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We measure, by photoluminescence spectroscopy, the fine structure splitting �FSS� of bright excitons con-
fined in a large number of elongated and unstrained Al0.35Ga0.65As /GaAs /Al0.45Ga0.55As quantum dots �QDs�
and quantum-well potential fluctuations �QWPFs�. While the FSS values are comparable, the light polarization
directions for well-oriented QDs and randomly oriented QWPFs on the same sample are substantially different.
We compare the results with model calculations using as input scanning probe microscopy data of QD struc-
tures nominally identical to those investigated by photoluminescence. The model reproduces well the polar-
ization orientation for all studied samples and also the magnitude of the FSS, at least for relatively tall dots. We
discuss the results and elucidate the role of in-plane elongation on the FSS.
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Semiconductor quantum dots �QDs� keep attracting much
interest due to their potential applications in the field of
quantum information processing and communication. As an
example, the biexciton-exciton radiative cascade in QDs can
be used to generate entangled photon pairs.1 The neutral ex-
citon consists of two optically dark and two bright states.
The energies of the bright states are usually separated by an
energy of several tens of micro-electronvolts. This separa-
tion, known as fine structure splitting �FSS�,2 is attributed to
the anisotropic electron-hole exchange interaction.3,4 The
FSS destroys the polarization entanglement of photons,
which can be achieved only on rare QDs with FSS on the
order of the homogeneous linewidth5,6 or by using spectral
filtering.7 For this reason, the FSS of excitons in QDs is
currently an active field of research with the aim of better
understanding its origin8–10 and predicting strategies to re-
duce it.11

Despite the efforts, a direct and quantitative comparison
of theoretical with experimental results on FSS of QDs re-
mains difficult. This is mostly due to the lack of accurate
structural parameters taken into the model, which often re-
sults in inconsistencies between theory and experiment. In
fact, most of the previous investigations on FSS focused ei-
ther on strained and intermixed Stranski-Krastanow �SK�
QDs �Refs. 12 and 13� where the alloy composition profiles
are difficult to access or on potential fluctuations in thin
quantum wells �QWs�, which have poorly defined
shape.2,14,15 Besides that, the theoretical predictions depend
strongly on the employed models,8 which should be tested on
QDs with well-known structural parameters. Therefore,
theory and experiments on FSS have remained so far rela-
tively disjointed. Unstrained GaAs/AlGaAs QDs with good
structural homogeneity16–18 are ideally suited to address this
problem. Only very recently, Abbarchi et al.19,20 studied the
FSS of GaAs QDs but the correlation between FSS and QD
morphology was kept at a qualitative level.

In this work, we measure the FSS of “hierarchically self-
assembled” GaAs/AlGaAs QDs �Ref. 17� and make a direct
comparison with calculations based on eight-band k · p and

the configuration-interaction models. We determine the opti-
cal properties �FSS and polarization orientation� and the
morphology of hundreds of QDs. Due to the lack of lattice
mismatch and choice of growth conditions, intermixing,
strain, and piezoelectricity are negligible in our QD system.
We therefore use the experimentally determined shapes and
nominal growth parameters as input for the calculations. We
find that the model reproduces well the polarization orienta-
tion for all studied samples and also the magnitude of the
FSS, at least for relatively tall dots. The agreement on the
FSS values is somewhat poorer for flatter dots, where the
model predicts values which are generally larger than the
observed ones. The comparison between the polarization di-
rections for QDs and for QW potential fluctuations �QWPFs�
allows us to highlight the dominant contribution of the shape
asymmetry in determining the FSS for the investigated sys-
tem.

The studied QDs were grown by molecular-beam epitaxy
combined with in situ selective etching. The latter is used to
create nanoholes �NHs� on the GaAs surface starting from
SK InAs/GaAs islands.21 The NHs are overgrown with an
Al0.45Ga0.55As layer of thickness D serving as bottom barrier
at a nominal substrate temperature of 500 °C. During Al-
GaAs overgrowth, the shape of the NHs changes slightly,
their depth decreases, while their elongation along the �110�
axis is maintained.17 After AlGaAs growth, the NHs are
filled by depositing nominal 2 nm of GaAs followed by a 2
min growth interruption, which allows the diffusion of GaAs
into the NHs. The deposition of a top Al0.35Ga0.65As barrier
yields inverted unstrained GaAs QDs surrounded by a thin
GaAs QW. The obtained QDs are characterized by a good
size homogeneity resulting in photoluminescence �PL� en-
semble linewidths down to �10 meV, which allows the
comparison with theoretical simulations. By terminating the
growth right after the deposition of the Al0.45Ga0.55As bottom
barrier, we determined the shape of the AlGaAs NHs and
hence of the GaAs QDs using scanning tunneling micros-
copy or atomic force microscopy �STM/AFM�. We used
AFM to collect data with large statistics and ultrahigh-
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vacuum STM to image the roughness of the AlGaAs layer.
Three NH samples with D=5, 7, and 10 nm were investi-
gated with AFM and three QD samples produced with the
same nominal growth parameters were studied by PL spec-
troscopy.

The optical investigations were carried out in a standard
micro-PL setup at 8 K, with a spectral resolution of
�70 �eV. The linear polarization of the QD emission was
measured by continuous rotation of a � /2 wave plate fol-
lowed by a linear polarizer in front of the spectrometer. By
using samples with relatively high QD density �some
109 cm−2�, we investigated up to 15 QDs within one mea-
surement cycle, similar to the approach of Ref. 12.

Figure 1�a� shows an example of the PL intensity as the
� /2 wave plate is rotated by 360° �corresponding to 720° of
polarization angle�. The laser power was set well below satu-
ration to keep biexciton emission below the detection limit.
Each spectrum consists of a number of sharp recombination
lines originating from different dots. The wavy patterns are
ascribed to the FSS of neutral excitons �both fine structure
splitted photons have orthogonal linear polarization�. Several
lines showing no FSS are attributed to positive trions.22 All
neutral exciton lines appear to “oscillate” in phase in Fig.
1�a�, indicating a rather homogeneous orientation of the low-
and high-energy components of the doublets.

For the determination of the FSS, we first fit the different
excitonic lines with Lorentzian curves as a function of the
polarization angle. The results for two representative QDs
are shown in Figs. 1�b� and 1�c�. Depending on the ampli-
tude of the FSS, the obtained peak positions follow a pattern
resembling either a sine wave �for relatively small FSS,
where the two components are not spectrally resolved, see
Fig. 1�b�� or a square wave �for larger FSS, where the two
components are spectrally resolved even without polarization
selection, see Fig. 1�c��. In both cases, we then fit the wavy
pattern with a sine function to determine the polarization
orientation of the low-energy component of the doublet rela-
tive to the �110� crystal direction. In the former case, the sine
fit provides also a reliable measure of the FSS �Fig. 1�b��

while in the latter case, we obtain the FSS by fitting the flat
regions of the “square wave” with two constant functions
and measuring the energy difference �Fig. 1�c��. The uncer-
tainty of the FSS is estimated to be �� +10

−5 � �eV.
Our theoretical simulation of the FSS consists of two

steps. First, single-particle states are calculated by eight-band
k · p theory by using the structural information obtained by
AFM and nominal growth parameters. The shape of the QDs
is discretized in steps of 0.5 nm. �A test with 0.25 nm reso-
lution yielded to comparable results.� The resulting wave
functions are expressed as

�i�r�� = �
n=1

8

�i,n�r��un�r�� ,

where i is an index of the wave function, �i,n�r�� are the
so-called envelope functions, and un�r�� are Bloch waves in
the � point. The summation goes over six valence and two
conduction bands. Details are given elsewhere.10,23

The second step is the configuration-interaction calcula-
tion of the exciton states. The exciton wave function �X� is
expanded into the basis of configurations �C�c� ,v���,

�X� = �
�,�

�C�c�,v���, �C�c�,v��� = âc�
+ âv��0� .

Here � ��� is the index of conduction �valence� single-
particle state �the auxiliary labels c and v help to distinguish
between conduction and valence electrons�, âi

+ and âi are the
creation and annihilation operators of the ith single-particle
state, and �0� is the “vacuum” state �i.e., the valence-electron
states are occupied and conduction-electron states are
empty�.

The exciton Hamiltonian matrix elements are

	C�c�,v���Ĥ�C�c�,v	��

= �Ec� − Ev��	��	�	 − Vc� v	,c� v� + Vc� v	,v� c�

with

Vij,kl =
 
 d3r�1d3r�2
�i

��r�1�� j
��r�2�e2�k�r�1��l�r�2�

4
�0�r�r1� − r2��
.

Here Ei are single-particle energies, e is the elementary
charge, �0 is the vacuum permittivity, and �r is the dielectric
constant. The terms −Vc� v	,c� v� and Vc� v	,v� c� represent
direct and exchange Coulomb interaction, respectively.

The evaluation of Coulomb matrix elements was carried
out following mostly the procedure of Takagahara.9 The im-
portant extension is that we included more terms �zeroth and
first order� in the expansion 2.9 of Ref. 9, which were zero in
previous works8,9 because of neglected mixing between con-
duction and valence bands in single-particle calculations.
The energies of the exciton states are found by the Hamil-
tonian diagonalization and the FSS is retrieved as the energy
difference between the two lowest bright exciton states.

The left insets in Fig. 2 show images of NHs on samples
with different D obtained by numerical averaging of AFM
topographs of around 50 AlGaAs NHs. The average depth of
the NHs is 4.8�0.4, 4.1�0.3, and 3.3�0.4 nm for D=5, 7,
and 10 nm, respectively. While most of the NHs on the same
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FIG. 1. �Color online� �a� Color-coded PL intensity recorded for
varying polarization angle from the sample with D=5 nm. The
white lines indicate the angles corresponding to emission polariza-
tion along the �110� crystal direction. �b� and �c� Results of Lorent-
zian fits of two split excitonic lines with relatively �b� small and �c�
large FSS. The FSS is obtained from the amplitude of a sine fit in
�b� or from the energy separation between the top and bottom flat
regions in �c�. See text for details.
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sample have rather homogeneous size and orientation, as
they are produced by etching of coherent InAs islands with a
good size homogeneity, some deeper �about 7 nm� NHs are
found in the sample with D=5 nm �right inset in Fig. 2�a��.
These nanostructures are likely to originate from relatively
large dislocated InAs islands �DIs�. Figure 2 shows the rela-
tion between FSS and emission energy for QDs in the three
different samples. Besides the experimental data �circles�, we
show the results of the calculations for ten different NHs,
which were randomly chosen in the AFM images of each
sample �dots� as well as for the averaged shapes �stars�. In all
plots, we see that the calculation results �dots� corresponding
to GaAs dots obtained by etching of coherent InAs islands
display “bimodal” distributions in the emission energy �i.e.,
an apparent gap located, e.g., around 1.62 eV for the sample
with D=5 nm�. This is due to the discretization step size of
0.5 nm used in the calculations.

We first focus on the sample with D=5 nm �Fig. 2�a��.
The experimental exciton energy displays a bimodal distri-
bution. QDs emitting at low energy have small FSS �down to
�10 �eV� while QDs emitting at higher energy have larger
FSS ��66 �eV�. We ascribe the low-energy emission lines
to excitons confined in QDs obtained by etching of DIs. �The
fact that these QDs are optically active is interesting, as it
indicates that the InAs material and crystal defects are re-
moved during the AsBr3 etching step leaving behind deeper
NHs, which can be used as a template to create defect-free
GaAs/AlGaAs QDs.� In spite of the spread in FSS values for
both families of dots, we also see that the FSS tends to in-
crease with increasing emission energy. The points corre-
sponding to the calculation results for both QD families are
well overlapped with the experimental data, indicating that
the used model is able to reproduce the emission energies,
the magnitude of the FSS, and also the trend of increasing
FSS with energy.

If we now compare the images of the NHs in the top
insets of Fig. 2, we see that dots tend to become more elon-
gated with increasing D.17 Qualitatively, we would thus ex-
pect an increase in FSS, as also confirmed by the calculations
�compare the stars in Figs. 2�a�–2�c��. The experimental re-
sults do not follow however such a clear trend. For the
samples with D=5, 7, and 10 nm, the average values of the
FSS change from 66, to 53 to 96 �eV, with standard devia-
tions increasing with D from 23 to 28 and to 38%, respec-
tively. The broadening of the distributions of the FSS with

increasing D can be partly ascribed to the broadening of the
distribution of size and shapes of the NHs, which become
more irregular as D increases.17 For the samples with D=7
and 10 nm, the calculated and experimental points show
some overlap but the predicted FSS values are generally
larger and their distribution more homogeneous than the ob-
served ones. Although we cannot definitely track the origin
of the poorer agreement compared to the sample with
D=5 nm, we note that for increasing D, the NH depth de-
creases so that monolayer-high asperities of the bottom or
top AlGaAs interfaces �which are below the resolution used
in the calculation� may lead to exciton confinement in a
small region of the QD, similar to QW thickness fluctuations.
Furthermore, as the dots become flatter, the spilling of the
exciton wave function in the alloy barrier increases: alloy
disorder �an atomistic effect which is not treated in our
model� may contribute to the broadening of the FSS
distributions.24

To obtain an idea about the contribution of effects other
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FIG. 2. �Color online� Experimental �black circles� and calculated �dots and stars� FSS as a function of exciton energy for samples with
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FIG. 3. �Color online� �a� Histogram of the FSS values for QDs
and �b� QWPFs measured on the sample with D=7 nm. �c� Polar-
ization direction of the low-energy component of the exciton for the
QDs and �d� for the QWPFs. A polarization angle of 0° corresponds
to the �110� crystal direction. The inset in �b� shows an STM image
of the lower barrier of the QW. The inset in �c� shows the calculated
polarization distribution for NHs with D=5, 7, and 10 nm; the
x-axis scale is the same as for the main axis panel. The inset in �d�
shows the polarization behavior of two representative QWPF emis-
sion lines with relative polarization angle �.
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than shape anisotropy24 �e.g., crystal anisotropy, alloy disor-
der, etc.� to the FSS of our QDs, we studied experimentally
the FSS of excitons confined in the potential fluctuations of
the rough QW between the QDs. The distribution of the FSS
values for the QDs �Fig. 3�a�� in the sample with D=7 nm is
slightly narrower compared to the distribution for the QW-
PFs �Fig. 3�b�� of the same sample but the average values are
comparable. On the other hand, the polarization direction of
light emitted by excitons confined in QDs and QWPFs is
remarkably different �Figs. 3�c� and 3�d��. The low-energy
component of the bright excitons in QDs shows a pro-
nounced alignment along the �110� crystal direction �Fig.
3�c��, in all investigated samples. We attribute this finding to
the homogeneity in elongation of the AlGaAs NHs. A de-
tailed analysis of around 400 NHs shows in fact that the NHs
for all values of D are aligned within �7° with respect to the
�110� crystal axis �not shown�. This polarization distribution
is also reproduced by our simulations on QDs with D=5, 7,
and 10 nm �inset of Fig. 3�c�� and it appears different from
previous studies3,20 where the high-energy component of the
doublets was observed to be parallel to the long QD axis.
The reason for this discrepancy is at present unclear. The
polarization of light emitted by QWPFs is rather randomly
oriented �see Fig. 3�d� and inset�, with only a slight prefer-

ential alignment along the �110� and �11̄0� directions. We
mainly ascribe this observation to the irregular shape of the
confining potentials created by the bottom QW barrier �see
STM image in the inset of Fig. 3�b��. �We expect the top QW
interface to be smoother because of the larger diffusivity of

Ga compared to Al and the annealing step following GaAs
growth.�

Finally, we have also measured the polarization direction
for QDs obtained by filling AlGaAs NHs �D=10 nm� with
only 0.5 nm GaAs. In this case, the emission energies are
very close to those of the QWPFs but the polarization of the
exciton emission is very similar to that observed for the taller
dots discussed here: the low-energy component of the exci-
ton is invariably polarized along directions close to the �110�.

In conclusion, we have studied experimentally and theo-
retically the fine structure splitting of neutral excitons in
elongated and unstrained GaAs QDs embedded in AlGaAs
barriers. The calculations, which are based on the measured
structure and nominal growth parameters, are able to repro-
duce well the polarization orientation for all studied dots and
also the magnitude of the splitting for relatively tall dots. For
flatter dots, the predicted values are however slightly larger
than the observed ones. Finally, we highlight the impact of
shape anisotropy on the FSS by comparing measurements on
QDs and on randomly oriented QW potential fluctuations on
the same samples.
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