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We report a detailed experimental investigation of the magneto-optical properties of different excitonic
complexes �neutral exciton, neutral biexciton, and charged exciton� confined in self-assembled GaAs/AlGaAs
strain-free quantum dots grown by droplet epitaxy, where all piezoelectric effects are lacking. We measured the
Landè g factor and the diamagnetic coefficient � for several quantum dots spanning an interval of �200 meV
of the emission energy. The dependence of g and � on quantum dot size and shape is discussed together with
a comparison with Stranski-Krastanov and fluctuation-induced GaAs quantum dots, as well as with excitons
confined in quantum wells.
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I. INTRODUCTION

Spin properties of excitons confined in semiconductor
quantum dots �QDs� have sparked off a great interest in the
scientific community for a long time. The comprehension of
the influence of the three-dimensional confinement on the
Coulomb interaction among the constituent charge carriers,
as well as of the excitonic response in a magnetic field, is
needed to control and manipulate the charge and the spin of
excitons in QD. This is expected to be of the utmost impor-
tance for the understanding of fundamental physics in solid
state and for technological applications such as spin-based
devices, quantum computation, and quantum information
protocols.1–4 On one side, the manipulation of the local Zee-
man effect has been recently proposed5,6 for the realization
of single qubit logical operation. On the other side, the ori-
entation of the fluctuating nuclear spins is one of the key to
suppress the carriers spin dephasing in QDs, leading to the
fascinating scenario of future quantum control scheme.

The excitonic complexes inside the QDs consist of multi-
plets coming up from different number of electrons �e� and
holes �h� and their relative spin configurations.7 Usually
biexciton �XX� and trion �T� recombination are observed in
the single QD emission spectra together with the neutral ex-
citon line �X�: XX and T lines are observed for the presence
of other charges in addition to a single e-h pair. These levels
may show a fine-structure splitting �FSS� determined by the
exchange interaction that couples the spins of electrons and
holes8 and eventually by the interaction with a magnetic
field. The exciton spin state splitting, at zero field, depends
on the symmetry of the Hamiltonian which can result in
characteristic degeneracy among these states.7,8 The appear-
ance of symmetry breaking is due to several intrinsic and
extrinsic factors such as strain field in the crystal structure,8

atomistic effect,9 and geometric factors such as elongation10

�for instance, the anisotropy of the specific crystal surface on
which the QDs are grown can produce an asymmetric shape
of the nanocrystal�.

When a magnetic field is present, the exciton state split-
ting is also realized through the Zeeman interaction between
carriers spin and the field. Moreover the exciton energy in-

creases quadratically with the field through a diamagnetic
coefficient � which depends on the carrier confinement but
also on the Coulomb interaction.11 Finally, when the interac-
tion with nuclear spins becomes strong, the Overhauser shift
of the excitons energy has to be considered.12,13

Several studies have reported the magneto-optical proper-
ties of exciton in III-V QDs, involving spin-spin and spin-
field interactions, much less is known on XX and T states to
date. However, we note that the large part of the literature
deals with InGaAs/GaAs, InAlAs/AlGaAs, InAs/InP, and
InP/GaInP QDs �Refs. 1, 7, and 14–18� grown with conven-
tional Stranski-Krastanov �SK� technique, which is based on
self-aggregation driven by strain field associated to lattice
mismatched materials. In all these nanostructures the elec-
tronic properties �transition energy, electron-hole overlap,
fine-structure splitting, etc.� are strongly dependent not only
on QD shape and size but also on the segregation, strain, and
piezoelectric effects which vary from dot to dot and are not
known with sufficient accuracy. In particular the e-h wave-
function separation related to piezoelectricity of strained ma-
terial is expected to induce strong variation in the diamag-
netic coefficient � which reflects the overall extent of the
exciton in the QD.11,19 Furthermore the local displacement
and the complicate interplay of the segregation, strain, and
piezoelectric effects make the theoretical models poorly pre-
dictive.

Here we present a detailed investigation of the fine struc-
ture of the excitonic complexes �X, XX, and T� in strain-free
GaAs QDs grown by droplet epitaxy �DE� studied by micro-
photoluminescence ��PL� experiments. In particular, by
studying the excitonic level splitting without and with ap-
plied magnetic field, we extrapolate information about the
QDs size and shape.

GaAs/AlGaAs heterostructures are known to be lattice
matched systems �lattice mismatch �0.06%�. Thus all the
strain and piezoelectric effects on the QDs electronic prop-
erties are absent in GaAs QDs. In contrast to the fluctuation-
induced GaAs QDs �Ref. 13� �exciton localized in quantum
wells �QWs��, our self-assembled QDs produce a high lateral
confinement �see further details in the following Sec. IV�,
due to the high aspect ratio of the nanostructure together
with a higher circular symmetry. Furthermore GaAs/AlGaAs
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QDs allows a direct comparison with the well-studied two-
dimensional QWs counterpart which is impossible in the
conventional SK QDs. Moreover the DE-QDs emission en-
ergy precisely matches the high efficiency region of silicon-
based detectors ��70% in the range 650�50 nm� with the
additional advantage of enhancing radiative probability of
the excitonic emission with respect to near IR emission typi-
cal in SK QDs. These features are very promising for many
optoelectronic and spintronic devices which are useful for
various applications such as linear-optics quantum
computation20 and free-space quantum cryptography.21

The paper is organized as follows: in Sec. II a description
of the level structure of GaAs QDs is given together with a
review of the spin-magnetic field interaction. In Sec. III the
experimental details of the sample growth and QDs morphol-
ogy are given together with a brief description of the experi-
mental apparatus. In Sec. IV we describe the general features
of the DE QDs electronic structure and photoluminescence
in zero magnetic field. In Sec. V the polarization resolved
magneto-PL measurements are shown and the fine structure
of X, T, and XX is discussed together with the Landè g factor
and the � diamagnetic shift. Finally the conclusions are
drawn in Sec. VI.

II. EXCITONIC LEVEL STRUCTURE

In this section the fine structure, the Zeeman interaction,
and the diamagnetic shift of the energy levels related to X, T,
and XX are analyzed. The scheme of X and XX spectra is
reported in Fig. 1. Here we will take into account only the
contribution of heavy-hole �h-h� band neglecting that of
light-hole �l-h�. Indicating the e and h spin in the z direction
as Sz and Jz, respectively, the four h-h X states in the �Sz ;Jz�
basis are �X= ��1 /2; �3 /2�. The separation of the related
energy levels is due to the anisotropic exchange interaction
and can be measured in absence of magnetic field �see Sec.
IV�.8 The only optically active states are �X↓= �+1 /2;
−3 /2� and �X↑= �−1 /2;+3 /2� and are called bright excitons
while the other two are optically inactive and are said dark
excitons.7,22

Let us now start with the discussion of the case of zero
magnetic field. Assuming a perfect cylindrical symmetry
along the z axis the bright exciton does not show any
splitting.8 This is represented in the bottom panel of Fig. 1
where XX and X spectra are shown. In In�Ga�As/GaAs QDs
the cylindrical symmetry is usually broken by the effect of
strain or atomistic effects resulting in a FSS from tens to
hundreds of microelectron volts of the emitted photons
energy8,9 �see the central panel of Fig. 1� while in GaAs
strain-free QDs the FSS, as reported in Refs. 10 and 23, is as
a consequence of shape anisotropy or extrinsic effects.24 The
two resulting energy levels recombine emitting two photons
with opposite linear polarization �	 and � in Fig. 1�.

The biexciton state XX is formed when two excitons are
confined in the QD. The configuration of the carriers spin in
conduction band �CB� and valence band �VB� is determined
by Pauli’s principle and the total spin of XX is zero. Thus,
the energy levels of XX are essentially free from the effect of
anisotropic exchange interaction. However, in presence of a

FSS in the X state the recombination path of the XX is
twofold and the PL spectrum results in two split lines. The
energy distance between the two photons emitted in the XX
recombination is the same of the neutral exciton while the
polarization of the two lines is mirror symmetric respect to
the X doublet �central panel of Fig. 1�. This feature is the
fingerprint of the XX-X cascade.

In the case of T recombination the single carrier in CB
�VB� in the initial state interacts with a zero spin in the filled
VB �CB�. Similar considerations hold for the final state of
the T recombination. The exchange interaction vanishes and
the T recombination is not split if B=0.7

By the application of a magnetic field in Faraday configu-
ration �B 	 z, where z is the growth direction�, the energy
levels are split into the Zeeman multiplets �this is the picture
shown in the top panel of Fig. 1�. All the three excitonic
complexes X, XX, and T undergo similar magneto-optical
phenomena, which can be mainly summarized in two effects,
as reported by the equation

E��B� = E��0� � �Bg�B + ��B2, �1�

where the index �=X,XX,T labels the specific excitonic
complex, �B=5.79�10−5 eV /T is the Bohr magneton, g� is
the Landè factor, and �� is the diamagnetic constant.

The second term of the right side of Eq. �1� is the Zeeman
interaction which results in the spin splitting of the levels,
linear in the applied field. Experimentally it is possible to
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FIG. 1. PL spectra scheme of XX and X for a III-V QD without
and with applied magnetic field. The bottom �central� panel refers to
a symmetric �asymmetric� QD when B=0. The top panel displays
the case of an asymmetric QD when B�0. 	, �, and �� indicate
the linear and circular photon polarizations. Note that the proportion
of the typical line shift and splitting are not respected in the
pictures.
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extract the g� factor for the different excitonic complexes by
measuring the energy splitting of the corresponding circu-
larly polarized lines and using the following relation:

g� =
E�

�+
− E�

�−

�BB
�2�

��� labels the split line with clockwise �+� and anticlockwise
�−� polarizations�. In Faraday geometry, the value of gX is
mainly determined by the height of the QDs, similarly to the
case of QWs where it is ruled by the well width. The QDs
�QWs� having smaller height �width� have a more negative
value of gX.17,22 For relatively large height �width� of the
QDs �QWs� the value of gX can be positive and a change in
sign is found when reducing the size.17,22

The third term in Eq. �1� is the diamagnetic shift ��, an
increase in energy of both the two spin-split levels with
magnetic field. This can be measured by a quadratic fit of

�E�
�+

+E�
�−

� /2. Exciton diamagnetic coefficients are of con-
siderable interest because they are taken to be a measure of
the effects of confinement and are used to estimate exciton
binding energies.11,19,25,26

It is commonly believed that g� simply reflects the carrier
properties and for X, XX, and T can be considered the same.
This hypothesis is confirmed by experimental evidences as
recently reported for InAs QDs.11 The exciton diamagnetic
shift �X, depends on the QD spatial confinement to which
excitons are subjected. When the limit of weak applied mag-
netic field is concerned �a0 / lB	1, where a0 is the exciton
Bohr radius and lB=

 / �eB� is the magnetic length� is com-
monly accepted that the diamagnetic coefficient is a measure
of the lateral size of the QDs. More precisely �X is propor-
tional to the in-plane exciton wave-function mean-square ex-
pectation value �xX

2 �,

�X =
e2�xX

2 �
8�

, �3�

where � is the exciton reduced mass.19 In conclusion, a com-
plete characterization of the magneto-optical effects gives
information on the exciton confinements in all the three spa-
tial dimensions.

III. SAMPLE GROWTH AND EXPERIMENTAL DETAILS

The experiments were performed on GaAs self-assembled
QDs in an Al0.3Ga0.7As barrier, grown by DE in a conven-
tional molecular-beam epitaxy apparatus.27 The sample was
then annealed at 680 °C for 1 h. In our case the DE growth
allows the realization of samples with a wide spread of sur-
face density and for single nanostructures study the very low
value of 6–10 QD /�m2 is also achievable. Besides, with
this type of growth it is possible to control the spread of size
distribution and thus to study different sized emitters on the
same sample which gives the advantage of a similar sur-
rounding environment. By far-field PL measurement, collect-
ing the light from a huge number of QDs, we find an emis-
sion energy spanning over 250 meV.28 The detailed
description of the sample growth and its optical characteriza-
tion are available in Refs. 27–29.

We used a confocal �PL setup. The light collected by the
main collection microscopy objective �NA=0.42� was fo-
cused by a second microscopy objective in a single mode
optical fiber with a core diameter of 3.5 �m so that we
could reach the necessary lateral resolution of �1 �m. The
sample was cooled down to 4–10 K in a low-vibration, cold-
finger cryostat with liquid He. The excitation beam was fo-
cused in a small spot ��1 �m of diameter� on the sample by
using a beam splitter and the same collection objective. The
CW excitation was performed above the barrier energy and
was provided by a HeNe laser emitting at 534 nm preventing
the Overhauser effect. The PL collected in the confocal op-
tical fiber was fed into a grating monochromator.

The fine structure of excitons in absence of magnetic field
was investigated by using a half-wave plate inserted in front
of a linear polarizer between the two microscope objectives
in order to discriminate the linear polarization of the PL. In
this case we used a high spectral resolution setup �Jobin-
Yvon double-grating monochromator, 1 m focal length� by
which we could distinguish line broadening smaller than
15 �eV �in full width at half maximum, FWHM� and line
shift as small as 5 �eV.

The magneto-optical investigation was performed by us-
ing a magnetic field in Faraday configuration �B� 	 z, where z
is the growth direction�. The magnetic field was provided by
a superconductive, He-cooled coil surrounding the cryostat
and was finely tuned up to 5 T. The circularly polarized PL,
resulting from the recombination of the split energy levels
corresponding to different spin configuration, was analyzed
with a quarter-wave plate and a linear polarizer between the
two objectives. In the end the PL was dispersed and detected
with the usual configuration of a 50 cm single grating spec-
trometer and a silicon-based charge-coupled-device camera
reaching a spectral resolution of 200 �eV �FWHM�.

IV. EXPERIMENTAL RESULTS

Typical high-resolution PL spectra of a single DE GaAs/
AlGaAs QD without applied magnetic field is shown in Fig.
2�a� in the two main linear polarization channels ��=0 and

�=90 which correspond to �11̄0� and �110��. We used here
an intermediate excitation power density that is slightly be-
low the exciton saturation level. Note also that no signature
of line splitting can be found with unpolarized PL
detection.30 The polarization resolved PL allows for a precise
attribution of the different excitonic complexes and to esti-
mate the FSS of the excitons energy levels in zero magnetic
field. Moreover with this analysis we can also determine the
asymmetry axes of the QD confining potential. In Fig. 2�b�
the XX and X PL lines �left and right panels� corresponding
to the orthogonal polarizations �=0 and �=90 are fitted with
two Gaussian profiles corresponding to the split doublet. Re-
porting the intensity of each component in a polar graph �see
Fig. 2�c�, left and right panels refer to XX and X cases,
respectively� we can determine the polarization axes. As a
matter of fact the observation of the mirror-symmetric polar-
ization splitting of the two lines X and XX is a direct way to
assess the nature of the recombination lines in single QDs
emission spectra. The measured FSS for X and XX in Fig. 2
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are −48 and 43 �eV, respectively. The T line does not show
any FSS, within the experimental error, when rotating the
polarization detection. This allows us to attribute this line to
the charged exciton complex T. These attributions of the X,
XX, and T lines are confirmed on the basis of intensity-
correlation investigation31,32 measured with an Hanbury-
Brown and Twiss interferometer and power dependence
analysis33 �not shown here�. Finally, in GaAs QDs, the unin-
tentional residual doping turns out to be p type and the domi-
nant T term is attributed to positively charged trions. The XX
and T binding energy, measured as the energy distance from
the corresponding X line is always positive and usually are
in the intervals 3–4 and 0.7–2 meV, respectively.

The polarization resolved measurements shown in Fig.
2�b� provides information on the polarization axes of the QD
PL. This analysis for all the polarization directions allows us
to trace the polarization intensity of all the XX and X com-
ponents as shown in the two polar plot of Fig. 2�c�. The same
investigation on several nanoemitters shows that, when in-
creasing the QD emission energy, �i� the FSS starts decreas-
ing and �ii� the polarization axes of DE QDs are oriented

along different directions and not only along the �11̄0�.10

These two effects start to be evident for QD emitting at en-
ergy higher than 1.82 meV and becomes more relevant at
very high energy. The reduction in the FSS can be attributed
to two different origins. From morphological analysis we
found that a reduction in size also increases the QD symme-
try and this obviously produces a reduction in FSS.10 In ad-
dition, the value of 1.82 meV also corresponds to the onset
of electron delocalization out of the QDs due to the wave-
function penetration into the barrier region �see later the dis-
cussion of the diamagnetic shift�. Assuming that for small
QDs the hole wave function is still well localized due to its
heavier mass, we expect that the FSS will decrease with the
decreasing QD size. This occurs because the electron wave
function is now less sensitive to the dot shape anisotropy and
the electron-hole wave-function overlap is reduced.11,34

The second point, that is the random orientation of the
polarization axis, highlights the role of extrinsic effects as
significant contribution in determining the QD potential
anisotropy.24 We relate these extrinsic effects to the presence
of charged traps in the QD environment.30 The Coulomb
interaction between confined charges and external-charged
traps, acting as an additional electric field, determines a pref-
erential direction for the polarization axes along the line con-
necting the QDs and the charged trap.10,24 This picture
closely follows the well-established spectral diffusion model
that explains the inhomogeneous broadening of the single
QDs exciton lines, which, in our case, is on the order of
100 �eV.30 Recently a different picture, based on atomic
scale randomness, was used to explain the random orienta-
tion of the FSS in alloy of InGaAs QDs.9 We believe that this
theory does not apply to our GaAs QDs. We also exclude
relevant variations in the QDs composition associated to ma-
terials interdiffusion possibly due to postgrowth annealing.35

The present findings agree with the simple picture shown
in the central panel of Fig. 1 and allow a clear attribution of
all the three main excitonic complexes giving direct informa-
tion on the QD shape and environment.

FIG. 2. �Color online� �a� Linearly polarized PL spectra of a
GaAs DE QD �obtained with the high-resolution setup�. The three
main lines correspond to X, T, and XX. �b� �Left� Right panels
show the decomposition of �XX� X line in the two split components
�XXHE�XHE and �XXLE�XLE for the spectra shown in �a� �squares�.
Dashed and dotted curves are Gaussian fit of the split components
and continuous line is the sum of the two. �c� Symbols: polar plot of
the polarization intensity of �XXHE�XHE and �XXLE�XLE lines
��left� right panel�; the solid lines are sinusoidal fit to data. �d� Polar
plot of X emission energy as a function of polarization axis for
different QDs.
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V. MAGNETOPHOTOLUMINESCENCE

Circularly polarized PL spectra of a GaAs QD under ap-
plied magnetic field are shown in Fig. 3�a�. With this low-
resolution experimental setup and due to the relatively small
FSS observed in the DE QDs,10 in the case B=0, the two
opposite circularly polarized contributions to the QD PL are
identical within the experimental error. Increasing the ap-
plied magnetic field, each emission line splits into an oppo-
sitely circularly polarized doublet. The peak positions for
XX, T, and X recombination lines, as obtained by a Gaussian
fit of the PL spectra, are reported in Fig. 3�b�.

The diamagnetic shift for the three lines is reported in the
upper panel of Fig. 4 while the energy difference of the two
split contributions, which represents the Zeeman shift and it
is linear in B, is reported in the lower panel of Fig. 4. The
present phenomenology is consistent with the discussion pre-
sented in Sec. II and schematically described in the top panel
of Fig. 1. On the basis of the relationship of Eq. �1� previ-
ously defined, we can measure g� and �� by fitting the ex-
perimental data �as shown by the dashed lines in Fig. 4�.

The spread of emission energy of the GaAs QDs allows
us to study the size dependence of g� and �� coefficients. All
the measured gX factors are summarized in Fig. 5, where our
findings are compared with the data obtained by Snelling et
al.22 in QWs and by Gammon et al.13 for fluctuation-induced
QDs in 4.2-nm-thick GaAs/AlGaAs QW. For all the investi-
gated DE QDs gX is always negative, tends to decrease with
the QD emission energy, and varies between −0.8 and −1.9.
Important information is obtained by the comparison of our
data with other GaAs unstrained nanostructures. The QW
data show a large variation in gX from 0.3 to −1.8 when

reducing the well thickness from 15 to 3 nm. Moreover, the
two thinnest QWs, respectively, of 6 and 3 nm width22 show
a reduction in gX more than a factor 2, from −0.8 to −1.8.
More important is that all the gX data of DE QDs are in-
cluded in this interval. Referring now to fluctuation-induced
QDs in 4.2-nm-thick GaAs/AlGaAs QW,13 the value of gX
=−1.3 is almost in the middle of the values found for the 3
and 6 nm QWs. From the analysis of all these data we con-
clude that gX is mainly determined by the dimension of the
exciton confinement parallel to the magnetic field and it is
almost independent on the lateral confinement, in agreement
with recent findings.17 We suggest that the height of DE QDs
are quite small �possibly few nanometers� and varies only

FIG. 5. �Color online� Landè gX factor for QW �Ref. 22� �full
diamonds�, our self-assembled QDs �open squares� and native QDs
�Ref. 13� �full circle� reported as a function of the X emission
energy.

FIG. 3. �Color online� �a� PL spectra of a single QD at different
magnetic field for the two circular photon polarizations ��. The
solid lines are Gaussian fit to data. �b� Peak position of the XX, T,
and X doublets as a function of the magnetic field.

FIG. 4. �Color online� Upper panel: average energy shift of the
two split � lines ��=X,T,XX� for determining the diamagnetic
shift. The dashed lines are parabolic fit to data. Lower panel: split-
ting of the two � lines for determining the Landè g� factor. The
dashed lines are linear fit to data.
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slightly when increasing the emission energy. This variation
in the QD height is not sufficient to explain the 200 meV
variation in the QD emission energy and important changes
in the lateral confinement are expected.

It is also interesting comparing our results with recent
findings on InAs/InP �Ref. 17� and In�Ga�As/GaAs QDs
�Ref. 36� where the size dependence of gX has been studied.
Accordingly with our results a decrease in gX is found when
increasing the QD emission energy.17,36 However the sign of
gX is changed �as in the case of GaAs QWs� and the values
are, for InAs/InP QDs, in the range from +0.8 to −2.0 �Ref.
17� for an almost equivalent change in the emission energy
�200 meV� as compared to our data. The authors conclude
that for InAs/InP QDs �differently to the case of DE QDs�
the emission energy is mainly determined by the height of
the QDs. Even smaller values, down to gX=−3 have been
reported for InAs/GaAs.11,36 The analogies between strained
InAs and strain-free GaAs QDs and QWs points out the rel-
evance of the geometrical factors in reducing the gX when
reducing the QD height: reducing the QD height will result
in more negative values of gX.17 Positive values of gX are
only found in quite large InAs/InP QDs and GaAs QWs,
denoting that the lack of strong confinement brings the
change in the sign of gX. In our case, we conclude that all the
investigated QDs are in the limit of strong vertical confine-
ment and at the same time the observed data also bring us to
suggest a minor role of the strain and piezoelectric effects in
controlling the gX factor.

The comparison between the Landè factors for the differ-
ent excitonic complexes points out that gXX and gT result
very similar to gX, as already reported in the literature.11

However the data are largely scattered and only a statistical
analysis can bring useful information. Besides the strong
data fluctuations, we find that the average values of the sta-
tistical distributions are: gX=−1.25�0.29, gT=−1.30�0.33,
and gXX=−1.60�0.36 �the error is expressed as standard
deviation�.

Let us now discuss the diamagnetic shift. The values of
�� are found to be quite similar �even if not identical� for the
different excitonic complexes: �X��T��XX. Therefore we
concentrate our analysis on the value of �X, hereafter simply
labeled as �. Following the commonly accepted model, we
expect that the coefficient � will be a measure of the exciton
lateral confinement by Eq. �3�. From the typical values of the
reduced mass �in GaAs �=0.06mo, with mo is the electron
mass� we conclude that the typical values of �=6 �eV /T2

gives an exciton radius on the order of 4 nm, denoting that
also the strong lateral confinement condition is fulfilled. A
further confirmation of this conclusion arises from the com-
parison with fluctuation-induced GaAs/AlGaAs QDs,13

where a value of �=25 �eV /T2 is given, showing a much
smaller exciton lateral confinement with respect to our DE
GaAs QDs. Much larger values are also found in QWs up to
�100 �eV /T2 �Ref. 37�; in this case the lateral confinement
of carriers is defined by the exciton Bohr radius and the
diamagnetic shift has been also used to determine the exciton
binding energy.37 Finally, for SK QDs, the values of � re-
ported in literature usually spread from 3 �eV /T2 �Ref. 19�
to 10 �eV /T2,15,36 not so far from our finding. Again we
conclude that only a minor role is played by strain-induced
effect in controlling the value of �.

At the same time Eq. �3� can be used to extract the trend
of the lateral confinement when varying the QD size. We
have already pointed out that we expect a significant varia-
tion in the lateral confinement in the DE QDs, differently to
the case of InAs/InP QDs.17 Assuming that the lateral con-
finement is reflected in the emission energy �as suggested by
the analysis of gX�, we report in Fig. 6 the summary of the
measured � as a function of the X emission energy. The
expected trend consists in a smooth reduction in � down to a
minimum followed by a sharp increase in � due to the elec-
tron penetration into the barrier as soon as the confinement
energy become comparable with the barrier potential
height.19 This prediction is in agreement with our results, as
shown by the eye-guide dashed line in the graph which
qualitatively reproduces the theoretical trend.19

Finally we note that the increase in � starts at �1.82 eV
which, as already pointed out in the end of Sec. IV, corre-
sponds to the energy at which the FSS starts to decrease10

and the polarization axes becomes randomly oriented �see
eye-guide�. To our understanding this is mainly due to a
combination of two different effects, both arising when the
QD size decreases. The smaller is the QDs the higher is its
circular symmetry and the larger is the wave-function pen-
etration into the barrier. Both effects are responsible for the
reduction in the FSS but they are not simply related to the
randomization of the polarization axes. However, we can
also speculate that there could be a correlation between the
penetration of the excitonic wave function in the barrier ma-
terial and the extrinsic contribution to the FSS arising from
random charges trapped nearby the QDs.10,24

VI. CONCLUSIONS

We have studied the magneto-optical properties of differ-
ent excitonic complexes in DE GaAs QDs by means of �PL
measurements. We have accurately attributed the single QD
emission lines to different excitonic complexes, such as neu-
tral and charged excitons and biexcitons, determining the
FSS at zero field. From the PL spectra in presence of a mag-
netic field both the Landè and the diamagnetic factor are
obtained. Their values are compared with the previous find-
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FIG. 6. X diamagnetic shift as a function of the X emission
energy. The dashed line is a guide to the eyes.
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ings and expected trends as a function of the QD size. We
conclude that the DE QDs are in the limit of strong vertical
and lateral confinement and at the same time we suggest a
minor role of the strain and piezoelectric effects in control-
ling the QDs magneto-optical properties.
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