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The anisotropic exchange splitting of the I" exciton §; is measured in (In,Al)As/AlAs quantum dots with a
type-1 band alignment by means of two photoluminescence techniques: The macroscopic technique exploits
the competition between the anisotropic exchange interaction and the Zeeman splitting, whereas with the
microscopic technique the energy splitting of the exciton fine-structure in a single quantum dot is measured
directly. We find that in the spectral region of the I'X mixing the anisotropic exchange splitting decreases

strongly.
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I. INTRODUCTION

Quantization of the motional degrees of freedom in low-
dimensional semiconductor systems is interesting from the
viewpoint of both basic and applied physics [1,2]. The ul-
timate limit of zero-dimensional carrier confinement is ob-
tained in semiconductor quantum dots (QDs), which are
attracting research attention due to their unique electronic
and optical properties. A fundamental parameter of low-
dimensional excitons is the fine-structure splitting that is
caused by the exchange interaction, which couples the elec-
tron and hole spins [3]. In the (hypothetical) case of absence
of electron-hole exchange interaction, the exciton states are
fourfold degenerate in axially symmetrical QDs. A nonzero
isotropic exchange interaction splits the exciton states, which
are characterized by the total angular momentum projections
J; = %1, £2 on to the growth (main quantization) axis into
the doubly degenerate bright and doubly degenerate dark
exciton states with J, = 1 and J, = %2, respectively. Break-
ing of the axial symmetry in real QDs lifts the degeneracy
of the bright exciton states and mixes them so that the

following states emerge: |X) = %(H—l) +|—1)) and |Y) =

RL@(H—I) — |—=1)) [3]. Accordingly, the anisotropic part of
the electron-hole exchange interaction results also in the §,
splitting of the |X) and |Y') states [4]. In fact, for the majority
of quantum dot systems §; #% 0 [3,5,6] as size, shape, and
strain anisotropies determine the fine-structure splitting.
Recently, we demonstrated the coexistence of both di-
rect and indirect band-gap QDs with type-I band alignment
in (In,Al)As/AlAs semiconductor heterostructures [7,8]. In
these QDs, the I'-valley level shifts to lower energies with
increasing dot diameter more rapidly than the X -valley level
due to the smaller effective mass of the I'-valley electrons.
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For a particular dot diameter, the I'- and X-electron levels
cross each other leading to a change in the electron ground
state. The excitons in the subensemble of direct QDs have
a significant anisotropic exchange splitting &;, whereas the
electron-hole exchange interaction is suppressed in QDs with
the same shape anisotropy but an indirect band gap [9].

In this paper, we study the anisotropic exchange splitting
of excitons in direct band-gap (In,Al)As/AlAs QDs with a
special focus on the energy range where the I'- and X -electron
levels intersect, resulting in ['X mixing.

II. EXPERIMENTAL DETAILS

The studied QD structure (RC1517) is a single layer of
(In,Al)As QDs grown by molecular-beam epitaxy. InAs with
a nominal amount of 2.7 monolayers was deposited between
two 70-nm-thick AlAs barriers, leading to QD formation with
type-1I band alignment. Oxidation of the upper AlAs layer is
prevented by a 20-nm-thick GaAs cap layer, and the light
emission of the sample is enhanced by a 150-nm-thick SiO,
antireflection coating as a cap layer. The substrate is a (001)-
oriented GaAs layer, determining the growth axis z of the
sample.

From the growth conditions and model calculations, we
conclude that the average QD composition is given by
Ing64Alp36As [8]. Size and density of the lens-shaped QDs
were measured by transmission electron microscopy, yielding
an average diameter of 16.7 nm and an amount of about
1.2 x 10'° dots per cm?.

Two photoluminescence (PL) techniques were used to de-
termine the anisotropic exchange splitting &;: (i) The macro-
scopic technique: Measurement of the circular polarization
restoration curve of the PL line in a longitudinal magnetic
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field (Faraday geometry). Here, the anisotropic exchange
splitting is overcome by the Zeeman splitting, and &; can be
determined from the full width at half maximum (FWHM)
of the polarization curve [9]. (ii) The microscopic technique:
Here, the energy splitting between the linearly polarized levels
is measured directly by comparing vertically and horizontally
polarized PL spectra. For this purpose, a mesa structure was
etched on the sample allowing spatially selective excitation
of single QDs [10]. Finally, the results of both techniques are
compared with each other.

For the macroscopic measurements, the sample was
mounted in a liquid-helium bath cryostat with direct contact
to pumped liquid helium at a temperature of 7 = 1.8 K.
Magnetic fields up to 8 T were applied in Faraday geometry,
parallel to the structure growth axis (B || z), using a super-
conducting split-coil solenoid. Nonresonant excitation above
the AlAs barrier was performed using the third harmonic of
a pulsed (Q-switched) Nd : YVOy laser with a photon energy
of 3.49 eV, a repetition rate of 2 kHz, and a pulse duration
of 5 ns. Selective excitation of the QDs was provided by a
continuous-wave Ti:Sapphire laser tuned to an energy within
the emission spectrum of the QD ensemble. In both cases, the
wave vector of the exciting light was chosen to be parallel to
the structure growth axis.

For time-resolved PL using nonresonant excitation in
macroscopic measurements, a gated charge-coupled-device
(CCD) camera synchronized with the laser was used. The time
delay between the laser pulse and the start of recording Zgelay
could be varied in the range from O up to 500 us. The duration
of recording, i.e., the gate window fgy, could be varied from
1 ns up to 500 us in order to optimize the signal intensity and
the time resolution. The best time resolution of the detection
system was 1 ns.

In order to measure optical orientation, the desired circular
polarizations of the exciting laser and the QD emission were
selected by circular polarizers (Glan-Thompson prisms and
quarter-wave plates). The PL circular polarization degree p
following o* polarized excitation is the sum of the optical
orientation p,, and the degree of circular polarization ppcp
induced by the magnetic field. It is determined through

)l
PE = Poo + PoCP = % (1
¢ IT+1*

Here, I} is the intensity of the o® polarized PL emission
measured after o polarized excitation. The labels 4+ and —
correspond to right-hand and left-hand circular polarization,
respectively.

The optical orientation is given by the difference of the cir-
cular polarization degrees measured for o+ and o~ polarized
excitation as the effect of the magnetic field is eliminated in
this way. On the other hand, the magnetic-field-induced polar-
ization degree (DCP) is given by the average of p. and p;,
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The QD photoluminescence was dispersed by a triple
1.5-m monochromator. The first and second stages of the

monochromator were operated in “substractive mode” to
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FIG. 1. Scanning electron microscope image of the mesa struc-
ture fabricated from the studied (In,Al)As/AlAs QD heterostructure.

filter the laser line out of the spectra. The PL was detected by
a liquid-nitrogen-cooled CCD camera.

For the microscopic measurements, the emission of a lim-
ited number of individual QDs is registered by a confocal
microphotoluminescence («PL) setup from cylindrical mesa
structures of 200-500 nm in diameter, which were fabricated
by electron-beam lithography and Ar™ ion dry etching. Scan-
ning electron microscopy studies confirmed the formation of
almost perfect cylindrical mesas with vertical sidewalls, see
Fig. 1. The mesas were etched down to the buffer layer and
covered with a SizNy dielectric layer to avoid the oxidation
of AlAs. The average amount of QDs within a single mesa
structure can be calculated with the given QD density as 4-24
dots, depending on the mesa diameter.

The sample was cooled down to 8§ K in a He-flow mi-
crocryostat with an Attocube XYZ piezodriver inside, which
allows us to optimize and precisely maintain the positioning
of the chosen mesa with respect to the laser spot during a
long time (about a few hours). The wPL and polarization
measurements were performed under optical excitation by a
continuous-wave laser with a photon energy of 3.07 eV. The
exciting light was focused by a x50 Mitutoyo microscope
objective (numerical aperture = 0.42) into a spot of about
10 pum in diameter. For the presented data, the power density
on the sample surface can be estimated as 4 W cm~2. For lin-
ear polarization measurements, we used a Glan-Taylor prism
and an achromatic half-wave plate.

Time-resolved measurements on the mesa structures were
performed with a pulsed semiconductor laser (photon en-
ergy: 3.07 eV, pulse duration: 20-30 ps, repetition rate:
30-50 MHz). The exciton recombination dynamics was de-
tected with a Si single-photon avalanche diode (Micro Photon
Devices) with the full width at half maximum timing res-
olution in the time-correlated single-photon counting mode
of about 40 ps. Emission lines from individual QDs were
selected by a tunable bandpass filter.
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III. EXPERIMENTAL RESULTS

Recently, we demonstrated that the coexistence of
(In,AD)As/AlAs QDs with direct and indirect band gaps [see
Fig. 2(a)] within the ensemble is evidenced by the spectral
dependence of the exciton recombination times. The indirect
QDs are characterized by long decay times due to their small
exciton oscillator strength. On the contrary, in direct QDs,
the excitons recombine within a few nanoseconds [9,11,12].
Here, we use time-resolved photoluminescence to select direct
band-gap QDs.

Photoluminescence spectra of the (In,Al)As/AlAs QD en-
semble measured under nonresonant excitation are shown in
Fig. 2(b). The time-integrated spectrum (black line) has a
maximum at 1.67 eV and extends from 1.52 to 1.82 eV, having
a FWHM of 140 meV. The large width of this emission band
is due to the dispersion of the QD parameters since the exciton
energy depends on QD size, shape, and composition [8].

For the spectrum measured immediately after the laser
pulse (fgelay = 0 and fgye = 10 ns), the PL band has a max-
imum at 1.6 eV and a FWHM of 90 meV only (red line).
For longer delays (tgelay = 500 ns and #gye = 450 us), the
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FIG. 2. (a) Band diagrams of (In,Al)As/AlAs QDs with different
sizes. I'- and X -valley energies for electron (e) and heavy hole (hh)
are shown. The emission is indicated by arrows. (b) Photolumines-
cence spectra of (In,Al)As/AlAs QDs measured under nonresonant
excitation: Time-integrated (black line) as well as time-resolved for
fgelay = 0 and fgge = 10 ns (red) and for Zge1qy = 500 ns and fgye =
450 pus (blue). T = 1.8 K.

emission maximum shifts to 1.68 eV, and the line broadens
to 130 meV (blue line) so that it becomes rather similar
to the time-integrated PL spectrum. We demonstrated re-
cently that after the photoexcitation in the AlAs barriers,
electrons and holes are captured in the QDs within several
picoseconds, and the capture probability does not depend on
the QD size and composition [13]. Therefore, we suggest
that all QDs in the ensemble (direct and indirect) become
equally populated shortly after the excitation pulse. Thus,
the exciton recombination dynamics is fast for direct QDs
emitting mainly in the spectral range of 1.50-1.75 eV and
slow for the indirect QDs emitting in the 1.55-1.82-eV range.
The emission of the direct and indirect QDs overlaps in the
range of 1.55-1.75 eV.

To distinguish between direct and indirect QDs in this
spectral range, we used selective excitation within the PL
emission band [9,14]. In this case, the broad emission spec-
trum detected under nonresonant excitation is transformed
into a spectrum with narrow lines as shown in Fig. 3(a).
Tuning the laser energy Ee. across the spectral range of the
QD emission, we measured the dependencies of the peak
energies of the emission from the QDs with both direct and
indirect band gaps as functions of E.., which are presented in
Fig. 3(b). Below E[% = 1.611 eV, the PL spectrum consists
of the direct QDs emission D (orange squares) and several
phonon replicas (black symbols). The involved phonons can
be identified as the longitudinal optical phonons of InAs
LOmas (30 meV) and of AlAs LOpjas (50 meV) [15]. In
Fig. 4(a), the spectra are presented in detail, measured in
a magnetic field of 1 T. Note that the magnetic field does
not affect the fundamental shape of the spectra [9]. For
high excitation energies Eex. > EII%‘(”, the X valley of the
conduction band is below the I' valley, and the indirect QD
emission IDj,y, [cyan triangles in Fig. 3(b)] dominates the PL
spectrum as shown in Fig. 4(b). Another I'X transition occurs
at E?l)?h = 1.657 eV. The PL peak energies of this second
indirect transition IDpig, are shown with green triangles in
Fig. 3(b). The energies of 1D,y and IDy;g can be interpolated
by the following linear functions:

E'® (eV) = 0.450 x Eexc + 0.886, @)

EM"(eV) = 0.464 X Eeyx + 0.888. 4

det

The reason for the existence of two indirect transitions in the
studied sample is not fully understood yet. Finally, there is a
PL line NRy,,, at E ~ Ell-")}” that does not shift with the laser
energy. Thus, one can see that there are two subensembles
of QDs with an intersection of the I' and X electronic levels
(shown by the vertical arrows).

A. Measurements on ensemble of QDs

In order to evaluate the anisotropic exchange splitting of
excitons in direct QDs with a specific size/excitation energy
by the macroscopic technique, the recovery curve of the
optical orientation in a longitudinal magnetic field is mea-
sured. Here, the Zeeman splitting between the |—1) and |+1)
exciton states exceeds the energy of the anisotropic exchange
interaction §;, which mixes these states. The mixing of the
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FIG. 3. (a) Time-integrated PL spectrum of (In,Al)As/AlAs QDs
measured for nonresonant excitation (blue line) and PL spectrum of
QDs measured for selective excitation (red line). (b) Energy positions
of the PL lines plotted as functions of the selective excitation energy.
Symbols give the energies of the PL lines: Excitons in direct QDs
(D line, orange squares), longitudinal optical- (LO-) phonon-assisted
emission from direct QDs: LOxjas (open circles) and LOp,as (open
stars). Excitons in indirect QDs: Low-energy line (IDy,, line, cyan
triangles) and high energy line (IDy;,p, line, green triangles), nonres-
onant PL line (NR,,,, dark cyan squares) which does not move with
varying laser energy. Dashed lines are guides for the eye. Solid lines:
Red one is laser energy, cyan and green are fits using Egs. (3) and (4),
respectively. Vertical arrows EL5Y and Elr“;?h mark the I"X-crossing
energies. B=0Tand T = 1.8 K.

pure exciton spin states is lifted, and so the linear polarization
decreases in favor of optical orientation [16]. In the general
case, the circular polarization of the exciton emission in a
longitudinal magnetic field for circularly polarized excita-
tion is contributed by two components. The first one, pgo,
arises from the exciton spin polarization induced by optical
orientation [17]. The second one, ppcp, is induced by the
thermal population of the exciton Zeeman levels with |—1)
and |+1), provided by spin relaxation during the exciton
lifetime [18-20].

The circular polarization degree of the D line can be
calculated from the peak intensities of the PL spectra under
circularly polarized excitation as shown in Fig. 4(a). The
magnetic-field dependencies of p,, and ppcp measured at
Eex. = 1.606 eV are presented in Fig. 4(c). One can see that
the contribution by ppcp is negligible due to the short exciton
lifetime compared to its spin-relaxation time [5]. The circular
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FIG. 4. Circular polarized PL intensities - and I* for circular
polarized excitation with (a) Eexe < EIY and (b) Eexe > EIY. The
longitudinal magnetic-field strength is B = 1 T (Faraday geometry).
(c) Degree of circular polarization of the direct exciton emission (D
line) for optical orientation (red dots) and DCP (blue squares) as
a function of longitudinal magnetic field (Faraday geometry). The
line shows the fit of experimental data with Eq. (5) using the fitting
parameter §; = (346 =35) ueV. T = 1.8 K.

polarization of the PL is determined by p,, (red circles) and
can be described by the following equation:

(H’BgexB)2
3% + (ﬂBgexB)z ’

max

with the maximal polarization p** in strong fields, the
Bohr magneton ug, and the longitudinal exciton g factor
Zex- The poo(B) dependence is fitted well by a Lorentzian
curve (dashed line) with FWHM B, = 4.55 T. Taking into
account the exciton g factor of g = 2.63 [9,14], we can
estimate the anisotropic exchange splitting from the following
equation: §; = %Bl /214B&ex [9]. For an excitation energy of
Eexc = 1.606 eV, we found §; = (346 £ 35) ueV.

In principle, it is possible to use the technique of restor-
ing optical orientation to determine the anisotropic exchange
splitting in any spectral range. However, in the spectral ranges
where the intersection of the electronic I" and X levels occur,
the emission from direct and indirect band-gap QDs overlap
strongly. This overlap hinders the determination of the circular

poo(B) = p(r:nax (5)
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FIG. 5. Micro-PL spectra of (In,Al)As/AlAs QDs, measured on
two different representative mesas. 7 = § K.

polarization degree of the direct excitons. This is clearly seen
for Eexe > EI% in Fig. 4(b) where the PL intensity of the
direct transition is small compared to the indirect one.

B. Microphotoluminescence of single QDs

In order to determine the anisotropic exchange splitting
also in QDs with mixed electronic levels I and X, we used
the microphotoluminescence technique. Here, the sample with
etched mesa structures was excited nonresonantly. Figure 5
shows the unpolarized PL spectra of two representative mesas.
In contrast to the emission of the QD ensemble [Fig. 2(b)], the
spectra from mesas show a number of narrow lines originating
from individual QDs. It is known from Fig. 3(b) that the PL
lines below 1.611 eV result from the recombination of direct
QDs, whereas lines above this energy can be related to both
direct or indirect QDs.

To reveal the origin of the narrow PL lines in the spectral
region where the emission of the direct and indirect QDs
coexists, we measured their recombination dynamics. The
dynamics for a line detected at 1.642 eV is presented in
Fig. 6. The decay curve reveals a two-component decay and
is fitted by the sum of two exponential functions (red line)
with lifetimes of g, = 0.9 and 40w = 11 ns. These two time
constants do not show any spectral variation as one can see in
the inset of Fig. 6. Thus, even in the high-energy range, the
recombination times are short compared to the lifetimes in the
microsecond range, measured for indirect excitons. Therefore,
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FIG. 6. Recombination dynamics of the PL line detected at
1.642 eV for T = 8 K. The biexponential fit is shown by the violet
line. The inset shows the slow (red circles) and the fast (blue squares)
time constants in dependence of detection energy.

we can conclude that the observed lines in the uPL spectra
are associated with direct QDs and the recombination of
electrons in the I' valley of the conduction band with holes
in the I" valley of the valence band.

The radiative doublet of exciton states mixed by
anisotropic exchange interaction |X) = %(H—l) + |—1)) and
Y) = i%ﬁ(H—l) — |—1)) is dipole active along the two or-
thogonal principal axes of a QD [21]. Therefore, the exciton
emission from a single QD is split into two cross-linearly
polarized lines. Their energy splitting equals §; [22], allowing
direct measurement of the anisotropic exchange splitting.

Examples of single QD PL spectra with polarization axes
perpendicular to each other (indicated by the blue and red
colors) are shown in Figs. 7(a) and 7(b). In order to obtain
the splitting value, we fit the data by Lorentz curves (not
shown here). One can see that the energy shift between the
PL maxima depends on the emission energy: For the emission
at 1.5615 eV, the two lines are split by 602 neV, whereas, at
1.6537 eV, the splitting is 53 peV only. In order to assess the
spectral dependence of §;, we measured the splitting for a set
of single QDs emitting in the spectral range of 1.56—1.75 eV.
The results are shown in Fig. 7(c) together with the §; values
obtained by the macro-PL technique (red triangles).

It turns out that the anisotropic exchange splitting has two
minima at about 1.60 and 1.66 eV. At the first minimum &,
drops from 600 down to 80 neV and then increases again up
to 435 peV. The absolute minimum of 53 eV was measured
close to 1.66 eV. For higher energies, the anisotropic exchange
splitting increases again up to about 200 ueV.

C. Discussion

In direct band-gap QDs, the anisotropic exchange splitting
of excitons depends strongly on geometrical factors and ma-
terial properties. For the well-studied InAs/GaAs QDs, the §;
values vary typically in the range of 100—1000 peV [23]. On
the other hand, in indirect QDs, the exchange interaction is
weak because the wave functions of the X electron and the
I" hole have very small overlap in momentum space [24,25].
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FIG. 7. (a) and (b) Linearly polarized PL spectra measured at
two different energies under nonresonant excitation at B = 0 T. The
angles +22.5 (red) and —22.5 (blue) of the A/2 plate correspond
to the x and y axes of the sample. (c) Spectral dependence of the
anisotropic exchange splitting. The dashed lines show the positions
of the I'X -mixing energies. The results of the macroscopic measure-
ment are indicated by red triangles. 7 = 8 K.

Since the energies of the §; minima roughly correspond to the
intersection energies of the I and X electron states [shown by
the dashed lines in Fig. 7(c)], we can safely assume that the
strong decrease in §; can be explained by the I'X mixing of
the electron wave function.

In ideal bulk semiconductors, the electron states from the
I' and X valleys do not couple to each other, whereas I'X

mixing can take place in low-dimensional heterostructures
(superlattices and QDs). It was shown that the intervalley
electron transitions are provided by the uncertainty of the
electron wave vector at the interfaces, which allows changes
in the wave vector without interaction with phonons or defects
[26,27].

We demonstrated recently that the violation of the trans-
lation symmetry in the xy plane of (In,Al)As/AlAs QDs
results in I'X mixing. The mixing is responsible for the strong
variations of the exciton recombination rate by a thermal
annealing treatment [11] and allows one to obtain resonant
excitation of indirect electron states in the QDs [14]. Thus, an
increase in the admixture of the X state to the electron wave
function is expected to decrease the interaction of electron and
hole states and, as a consequence, also the magnitude of the
anisotropic exchange interaction.

IV. CONCLUSIONS

The anisotropic exchange splitting §;, caused by the in-
teraction between I electrons and holes in (In,Al)As/AlAs
QDs, was measured with a macroscopic and a microscopic
technique. Both techniques deliver consistent results. How-
ever, only with the microscopic technique it is possible to
measure §; in the spectral range of the I'X mixing. Here, the
anisotropic exchange splitting decreases strongly due to the
suppression of the electron-hole interaction.
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