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We present an experimental and theoretical study of the po-
larized PL spectrum of single semiconductor quantum dots in
various charge states. We compare our polarization sensitive
spectral measurements with a novel many-carrier theoretical
model. The model considers both the isotropic and anisot-
ropic exchange interactions between all participating elec-

1 Introduction The photoluminescence (PL) spec-
trum of single self-assembled semiconductor QDs is usu-
ally composed of many discrete spectral lines. The variety
of lines originates from optical transitions between various
many carrier configurations and different QD charge states
[1-3]. Several experimental techniques, such as excitation
intensity dependent PL spectroscopy [4] and electro-PL
spectroscopy [2, 3] are used for associating a given spec-
tral line with a specific optical transition. Unfortunately,
even when these and other methods are combined, occa-
sionally, some lines still remain unidentified. Polarization
sensitive PL spectroscopy has also been applied to aid in
line identification. Most notably, the neutral exciton and
the neutral biexciton lines are split into two cross linearly
polarized doublets [5], while singly charged excitonic lines
are unpolarized.

In this work we focus our studies on polarization sensi-
tive PL spectroscopy of single semiconductor quantum
dots. We carefully measure the polarization of the PL spec-
tra under various excitation conditions. Our results are then
compared with, and analyzed by, a novel theoretical many
charge-carriers model which is based on the full configura-
tion interaction (FCI) method [6]. The novelty in our
model is in its inclusion of the electron-hole exchange in-
teraction (EHEI) [7, 8]. We show that the model provides a
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tron-hole pairs. We demonstrate that lines emanating from
evenly charged states are linearly polarized. Their measured
polarization direction does not necessarily coincide with the
traditional crystallographic direction. It depends on the shells
of the single carriers which participate in the recombination
process.
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very good understanding of the experimental measure-
ments.

2 Experimental

2.1 Sample The sample was grown by molecular
beam epitaxy on a [001] oriented GaAs substrate. One
layer of strain-induced InGaAs QDs was deposited in the
center of a one wavelength planar microcavity (MC) in or-
der to enhance the collection efficiency. The MC was
formed by two distributed Bragg reflectors deposited be-
low and above a QD-emission-wavelength wide GaAs
spacer. The Q-factor of the MC is about 500. In order to
electrically charge the QDs, a p-i-n junction was formed by
n (p) -doping the layers below (above) the GaAs spacer,
which was left intrinsic. An additional intrinsic AlAs bar-
rier was grown inside the GaAs spacer between the p-type
region and the QDs. This barrier prolongs the hole's tun-
neling time out of the QDs in respect to that of the elec-
tron, and enables positive charging. The sample was not
patterned or processed laterally to prevent obscuration of
the emission and its polarization.

2.2 Optical characterization For the optical meas-
urements we used a diffraction limited low temperature
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confocal optical microscope [1]. The collected light was
dispersed by a 1 meter monochromator and detected by a
cooled CCD array detector. The spectral resolution of the
system is 15 peV. The polarization of the emitted light was
analyzed by two computer controlled liquid crystal vari-
able retarders and a linear polarizer in front of the mono-
chromator, in the following manner: Six independent
measurements of spectra polarized along the H, V, D, D,
R and L directions (see below) were taken. From these
spectra, the Stokes parameters for each pixel were de-
duced. From these parameters, the polarization vector in-
side the Poincaré sphere was determined for each pixel.

Throughout this work we use the symbol H (V) for lin-
ear light polarization along the [ 1 10] ([110]) crystallo-
graphic axis of the sample. The symbol D (D) is used for
the (cross) diagonal polarization, while the symbol R (L) is
used for the right (left) hand circular polarization.

In Fig. 1 we show the PL spectra from a single QD as a
function of the voltage applied to the sample. The QD was
excited by a cw 1.47 eV Ti-sapphire laser light.
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Figure 1 (a) Measured PL spectra from a single SAQD, as a
function of the bias on the device. The QD was excited by 1.47
eV cw-light. The various spectral lines are labeled by X (XX) for
single (double) initial e-h pair occupation, and a superscript
which denote the QD charge state during the recombination. The
horizontal solid lines mark the voltages for which spectra are pre-
sented in Fig. 2. (b) The current through the device as a function
of the bias voltage.

The specific structure of our sample is such that at
forward biases (above ~7 volts) the QDs are negatively
charged as clearly evident by the abrupt step in the emis-
sion energy. This injection induced charging mechanism is
similar to that reported earlier [2]. At large reverse biases,
however, the QD is increasingly positively charged, due to
vast difference between the tunneling-out rates of electrons
and holes. The spectral line identification in Fig. 1 is based
on the order by which the lines appear and disappear as the
voltage on the device increases. Information gained from
excitation intensity dependence PL spectroscopy (not
shown) and polarization sensitive spectroscopy (see below)
is also used for this purpose. In Fig. 2 we present the
measured polarization sensitive spectra for the bias volt-
ages indicated by horizontal lines in Fig. 1. In Fig. 2(a), the
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QD was on average neutral. Spectral lines of a neutral, as
well as of a singly negatively and singly positively charged
QD are observed. The corresponding polarization spectra
projected on the linear H-V and on the linear D- D axes of
the Poincaré sphere are shown in Fig. 2(b).
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Figure 2 (color online) (a) Measured PL spectrum for bias volt-
age of OV. The energy is measured from the energy of the X° line.
(b) PL polarization spectra for bias voltage of 0 V. The black (or-
ange) lines present the polarization as projected on the H-V (D-
D) axis of the Poincaré sphere. (c) and (d) are the same as (a)
and (b) for a bias voltage of 7.15 V.

The projection on the R-L axis was zero to within our
experimental uncertainty (not shown).

In Figs. 2(c) and 2(d) we present the PL spectrum and
its linear polarization projections, respectively, for a bias
voltage of 7.15 V at which the QD was on average, nega-
tively charged with two to three electrons.

We note here that the spectral shapes of the observed
negatively charged lines are similar to those observed also
in previous works [3, 9].

3 Theoretical model In order to calculate the many-
carrier polarized transition spectrum we first solve numeri-
cally a single carrier problem for the electron and for the
hole in the QD, in the single band, slowly varying enve-
lope function approximation (1-SVEFA). We model the
QD potential as a 3D finite well in the shape of a rectangu-
lar slab, which long (short) side lies along the H (V) direc-
tion. In this manner, we obtain a consistent set of single
charge carrier energies and associated wavefunctions. We
then use this set in order to construct a many-carrier sec-
ond quantization Hamiltonian,
H=H,,+H,+H,+H, (1)

single
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which includes both the single carrier Hamiltonian, and the
electrostatic interactions between all confined carriers. We
focus now on the electron-hole interaction Hamiltonian,

T ehhe hehe S A I ~
Heh - Z (_Cnmm;m + Cngnln;m )am 551 bnz K bn; 4853 am, 484 (2)

ny,ny 3,0y 52815384
51552553554

51528354

and in particular on the EHEI, which is represented in (2)
by the term C”““. n, 4 are indices to the spatial part of the
carrier wavefunction, and s;_4 are indices to its pseudo-spin
part. The pseudo-spin structure of the EHEI for the lowest
energy envelope functions is deduced from symmetry con-
siderations (the method of invariants) [7]. The SVEFA re-
quires that the same considerations hold also for any other
combination of envelope functions [8]. Thus, we express
the electron-hole-exchange terms as follows:

1 Ay 1 AMmisiy
3 3 0 0
1 AMmmmn, * 1 Ammmn,
231y N3Ny
hehe _| 72 2 0 0
mymmng
1 mymmn, 1 nymmn,
52515354 0 0 -7 1713114 1 Ammnsny
0 0 1 pAmammny _ 1 pAmmnsny
2 2

3)
The e-h pseudo-spin base for the matrix are the functions:

{‘\Lﬂ% ‘TU>, ‘Tﬂ>’ ‘\LU>} The terms A" and

A" are mainly affected by the short range interaction

[8]. This intra-unit-cell interaction is not sensitive to the
details of the slowly varying envelope wavefunctions [8].

Therefore, we assume that all the non vanishing A;

am 3Ny

and 4™ have the same values, Ay and A,, respectively.

The values that we used were chosen such that the calcu-
lated X spectrum would match the magneto-PL measured

X° spectrum [10]. The A™"" terms are mainly affected

by the second order terms in the expansion of the long-
range interaction [7, 8]. This interaction is very sensitive to
the shape of the envelope functions. In order to gain insight
and to reduce the needed computation resources, we calcu-
lated these terms using the analytical wavefunctions of a
2D elliptic harmonic oscillator, rather than the numerical

wavefunctions [11]. For 4''"" we obtained,

L _ Wreh’E, (£-1)  isuer
T 2(7¢\} g2 2 H
RemE2 (I°) &2 g1+

for electron oscillator major semi-axis /° =72 A, ho-
le/electron length ratio f=0.72 and minor/major semi-axis
ratio (the aspect ratio) £&=0.96. E;=25.5 eV is the conduc-
tion-valence dipole energy, E, =1 eV is the band gap, and
€=13.8 is the dielectric constant of the QD material [12].
my is the free electron mass, and e is the electron's charge.
[f is extracted from the measured s-p separation [1], B is
extracted from the measured energy separation between the

“4)
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positively and negatively charged excitons and & is ex-
tracted from the ratio of the anisotropic splitting energy of
the doubly charged exciton (which approximately equals
A" to that of the neutral exciton (which approximately
equals 4''""). Table 1 lists the measured EHEI parameters,
the analytical ratios of several A™"" terms to A4'""' and
their values obtained using the measured A''"'. The values
listed in Table 1 are the values used for the many-carrier
calculations. The many body Hamiltonian is diagonalized,
and collective many carriers energies and wavefunctions
are obtained.

Table 1 Measured and calculated electron-hole exchange inter-
action terms (in peV) used for calculating the PL spectra. The ra-
tios, calculated for harmonic oscillator functions, are given in
terms of the hole/electron length ratio f and the aspect-ratio & for
=&l <<1

Parameter Used in cal-Ratio to A"

culations
Ao 207" -
A, 21" -
A 05" _
A11212 196" /)72 261
1+ 8% £-1
A11313 200 ,32 5—2
1+ 4% £-1
A11414 -6.4 ﬂ4 41—65
(1+ﬂ2)2 16
APE 232 1, 1 p 614
2 1B -1 (14 p7) 32(6-)
Alzm 379 1 25_1
1+ 4 -1
AR 209 2 |
[P g
1+ 2(£-1)
* Measured.

We then use the dipole approximation to calculate the
optical transition amplitudes between the many carriers'
states for the 6 polarizations discussed above. From these
amplitudes we calculate the Stokes parameters and obtain
the polarization state for each transition.

4 Comparison between experimental meas-
urement and model calculations In Fig. 3 we com-
pare the measured and calculated po-larized fine structure
of various spectral lines.

We note in Fig. 3 that the measured fine structures are
reproduced quite nicely by our model calculations. In par-
ticular, the calculated number of fine structure com-
ponents, their relative intensities and their polarizations
correlate with the measured values. On the other hand,
while the calculated polarization spectra are always polar-
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ized along the H-V axis of the poincaré sphere, the meas-
ured ones are sometimes rotated (see below). The calcu-
lated energy differences between the components of the X~
line and the calculated splitting between the unpolarized
and polarized doublets of the X line are larger than the
measured ones. We believe that this may be a consequence
of the dependencies of Ay on the envelope wavefunctions,
which are neglected in our model.

In non-resonant excitation, and in the absence of mag-
netic field, the theory predicts that the spectral lines can
only present linear polarizations. This is what we observed
experimentally as well. In the theoretical model, the linear
polarization can only be oriented along the main axes of
the QD, i.e. along H and V. In the experiment, however,
we found that the polarization appears in three sets of or-
thogonal axes: The measured polarization of the neutral
exciton line is indeed along the H-V axis of the Poincaré
sphere. A few other lines, most notably the neutral biexci-
ton, are also polarized along this axis.
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Figure 3 Measured (top panel in each pair) and calculated (bot-
tom panels) high resolution polarization sensitive PL spectra of
various spectral lines. The solid (dashed) black line represents H
(V) polarized spectrum while the solid (dashed) pink line repre-
sents the V+ D (H+D) polarized spectrum.

Few other spectral lines are polarized along an axis which
is rotated clockwise by 135 degrees relative to the H-V
axis of the Poincaré sphere. This polarization axis, which
roughly coincides with the [ 1 20] and the [210] directions,
appears only in lines associated with configurations which
contain one unpaired p, carrier. For other configurations,
which contain only s carriers or either closed shells or two
unpaired p carriers (p, and p,), the polarization is along the
H-V axis. In addition, we sometimes observe lines which
are polarized along the D- D axis as well. Such a spectral
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line is seen in Fig. 3(d), at energy of -2.6 meV relative to
the X" line. This relatively weak doublet may result from
pair recombination in doubly negatively charged QD as
deduced from its voltage dependence.

These novel experimental observations are not repro-
duced by our theoretical, single band based model, since
the model ignores the underlying crystal. In particular, the
vectorial nature of the hole Bloch functions is overlooked.
Correct inclusion of this nature e.g. by a multi band model,
would have resulted in polarized optical transitions to the
p-shell states, even without the EHEI. We believe that the
combined effect of Bloch function’s related polarization
and EHEI related polarization is the cause for the change
of polarization direction.

A multi band model is absolutely necessary for calcu-
lating the polarization selection rules in highly positively
charged QDs. There, the complicated nature of the p-shell
holes is not likely to be captured by a one band model. The
polarization degree of the highly positively charged QD
emission lines (identified by their voltage dependencies)
that we measured was marginal, while our single band
model yields polarizations similar to those of the nega-
tively charged QD lines. We believe that this discrepancy
results from the inadequacy of the single band model [9].
Additionally, we note that the highly positively charged
QD lines were all measured under large electrostatic fields,
which for now, were not considered in our model.

5 Conclusion We presented detailed polarization sen-
sitive spectroscopy of a single QD in various charge states.
We developed a many-carrier model based on single band
envelope function approximation, which includes the iso-
tropic and anisotropic electron-hole exchange interactions,
for the analysis of the measured data. We calculated the PL
spectrum with its fine structure and polarizations for the
exciton and biexciton optical transitions in neutral, singly
positively and singly, doubly and triply negatively charged
QDs. The calculations are favorably compared with the
measured polarization sensitive PL spectra. The experi-
mental data display, however, polarizations directions ori-
ented along other directions than the main axes of the QD,
when carriers occupy the p shells. This indicates, that a one
band based model is too simple to describe this novel ob-
servation.
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