum wires and dots are unique
condensed matter systems where electron and hole local-
isation can be achieved by lateral confinement down to
quasi zero-dimensions. These nanostructures are real-
ised by a variety of techniques including electron beam
lithography and dry etching. Fluctuations in the 2-D
quantum well thickness of the starting material and in
the alloy composition of one or two cf the materials in-
volved are generally compounded with fabrication-relat-
ed effects to produce optical signals testifying to confine-
ment mixed with strain changes, localisation and the
presence of non-radiative centres.

When considering light emission, the main quasi-
particle studied is the exciton. In semiconductors, the
spatial extent of the exciton is a length scale to deter-
mine whether the system under study is under separate
confinement or under exciton centre-of-mass confine-
ment (Kash, 1990). In the case of most GaAs-based
structures, the size is in the range of approximately 30
to 150 nm. This lateral confinement results in a strong-
ly modified density of states (DOS): from the two-di-
mensional (2-D) case featuring a step-like function,
through the one-dimensional (1-D) case with a DOS ex-
hibiting a sharp increase with a tail dropping as E!/2 to
higher energies, to the zero-dimensional (0-D) case
where the DOS becomes a series of §-functions (Weis-
buch and Vinter, 1991; Stern, 1992). One driving force
was based on the possibility of obtaining a giant oscilla-
tor strength which could lead to lasers, with minimum
threshold current density, and strong optical non-linear
devices among a range of devices.

Luminescence spectroscopy has been a major exper-
imental tool to assess the emission strength of nanostruc-
tures. In general it was found that as the lateral size
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decreased so did the luminescence intensity (see, for
example, Forchel et al., 1990; Sotomayor Torres et al.,
1990; and Clausen er al., 1989). The search began for
the reasons of this poor luminescence yield. Several
factors were considered including damage to the side-
walls, strain changes, poor control of the lateral size
uniformity, among others. Several model have been put
forward and below we describe one based only on intrin-
sic phenomena invoking inhibited energy and momentum
relaxation (Benisty er al., 1991). We evaluate it with
respect to real nanostructures and to recent results. It
emerges clearly that one need is for fast in-situ non-de-
structive characterization during fabrication and the other
is the need to study optically single nanostructures to
avoid the line-shape broadening resulting from probing
many nanostructures with lateral size fluctuation ranging
from 1 (best case) to 30% (worst case) of the mean size.

More recently new experimental results have be-
come available concerning: (a) optical properties of
modulation doped quantum dots and wires (see, for ex-
ample, Goiii et al., 1991 for wires; Wang et al., 1994a
for dots) with an insight into many-body interactions in
1- and O-dimensions, accompanied by theoretical devel-
opments (Gumbs ez al., 1994); and (b) structural charac-
terisation of dots and wires using reciprocal space maps
obtained by triple-axis X-ray diffraction (Darhuber ez
al., 1995). These two recent developments are beyond
the scope of this article and will be discussed elsewhere.

Excitons in Deep Etched Nanostructures

The realisation of lateral potentials to form semicon-
ductor nanostructures, such as quantum dots (QD) and
quantum well wires (QWW) has been made possible by
a variety of techniques including: (a) The use of surface
stressor pioneered by the Bellcore group (for a review,
see, Kash, 1990) and pursed in a slightly different form
by the Santa Barbara group (Tan ez al., 1991) which re-
sulted in confinement energies in the range of 12-16
meV; (b) Surface barrier modulation (Greus er al.,
1993) which uses a related concept, by modulating the
top barrier of the quantum well, resulting in an enhance-
ment of the energy in quantum well areas closer to the
surface with a blue energy shift of around 7 meV for 20
nm wire wide.

There is a whole family of direct-growth techniques
for wires and dots, including QWW in V-grooves (see,
for example, Kapon er al., 1993), and dots (Leonsrd o
al., 1993). Whereas the emission efficiency is high
compared to etched dots and wires, there ar- some diffi-
culties with these approaches. For example in QWW,
there are exciton transport mechanisms Which appear to
limit the lower end of the laser thrsshold current and,
concerning the dots, the size distroution is not easy to
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control. Several groups are working in ways to improve
the direct-grown of nanostructures (Arakawa, 1994).

Fabrication of deep etched nanostructures

Deep etched nanostructures are fabricated by com-
bined electron beam lithography (EBL) or holography
and dry or wet etching. The work in Glasgow uses EBL
and dry etching in SiCl4 for GaAs deep etched wires and
dots (see, for example, Wang et al., 1992a). A similar
approach is used by several other groups. Figures 1 and
2 show an scanning electron micrograph of an array of
GaAs-GaAlAs dots of 180 nm diameter and wires of 100
nm width, respectively. The main drawback is the pres-
ence of a semiconductor-air interface of these free-stand-
ing nanostructures, which limits the observation of opti-
cal processes to sizes down to 20-30 nm, due to both
surface effects and the phonon "bottleneck" (Benisty et
al., 1991).

The luminescence spectrum of an array of 60 nm
GaAs-Gag 79Alg 30As QD is shown in Figure 3 where
the upper spectrum corresponds to a control mesa and
the lower spectrum corresponds to the dot array for
which a magnification of x100 has been used to display
them in the same scale. It is clear that the emission
intensity decreases with negligible impact on line-width
broadening. Luminescence excitation spectra of 60 nm
wide QWW in two polarization and of the control mesa
are shown in Figure 4 (left) clearly showing the heavy-
hole and light-excitons and the 1-D confined heavy-hole
exciton states. These energies are plotted as a functios
of wire width in Figure 4 (right) and agree fairly well
with a simple confinement model using the enveiope
function approximation (P.D. Wang et al., unpublshed).
Luminescence limiting mechanisms in quap/um dots
and wires

As mentioned above, much effort has deen invested
to obtain evidence for enhanced oscillaor strength by
measuring the integrated emission intersity as a function
of lateral size (width for wires and diameter for dots)
normalising for the area covered after etching, with
respect to the 2-D sample, with no success. Various
models based on the effect of the surface upon radiative
recombination were proposed (Forchel er al., 1990;
Clausen ez al., 1989), which suggested the existence of
a "dead" layer, the thickness of which was fabrication
process Jependent. The models needed an estimate of
die surface recombination velocity, assuming a given ex-
citon diffusion length. The models assumed that exci-
tons were photo-created in the quantum dot or wire and
would diffuse to the nanostructure surface recombining
there non-radiatively, hence for larger structures there
would be a higher probability of observing emission
from dot- and wire-like structures. The "dead" layer
models suggested that the emission would be too weak
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30 nm Dots

Figure 1. Scanning electron micrograph of an array of
GaAs-GaAlAs 180 nm diameter dots.

o . ogem Wires

Figure 2. Scanning electron micrograph of an array of
GaAs-GaAlAs 100 nm wide wires.

to allow observation of quantized energy levels in the
smallest structures, as the surface-related non-radiative
process would be dominant. Most experimental data
supported this approach. Improvements on the emission
intensity for a given lateral size were obtained by con-
centrating in materials of known lower surface recombi-
nation velocity, such as GalnAs-InP (Forchel er al.,
1990), which demonstrated that the surface played a
significant role in deep etched structures.

A controversial model, based only on intrinsic
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Figure 3. 5K luminescence spectra of GaAs-

Gaj 70Alg 30As multiple quantum wells with well
thicknesses of 4, 6 and 8 nm, (top) a control mesa and
(bottom) 60 nm quantum dots.

mechanisms, was proposed to explain the decrease in
luminescence intensity as a function of lateral size
(Benisty et al., 1991). It went like this: For GaAs-based
nanostructures, the energy separation of the electronic
levels for lateral sizes around 150 nm is of the order of
a few meV, which is also valid for other comparable
materials. This energy spacing is too small for the elec-
tron to interact with an optical phonon. Relaxation by
acoustic phonons is already inhibited in wires and dots
(Bockelmann and Bastard, 1990) due to the limited range
of wave vectors available in 1-D and 0-D, compared to
the 2-D case, thus, electrons tend to accumulate in high-
er-lying energy levels, a sort of "bottleneck”, spending
there times longer than the non-radiative recombination
time. In other words: for radiative recombination to
occur, both electron and hole have to be at the bottom
of their respective bands with compatible quantum num-
bers. The slower energy and momentum relaxation in-
creasingly prevents that from happening as the lateral
dimensions become smaller. A comparison of this
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Figure 4. Left: 5K Luminescence excitation spectra of a multiple quantum wells of 20 x (8 nm GaAs and 10 nm AlAs
barriers): the top spectrum corresponds to the control mesa and the middle to polarisation parallel to the main axis of
the wires and the bottom one to perpendicular polarization. Right: The dependence of the heavy-hole exciton n=1 states

confined to 1-dimension as a function of wire width.

model to experimental data, suggested that both, intrinsic
(bottleneck) and extrinsic (dead layer) mechanisms
controlled the emission strength (Wang ez al., 1992b).
For larger structures, the "dead layer” approach gave a
better fit to the data, whereas for smaller structure the
"bottleneck"” provided a cut-off size.

Moreover, Bockelmann (1992) calculated that for a
given quantum dot size (e.g., a box of 100 x 100 nm x
quantum well thickness, Lz), the acoustic phonon scat-
tering time at 4K depended upon Lz, exhibiting a damp-
ed oscillatory behaviour peaking at around Lz = 2.5 nm
and having a subsidiary maximum near 7 nm. We fabri-
cated dots of various diameter in a series of GaAs-
GaAlAs single quantum well samples with different Lz:
2.3, 4.5, 6.9 and 10.7 nm (Wang et al., 1993a). The
results are shown in Figure 5 demonstrating clearly that
the integrated emission intensity at 4K, accounting for
area coverage, was higher for all dot sizes fabricated in
the sample with well width 2.3 nm and thus, confirming
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the predominant role of acoustic phonon scattering.

The status of the bottleneck is as follows: (1). Di-
rect evidence is not easy to obtain since it is virtually
impossible to avoid the influence of extrinsic process ig-
nored by the model; moreover, many experiments ignore
the effect of carrier capture into the quantum well by
performing luminescence experiments pumping optically
above the barrier layer band gap. (2) Indirect evidence
points to the validity of taking acoustic phonon scattering
as the m_in energy relaxation mechanism. (3) If inter-
band transitions are inhibited then there must be a higher
probability for inter-subband transitions (in the infrared),
but so far there are no studies carried out using simulta-
neous emission and infrared absorption/emission studies.
(4) 1t is clear that the bottleneck model needs further
development to include extrinsic (surfaces, impurities)
phenomena, electron-electron (Auger scattering) and ex-
citonic effects.

With respect to the last point, there have been at-
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excitation. The inset is the band alignment diagramme
for InAs/GaAs heterostructures. The full circles are our
work, the inverted triangles are from Gerard and Marzin
(1988), the squares are from Brandt et al. (1990) and
the circles form Cingolani ez al. (1990). Solid lines in
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energy gaps of InAs, GaAs and InAs embedded in GaAs
are taken as 0.418, 1.518 and 0.533 eV, respectively.
For the 1 ML sample the conduction band, heavy hole
valence and light-hole valence band offsets are taken as
0.689, 0.295 and 0.089 eV, respectively. All values
were calculated assuming an InAs-GaAs lattice mismatch
of 6.8% and conduction band non-parabolicity.

tempts to include second order multiphonon scattering
(Inoshita and Sakaki, 1992) which would bring the scat-
tering time closer to the radiative recombination time.
The issue is then the probability of these processes. One
way of enhancing multiphonon scattering is to design
very carefully the nanostructures so that the difference
between the confined energy levels is an integer multiple
of say, LO phonons, as proposed by Arakawa (1994).
Attempts to include many body interactions, such as,
electron-electron correlation, did not enhance sufficiently
the matrix element to overcome the bottleneck (Bryant,
1992). Auger processes have been proposed (Bockel-
mann and Egeler, 1992) and await experimental test.
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Finally, recent developments including excited states of
the exciton in a dot as levels participating in the relaxa-
tion has resulted in a higher probability of observing
emission from the ground state in dots, since the con-
duction and valence band states are connected via com-
ponents of the exciton wave-function built with electron
and hole levels (Bockelmann et al., 1994). These find-
ings suggests that one direct way to minimize the bottle-
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1.52

neck is to enhance the probability of transitions involv-
ing states with extended wave-vector k, such as, for ex-
ample, iso-electronic impurities. Here, the quantum dot
would ensure that other than surface effects the electron-
hole pair would feel primarily the capture cross-section
of the iso-electronic impurity and thus lead to a high
quantum efficiency.
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Exciton localisation in gquantum wires

A quantum wire has one degree of freedom since
carriers are free to move along the wire axis. There-
fore, it is conceivable to think of excitons diffusing
along the wire, if there were no traps, no relevant varia-
tions in the electrostatic potential and negligible surface
roughness. When the normalized integrated lumines-
cence efficiency was studied as a function of wire length
for a given wire width, it was found that there were at
least two regimes, depending on the quality of the start-
ing material in terms of the probable concentration of
localisation centres.

In high quality GaAs-GaAlAs quantum well sam-
ples, in terms of narrow line-widths and low impurity
concentration, it was found that for 100 nm wire width,
the normalised integrated emission intensity increased as
the wire length decreased (Leitch er al., 1992). This
was explained by considering the concentration of back-
ground impurities, which for these sample series was in
the region of low 1014 cm3, thus, a shorter wire will,
on average, contain fewer impurities than a longer wire.

However, in a lattice matched GalnAs-InP 7 nm sin-
gle quantum well, with a full-width at half maximum
(FWHM) of 14 meV, the normalised integrated intensity
of quantum wires was found to remain independent of
wire length (Macleod et al., 1993). Clearly, the quan-
tum well layer is a ternary alloy and as such it is likely
to have alloy fluctuation potentials which compounded
with quantum well thickness fluctuations tend to result
in a system with many exciton localisation centres. This
hypothesis was demonstrated by measuring the emission
FWHM as a function of temperature. It was found that
the FWHM has a minimum near 15K and then increased
again. This is typical of systems with localisation cen-
tres which become ionised as the thermal energy enables
excitons to escape and migrate in the crystal.

So what is the relevance to this work? It points out
to the issue of exciton transport in quantum wires, both
in the V-groove variety (see, for example, Kapon er al.,
1993) and in the deep etched and overgrown ones (H.
Schweitzer, private communication). What happens is
that excitons are formed everywhere in the semiconduc-
tor when electrons are injected or electron-hole pairs are
photo-pumped with energy above the energy gap of the
barrier material. Excitons then migrate to the regions of
lower energies, for example the crescent in the V-groove
or the buried wire in the overgrown structures. While
they migrate they interact (scattering and/or localisation)
with interface roughness, thickness fluctuations, impuri-
ties, etc., and thus, the conversion efficiency of the
structure of power input to radiative recombination at the
wire ground state energy is no better than the best 2-D
quantum wire laser. Quantitative work in this area has
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been carried out by the Stuttgart University team (H.
Schweitzer, private communication).

Excitons Bound to a Planar Arrangement
of Localisation Centres

A novel approach of confining excitons involves the
growth of corrugated superlattices (see, for example,
Notzel er al., 1993) and clusters (Alferov et al., 1992)
on high index planes of GaAs. In both cases, a strong
emission line is observed, which persists up to 400K
(Ploog et al., 1992). The emission has been said to
come from quantum wires, however, it may be appropri-
ate to consider the emission as arising from strongly
bound excitons to the wire-like and ordered cluster-like
geometry of GaAs in the AlAs matrix (Alferov et al.,
1992). These ideas have been extended to the InAs-
GaAs system.

The growth of highly-strained InAs-GaAs hetero-
structures on GaAs substrates with different orientation
has also attracted much interest (see, for example,
Brandt er al., 1990; Marzin et al., 1990; Braslavets et
al., 1991; Fahy et al., 1993). In addition to a strong
fundamental interest in growth-related phenomena (Sela
et al., 1991; llg er al., 1993), these structures have
numerous practical applications in opto- and micro-elec-
tronics (Dutta et al., 1993). These systems have been
also seen as possible candidates for the creation of quan-
tum wires and dots (Yazawa et al., 1991; Brandt et al.,
1991).

Here, we concentrate on submonolayer coverage of
InAs embedded in a GaAs matrix grown on (100) GaAs
(Ploog et al., 1992; Wang et al., 1994b), which can be
considered as an ultrathin quantum well for one mono-
layer (ML) or more. In the case of fractional monolay-
ers, the structure can be regarded as GaAs with a highly
ordered planar distribution of quasi-iso-electronic cen-
tres. Recent epitaxial crystal growth studies (Ledentsov
et al., 1994) have confirmed the transformations experi-
enced by the InAs surface on (100) GaAs as the InAs
layer thickness increases and as a function of growth in-
terruption time, concluding that while submonolayer
coverage is stable, monolayers show a marked tendency
towards transformation into different arrangements, such
as, islands and clusters. Recent developments in this
family of structures are discussed below.

InAs submonolayer quantum wells in (100) GaAs

A series of samples of GaAs containing a layer of
InAs grown by solid source molecular beam epitaxy
(MBE) were studied (Wang et al., 1994b, 1994c). The
InAs layer thickness varied from 1/12 ML to 1.6 ML.
Several observations are noteworthy: (1) The emission
intensity of these samples is stronger for thinner InAs




monolayers. (2) The emission of 1 ML of InAs grown
on (100) GaAs is narrower than that of 1 ML of InAs
grown on (311) GaAs. (3) There is no measurable
Stoke shift between the SK luminescence and lumines-
cence excitation for InAs thinner than 1/3 ML (see Fig-
ure 6), but there is an increasing Stoke shift with in-
creasing InAs layer thickness, which makes lumines-
cence unsuitable to determine transition energies for
thicker InAs layers. (4) From optical anisotropy data,
it is deduced that InAs arranges itself as molecular
chains along the (011) direction. (5) For 1.6 ML of
InAs, the exciton binding energy is enhanced by over
300% compared to bulk GaAs suggesting strong heavy-
hole exciton confinement, whereas, the light-hole exci-
tons are weakly bound due to significant strain effects
(see Figure 7). (6) From magneto-luminescence, it is
found that interband magneto-polarons associated with
zone-edge InAs phonons interact with the Landau levels
in a complex anti-crossing behavior (see Figure 8), aris-
ing probably from the lattice mismatch strain-induced
field. (7) Hole bands mass-reversal has been observed
for the sample with 1/3 ML, as deduced from its dia-
magnetic shift, probably arising from a combination of
strain and molecular chain-like structure for fractional
monolayer InAs in GaAs.

From the above, we conclude that ultrathin and sub-
monolayer InAs-GaAs quantum wells are samples with
unique optical properties which are governed by localisa-
tion of 3-D excitons to an array of binding centres form-
ed by the molecular chains of InAs. The details of the
localisation and binding remains to be studied. One pos-
sibility is that InAs behaves as an iso-electronic impuri-
ty. This is unlikely to be the only factor. Clearly, there
are strain fields involved which may also enhance exci-
ton migration towards the InAs island and wire-like
chain. Recent scanning transmission micrograph, ob-
tained by the Santa Barbara group, showed the beginning
of the wire-like structure in a (2x4) InAs surface on
(100) GaAs (Leonard er al., 1994). More recently,
Grundmann et al. (1995) have observed bright cathodo-
luminescence from a single dot-like structure of InAs in
a (100) GaAs matrix with a line-width of < 0.2 meV,
again with negligible Stoke shift. It is clear that this
form of self-organised growth presents a very promising
path for obtaining strong and narrow emission lines,
which, combined with an increase in the exciton binding
energy are likely to be used in room temperature opto-
electronic devices.

Non-Destructive Characterization of Nanostructures

Examples have been shown above on the use of
photoluminescence and luminescence excitation to char-
acterize semiconductor dots and wires. We have also

204

C.M. Sotomayor Torres et al.

4 i 3

)

\
i
..

S ot © i i
S e=(ex =€)
G
o
UL BN .
i
whed
0
—8r €zz i
oL .
biaxial

uniaxial

ezz/e

-4 } =
—8 .
0.2 0.4 0.8

Quantum Dot Size (um)

Figure 10. Resulting strain in dots as a function of dot
diameter. It is shown to be uniaxial along the growth
axis (b). The smaller the diameter the smaller the strain
along the z-direction (a).

reported the use of micro-Raman spectroscopy for the
study of GaAs-based nanostructures (Wang et al.,
1993b). In the course of our work, two techniques have
proved to be immensely useful for the study of quantum
dots. These are modulation spectroscopy, photoreflec-
tance (PR) in particular, and near-field scanning optical
microscopy (NSOM).

Photoreflectance

Studying the photoreflectance spectrum of. deep
etched GaAs-GaAlAs dots, it was found that the energy
separation of the heavy- and light-hole exciton changed
as a function of dot diameter. Moreover, the relative
amplitude of the PR signal from the heavy- and light-
hole excitons reversed with the light-hole one becoming
stronger for dots compared to the control sample (Qiang
et al., 1994a, 1994b). Figure 9 shows the room temper-
ature PR spectrum of the control sample, and of 0.5, 0.4
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Figure 11. Photoreflectance of deep etched Si-

Sij gGey , quantum wires at room temperature (see text
for details).

and 0.23 pym diameter GaAs-GaAlAs deep etched quan-
tum dots. Careful line-shape fitting allows the transition
energies to be obtained in order to obtain the strain in
the dots. It is assumed the strain is symmetric in the x-y
plane which leads to direct relations to obtain the strain
components from the energy shifts experiences by the
heavy- and light-hole excitons neglecting non-linear
terms. The hydrostatic and shear components are re-
solved and these are plotted in Figure 10 to show that
the resulting strain in the dots is uniaxial along the
growth axis (bottom diagram). Moreover, the smaller
the diameter, the smaller the strain (upper diagram),
suggesting that strain is relieved as the nanostructures
become smaller. The lattice mismatch as well as fabri-
cation-induced damage are likely to be responsible for
the type of strain observed. More recently, high resolu-
tion triple axis X-ray diffraction has confirmed these
findings (Darhuber et al., 1995).

A similar situation is observed in Si-SiGe quantum
wires. Tang et al. (1992, 1993a, 1993b) studied quan-
tum wires down to 15 nm width fabricated in a 2-D
hole-gas sample. The room temperature photoreflec-
tance data of Figure 11 shows clearly that the direct gap
minima of Si-SiGe moves first to lower energies show-
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Figure 13. Optical reflectivity scan of etched 270 nm
diameter GaAs-GaAlAs quantum dots obtained at 4K.

ing the effect of strain relief and then, for narrower wire
width, the confinement wins over and a shift to higher
energies is observed. Likewise, the photoluminescence
peak associated with the no-phonon exciton of the SiGe
quantum well is seen to shift to higher energies as
shown in Figure 12. The solid line is a calculation
where it has been assumed that the conduction band dis-
continuity is zero and it includes strain relief.
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Figure 14. Right: Optical reflectivity image of a single quantum dot at 4K. Left: Luminescence emission spectrum
at 4K recorder on the dot (spectrum A) and off the dot (spectrum B). See text for details.

The implications of these results concern both, the
strain state of the starting material for quantum dot fab-
rication and the damage type and damage extent of the
dry etching process. Using PR, it is expected that proc-
ess optimization can be methodologically undertaken.
Near-field scanning optical microscopy

The power of NSOM is that it can resolve an elec-
tromagnetic wave with a spatial resolution in the A\/40
region (Betzig et al., 1991). This brings unsurpassed
spatial resolution, however the technique to obtain an
emission spectrum from single dots at 4K is far from be-
ing a routine one. A collaboration with Boston Univer-
sity (Ghaemi et al., 1995) has allowed us to obtain first
images of GaAs quantum dots at 4K in reflection mode.
Figure 13 shows the image of various 270 nm dots at
4K. Figure 14 (inset) shows the image of a single dot
fabricated in a modulation doped multiple quantum well,
while Figure 14 shows the single quantum dot lumines-
cence spectrum recorded on the dot (spectrum A) and
off the dot (spectrum B). A strong impurity line is ob-
served at 1.490 eV and the bulk GaAs exciton is seen at
1.515 eV. The broad emission centred at 1.557 eV
arises from the doped dot and is very similar to the far
field spectrum from many dots. The broad line is asso-

ciated with the doping, with the multiple quantum well
structure which may have quantum well thickness varia-
tions from quantum well to quantum well and with the
slightly non-vertical etching. Clearly, there is a lot of
progress to be made and these encouraging observations
open the way to study single dot optical properties sepa-
rating them from those of the ensemble. In a single dot,
there is the potential of mapping the wave-function in
the dot by monitoring the optical matrix element across
the diameter. The possibility is also there for experi-
ments in a magnetic field and for other forms of optical
spectroscopy to be performed in single nanostructures.
Further experiments are in progress.

Conclusions

It has been demonstrated that the optical properties
of excitons in deep etched quantum dots and wires are
strongly affected by energy and momentum relaxation as
well as by localisation effects. The system formed by
monolayer quantum wells of InAs-GaAs, with a highly
ordered arrangement of exciton binding centres, proves
to be an excellent test bed for exciton localisation and a
most promising system for opto-electronic devices. It
suggests that to realise the enhanced oscillator strength
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originally expected of quantum dots, & combination of
exciton confinement and localisation may be needed.
The issue of electron-phonon interaction in quantum
wires and dots still needs attention as the final work re-
mains to be done. Information on exciton dynamics
(formation, migration, capture and recombination) will
most likely be forthcoming from non-linear and further
linear optical experiments.

Apart from the added impact of nanofabrication
upon the optical emission, there is evidence to suggest
strain changes even in lattice matched structures. These
will need particular attention as many of the device rele-
vant materials are not lattice matched and/or include an
alloy layer. The example of Si-SiGe demonstrates that
strain relief due to nanopatterning into wires and dots is
even stronger in strained material.

Finally, recent progress in the use of NSOM tech-
niques opens the door for further understanding of opti-
cal processes in semiconductor nanostructures.
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