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Epitaxial self-assembled quantum dots (QDs) are commonly obtained by the Stranski-Krastanow (SK)
growth mode, in which QDs form on top of a thin two-dimensional (2D) wetting layer (WL). In SK QDs, the
properties of the WL such as thickness and composition are hard to control independently of those of the
overlying QDs. We investigate here strain-free GaAs/AlGaAs QDs located under a GaAs quantum well (QW),
analogous to the WL in SK QDs. The thickness of such a QW can be arbitrarily controlled, allowing the optical
properties of the QDs to be tuned without modifying the QD morphology and/or composition. By means of
single-QD photoluminescence spectroscopy, we observe well-resolved excited-state shell structures with inter-
shell spacing increasing monotonically with decreasing QW thickness. This behavior is well reproduced by
eight-band k- p calculations combined with the configuration-interaction model taking the realistic QD mor-
phology as input. Furthermore, for the thinnest GaAs layer investigated here, no QW emission is detected,
indicating that it is possible to suppress the two-dimensional layer usually connecting QDs. Finally, we find
that all recombination involving an electron-hole pair in the ground state, including the positive trion, occurs
at the low-energy side of the neutral exciton emission. This behavior, previously observed for GaAs/AlGaAs
QWs, is a consequence of the large lateral extent of the QDs, and hence of pronounced self-consistency and

correlation effects.
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I. INTRODUCTION

Semiconductor quantum dots (QDs), also referred to as
“artificial atoms,” can be conveniently fabricated by self-
assembled epitaxial growth. For the realization of QD-based
devices, the optical properties of the QDs such as the emis-
sion wavelength, the intersublevel spacing energy, the en-
semble homogeneity, and even the interactions between
nearby QDs should be free for engineering. The most com-
mon method to obtain high quality QDs consists in exploit-
ing the Stranski-Krastanow (SK) growth mode during
strained heteroepitaxial growth, in which QDs spontaneously
form on top of a thin wetting layer (WL). An example is
InAs QDs on GaAs(001) substrate. The structural properties
of such QDs, such as size, shape, and composition, can be
controlled to some extent by varying the growth parameters
during InAs deposition. Alternatively, the QD structure can
be tuned in situ by partial capping and annealing'-? or by ex
situ post-growth rapid thermal annealing.> Both the transi-
tion energies and the intersublevel spacing energies can be
adjusted by the above methods either through a reduction in
QD height or by promoting In-Ga intermixing, which re-
duces the QD confinement potential. In both cases, the
shape, size, and composition profile of QDs vary during the
tuning processes.

In SK QDs, the thickness of the WL can only be con-
trolled in a narrow range, because it is mainly governed by
the misfit strain between deposited material and substrate
material.® On the other hand, unstrained QDs offer the pos-
sibility of independent tuning of WL thickness and QD
shape/size. Self-assembled unstrained GaAs/AlGaAs QDs
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can be fabricated by local droplet etching’ or by modified
droplet epitaxy (MDE).> With the latter method GaAs QDs
on top of a GaAs quantum well (QW) with arbitrary thick-
ness can be obtained. In analogy to SK QDs, we refer to the
QW as “WL.” The effect of the GaAs WL thickness on the
emission of QDs was investigated in Ref. 8 by photolumi-
nescence (PL) spectroscopy. It was shown that a decrease in
the WL thickness produces a blueshift in the ground-state
(GS) emission and the WL can even be completely sup-
pressed. However, no appreciable effect on the separation
between GS and excited-state (ES) emission was observed,
possibly because the PL inhomogeneous broadening pre-
vented the observation of well-resolved excited-state
“shells.”

To eliminate the effect of inhomogeneous broadening we
investigate here the light emission of single GaAs/AlGaAs
QDs fabricated by “hierarchical self-assembly” (Refs. 9 and
10) as a function of WL thickness. These QDs are defined by
filling Aly45Gags5As nanoholes with GaAs with variable
thicknesses. Therefore, in contrast to SK and MDE QDs, this
growth technique creates inverted GaAs QDs inside
Al 45Gag 55As holes with a QW (or WL) above the QDs. By
depositing small amount of GaAs, the formation of the WL
can also be fully suppressed.

Different from commonly investigated SK InAs/GaAs
QDs and independent of WL thickness, we find that all op-
tical transitions involving the recombination of a ground-
state electron with a ground-state hole, including the positive
trion (X*), are characterized by energies lower than the neu-
tral exciton (X). This behavior is well reproduced by an
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eight-band k- p calculation combined with the configuration-
interaction model.

Although the shape and lateral extent of the QDs are kept
nominally fixed, a reduction in the WL thickness, and hence
of the QD height, produces a systematic increase in the
GS-ES energy separation. This observation can be seen as a
“cross talk” between vertical confinement potential and lat-
eral confinement potential, responsible for the GS-ES split-
ting. The observed behavior is qualitatively explained with a
simple model and quantitatively reproduced by eight-band
k-p calculations combined with the configuration-interaction
model.

II. EXPERIMENTAL METHODS

The samples studied here were grown by a solid-source
molecular-beam epitaxy (MBE) machine equipped with an
AsBrj gas etching unit. A layer of InAs QDs grown on GaAs
(001) at a nominal substrate temperature of 500 °C was the
starting point for the fabrication of GaAs/AlGaAs QDs. The
as-grown InAs QDs were overgrown with 10 nm GaAs and
nominal 5-nm-deep AsBrj etching was applied in situ. As a
result of the strain-enhanced and material-selective etching
rate, bow-tie-shaped nanoholes were created by etching away
the buried InAs QDs.!"12 To create the lower barrier for the
QD confinement potential, the obtained GaAs nanoholes
were overgrown with 10 nm Al 45Gag 55As. Due to the low
diffusivity of Alj45GagssAs on the GaAs surface, the nano-
holes are preserved after the overgrowth. The obtained
Al 45Gag 55As nanoholes were filled immediately by depos-
iting GaAs of variable thicknesses followed by a one min
growth interruption at 500 °C, which allows the diffusion of
the GaAs into the nanoholes. This multistep growth leads to
the formation of inverted GaAs QDs with tunable QD height
and WL thickness.

In order to deduce the morphology and size of the GaAs
QDs, the morphology of the Alj45GayssAs nanoholes and
uncapped GaAs QDs was studied by atomic force micros-
copy (AFM) in tapping mode at room temperature. For AFM
characterization we employed samples with relatively high
surface density of QDs (~10° cm™) to collect large statis-
tical information from small area images. For PL character-
ization of single QDs we used low-density (<10% cm™2) QD
samples to avoid using shadow masks. The density was sim-
ply tuned by adjusting the amount of deposited InAs. We
previously verified that the QD density has negligible effects
on the emission energy of the GaAs/AlGaAs QDs, which is a
consequence of the fact that we use dome-shaped InAs QDs
(Ref. 13) with similar sizes independent of density. We can
thus safely use the AFM data to model the optical properties
of samples studied by PL spectroscopy.

For PL investigations, the GaAs QDs were buried by 100
nm Aly35Gag g5As, 20 nm Al 45Gag 55As, and 10 nm GaAs.
The PL spectroscopy of single QDs was performed in a stan-
dard micro-PL setup at 6 K by using a laser emission of 532
nm as an excitation source, and a spectrometer with 500 mm
focal length equipped with a charge-coupled device for de-
tection.
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III. THEORETICAL MODELING

To gain insight into the electronic structure and optical
properties of the studied QDs we calculated transition ener-
gies of various excitonic complexes confined in QDs. The
following two-step process was used: first, we obtained
single-particle states using eight-band k-p theory.'* Second,
we performed configuration-interaction (CI) calculations, in
which the multiparticle states are expanded into a series of
Slater determinants (SDs) constructed from the single-
particle states.!

The eight-band k-p theory presents an efficient way to
obtain the electronic structure with very good accuracy and
at acceptable computational expenses. It accounts for the
conduction and valence-band mixing, while the effects of
strain and piezoelectric field are not considered in this paper
due to the negligible lattice mismatch between GaAs and
AlGaAs. A numerical implementation consists in the finite
difference scheme, which allows for a convenient treatment
of arbitrary shape of QDs. The details of the implementation
are given elsewhere. !0

In the simulation the QDs are made of pure GaAs, since
we expect limited interdiffusion of Al and Ga in the QDs at
the low substrate temperature used in the experiment. The
bottom surface of the QDs is determined from AFM mea-
surements performed on the unfilled Alj45GagssAs nano-
holes. The upper surface of the QDs is assumed to be flat.
Although in the experiment a perfectly flat GaAs surface is
not recovered after one min annealing (see below), we
should point out that the real thickness of the QDs cannot be
accessed by AFM measurements and it can only be estimated
from the amount of the deposited GaAs d. Due to this uncer-
tainty in the QD height and unavoidable uncertainty in the
exact size/shape of the dots investigated by PL spectroscopy,
we substitute the realistic profile of the top surface revealed
by AFM by a simple plane. Such a treatment is reasonable
since a rather flat profile is observed at the center of the filled
holes, where the high electron probability occurs. Therefore,
a flat top surface is adopted and an adjustable parameter 4 is
introduced in our model, which represents the height of the
top plane above the AlGaAs nanohole plane. This parameter
roughly corresponds to the nominal WL thickness d. The
structure is subsequently discretized for the finite difference
calculations. With a grid step of 0.5 nm, a typical grid con-
sists of 120X 120X 40 points.

The multiparticle Hamiltonian consists of a sum of single-
particle Hamiltonians and Coulomb interaction terms. Ap-
proximately, the wave function of a multiparticle complex
can be constructed as a SD of single-particle states. How-
ever, such a wave function is not the eigenstate of the mul-
tiparticle Hamiltonian because the single-particle wave func-
tions are deformed by the mutual Coulomb interaction. This
effect is treated within CI by expanding the wave function
into a series of SDs. In our calculation we used ten electron
and ten hole wave functions, resulting in 100 SDs for the
neutral exciton, 450 for the trions, and 2025 for the neutral
biexciton.
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FIG. 1. (Color online) AFM image of Alj45GajssAs nanoholes
(a) and of nanoholes filled with GaAs with nominal thickness d of
(b) 0.5 nm, (c¢) 1 nm, and (d) 4 nm followed by one min annealing
prior to cooling to room temperature. Linescans of representative
nanoholes in the (¢) [110] and (f) [110] directions. The lines are
offset in vertical direction by an amount equal to d. (g) Depth of the
GaAs-filled nanoholes and the deduced height of GaAs QDs for
different GaAs fillings. The QD height for each sample is extracted
from the difference in depth for the Alj45GagssAs nanoholes and
the GaAs-filled nanoholes plus d.

IV. RESULTS AND DISCUSSION

A. Morphology of GaAs/AlGaAs quantum dots

In order to determine the morphology of the GaAs QDs,
we imaged by AFM the bottom and the top interfaces with
the Aly45GagssAs and Aly35Gag ¢sAs barriers, respectively.
Figure 1(a) shows an AFM image of Alj45GassAs nano-
holes created by overgrowing the GaAs nanoholes with 10
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nm Al 45Gay 55As. The holes have an average depth of about
3 nm [see Figs. 1(e) and 1(f)] and are elongated in the [110]
direction, similar to previous results.'” The hole depth rap-
idly decreases as more GaAs is deposited on the AlGaAs
surface followed by annealing [Figs. 1(b)-1(d)]. This is due
to GaAs diffusion inside the holes driven by the local posi-
tive surface curvature. The surface evolution is better seen in
Figs. 1(e) and I(f), where linescans of representative
Alj 45Gag 55As and GaAs-overgrown nanoholes are displayed

together along the [110] and [110] crystal directions. Lines-
cans are vertically shifted by an amount d (WL thickness), to
illustrate the QD plus WL morphology and size in cross sec-
tion. From the linescans we see that nanoholes are com-
pletely filled with GaAs already for d=0.5 nm. On the other
hand, the surface above the GaAs QDs is atomically smooth
only for d~4 nm [see Fig. 1(d)], indicating that the one min
annealing step used after GaAs deposition is not sufficient to
planarize the structure, especially for small values of d [see
Fig. 1(b)].

Figure 1(g) summarizes the values of the depth of the
GaAs nanoholes (top interface of GaAs QDs) and estimated
QD height as a function of d. The QD height is simply esti-
mated as the difference between the depth of Alj45Ga 55As
nanoholes and the depth of the subsequently GaAs-filled
holes plus d. It is evident that the QD height increases almost
linearly as a function of GaAs thickness.

B. Single QD spectroscopy: Evidence of bonding positive trion

The growth protocol used here offers the opportunity to
tailor the optical properties, and especially the confinement
energy of the QDs, via fine tuning of the growth parameters.
Representative PL spectra of the ground-state emission in
single QDs with different WL thicknesses are shown in Fig.
2(a). The energy axes are shifted to facilitate the comparison.
As expected, the emission energy of the GaAs QDs redshifts
when the WL thickness is increased as a result of increased
QD height. In spite of different transition energies, the QD
emission shows similar spectral features independent of d,
i.e., a rather isolated emission line at high energy accompa-
nied by other lines separated by =2 meV on the low-energy
side. The high-energy peaks dominate at low excitation
power and are attributed to neutral exciton recombination
(X), as suggested by linear polarization-dependent measure-
ments (see Fig. 3). In all the investigated QDs, an additional
line, which dominates the spectrum at relatively high excita-
tion power, appears on the low-energy side of X. Its energy
separation from X (which is referred to as its “binding en-
ergy” Ep) shows a slight tendency to decrease with increas-
ing GaAs WL thickness d in Fig. 2(a). The Ej values mea-
sured for several QDs in samples with different d are
presented in Fig. 2(b), which shows broad distributions for
each d values. Because of the absence of polarization split-
ting (see Fig. 3) and the p-background doping in our MBE
chamber, we assign the prominent line to a positive trion X*,
as indicated by labels in Figs. 2 and 3. On the other hand,
excitation-power-dependent measurements (shown later in
Fig. 5) show that such a line appears at higher powers com-
pared to the neutral exciton, letting us conclude that an extra
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FIG. 2. (Color online) (a) Low-temperature PL spectra of rep-
resentative QDs for samples of various d. The energy axes are
shifted horizontally to facilitate the comparison. (b) Binding energy
for the positive trion as a function of d.

carrier (possibly a hole) is not resident in the QD, but is the
result of the nonresonant photogeneration process followed
by carrier migration and relaxation. While PL alone is thus
not sufficient to draw a definite conclusion on the origin of
the peak, the calculation results presented later support its
assignment to X*. Furthermore, the positive value of Ej is
fully consistent with previous studies on GaAs/AlGaAs
QWs.17

The small features at lower energies include the negative
trion X~ and other multiexcitonic species involving carriers
in the QD excited states. The sharp line observed in some
QDs at relatively low excitation power is attributed to X~
[see Fig. 2(a)]. As for the X*, its binding energy tends to
decrease with increasing d.

To further support the line assignment and look for signa-
tures of the neutral biexciton (XX), we analyzed the polar-
ization of the PL spectra for several QDs by continuous ro-
tation of an achromatic lambda half wave plate followed by
a fixed linear polarizer placed in front of the spectrometer.

With the used configuration, only light polarized in the [110]
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FIG. 3. (Color online) (a) PL spectrum of a QD with d
=0.5 nm acquired at a polarization angle of 45°. (b) Polarization-
angle-dependent PL intensity (grayscale coded) for the X, X*, and
XX lines. (c) Normalized PL spectra at polarization angle of 0° and
90° for the corresponding peaks.

crystal direction can enter the spectrometer at a polarization
angle of 0°, while at 90°, light polarized along the [110]
direction is selected. Representative spectra for a GaAs QD
in a sample with d=0.5 nm are shown in Fig. 3. Figure 3(a)
shows a PL spectrum and Fig. 3(b) the grayscale-coded PL
intensity as a function of emission energy and polarization
angle for the X, X*, and XX. The X and XX lines split into
two components, which are polarized perpendicular to each
other. This behavior is currently ascribed to anisotropic
electron-hole exchange interaction, which splits the X level
into two lines.'® Since the X state is the final state of the XX
recombination, the XX emission is split by the same amount.
In the left and right panels of Fig. 3(b) the X and XX lines
show anticorrelated shifts, which confirm the assignment of
the peak origin. The X* peak energy does not show any
polarization angle dependence, confirming that this line
originates from a singly charged exciton. Figure 3(c) shows
normalized PL spectra for X, X*, and XX at 0° and 90°. The
low-energy component of X is polarized along the elongation
direction of the GaAs QD (see Fig. 1), i.e., the [110] direc-
tion. The two components of X and XX in Fig. 3(c) are
splitted by ~40 ueV. A systematic investigation on the role
of shape anisotropy on the X splitting will be presented else-
where.

Figure 4(a) shows the calculated binding energies of the
positive and negative trions and the biexciton as functions of
the thickness & [see Sec. III and bottom inset in Fig. 4(a)].
The binding energies are defined as the difference between
the transition energy of a certain multiparticle complex and
the neutral exciton as indicated in the inset of Fig. 4(a). The
binding energy of the biexciton displays only a weak depen-
dence on h; in contrast, the binding energy of the negative

085309-4



SELF-ASSEMBLED QUANTUM DOTS WITH TUNABLE...

(@) ToxT xx|xt X
3k E, .
X'm
2 2k xx \1681 682 1683 1684 1685
£
e e Sy
3 2 A A
g TEI—— oo "
o £
()] 2
5 | %
C
o OF Distance (nm) O 4
o—

K(Without correlation)

9 1 1 1 1
-1 0 1 2 3 4
Thickness h (nm)
0.15 T T T T T 0.03
(b) — electron along [110]
— hole

0.10

Potential (eV)
Density

0.05

0.00

Position (nm)

FIG. 4. (Color online) (a) Calculated binding energies of nega-
tive trion (squares), positive trion (circles), and biexciton (triangles)
as a function of the WL thickness &, which is defined in the left
bottom inset. The binding energies of the positive trion without
taking into account the correlations (open circles) are also plotted.
The top inset shows an example spectrum for 2#=0, where the bind-
ing energy for the positive trion is indicated (the energy in the
horizontal axis is indicated in meV). (b) Calculated electron and
hole densities (solid lines) and the effective potential (see also Fig.
8) felt by the electrons and holes (dashed lines) in the [110]
direction.

trion drops substantially as 4 is increased. The calculated
binding energy for the X* fluctuates with decreasing A, con-
sistent with the experimental results [see Fig. 2(b)]. There-
fore, its attribution to the positive trion emission is supported
by theory. The magnitudes of the calculated binding ener-
gies, lying between 1.5 and 2 meV, however, are smaller than
the observed values (between 2.5 and 3.5 meV for X* and
around 7 meV for XX). Probably this difference is caused by
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an underestimation of correlation and self-consistency effects
in our calculations. This discrepancy is small for the exciton
and increases with the number of particles the complex is
composed of. For the biexciton, for instance, Shumway et
al.'® observed that only 50% to 65% of the Coulomb correc-
tions are captured by CI for a comparably sized basis set.
The quantum Monte Carlo method, however, which was
used as benchmark in that work, does not properly work in
conjunction with eight-band k-p theory at present. An ex-
ample of the excitonic absorption spectra, calculated for A
=0, is shown in the top inset of Fig. 4(a).

We should point out that the binding energy of the X* is
positive, which is usually not the case for InAs QDs (see,
e.g., Ref. 20). This can be easily explained in terms of Cou-
lomb attractions/repulsions among particles with opposite/
same charges. In addition to the neutral exciton, the trion
energy contains one attractive (electron-hole) and one repul-
sive (hole-hole) Coulomb term. Because of rather similar
spatial distributions of charge densities for both electron and
hole in the in-plane direction [see Fig. 4(b)], these terms
have similar magnitude. The mutual correlation among par-
ticles forming the trion in a large QD slightly favors the
attraction, leading to a positive binding energy. To highlight
the importance of correlation effects, we present in Fig. 4(a)
the binding energy of X* by excluding correlation effects.
The binding energy is drastically reduced and becomes even
negative for small values of 4. Table I summarizes the con-
tributions to the X* binding energy for different values of 4.
The binding energy Ez(X™) is the energy of the constituents
(neutral exciton X and a hole) minus the energy of the com-
plex (X*). Denoting the single-particle energies of electron
and hole as E, and E,, respectively, the energy of X reads
EX)=E,—E,+C,,+EX), where C,, is the Coulomb at-
traction of electron and hole and E(X) is the correlation
energy of neutral exciton. The correlation energies are esti-
mated as differences between the CI results obtained on the
basis of ten electrons and ten holes versus two electrons and
two holes. The energy of X* reads E(X*)=E,-2E,+2C,,
+Cp+Ec(X*), where Cy, is the Coulomb repulsion of two
holes and E(X*) is the correlation energy of positive trion.
Finally, the binding energy of positive trion is Ez(X*)=
—Cop= Cip—E(X*)+E(X). A positive value of Eg has been
previously observed in GaAs QWs (Ref. 17) and in II-VI
QDs (see, e.g., Ref. 21), where the exciton radius may be
substantially smaller than the QD lateral size.

C. QD shell structure and QDs without wetting layer

To investigate the effect of WL thickness on the shell
structures of the GaAs QDs we performed excitation-power-

TABLE 1. Calculated components of the binding energy of the positive trion Eg(X*) as functions of the

nominal thickness of the wetting layer A.

h (nm) C,, (meV) Cy, (meV) E(X*) (meV) Eq(X) (meV) Ep(X*) (meV)
0 -26.65 27.43 -5.15 -2.76 1.61
1 -23.58 23.81 -3.73 -2.00 1.50
2 -21.26 21.20 -3.36 -1.74 1.68
3 -19.41 19.17 -3.04 —-1.80 1.48
4 -17.89 17.56 -3.47 -2.10 1.70
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FIG. 5. (Color online) (a) PL spectra at different excitation pow-
ers for a QD with d=0.5 nm. Grayscale-coded PL intensity mea-
sured at 6 K as a function of excitation power and emission energy
for single QDs of samples with (b) d=0.5 nm, (¢) d=1 nm, (d)
d=2 nm, and (¢) d=4 nm. The right panel shows corresponding
PL spectra collected on a wider spectral range, where the emission
from bulk GaAs, QDs, GaAs WL, and Al 35Gag5As are indicated.
The red dotted lines in (f) and (g) show spectra collected at very
high excitation power in the energy range of 1.65-2.02 eV. The
inset in (i) shows a high-resolution spectrum between 1.9 and 2.1
eV, where the emission from bound excitons in the Alj35GaggsAs
barrier is emphasized.

dependent PL measurements on single QDs. Representative
PL spectra for a QD in the sample with d=0.5 nm are shown
in Fig. 5(a) for different excitation powers. The intensities of
neutral exciton, positively charged exciton lines, and other
species saturate progressively as the excitation power rises.
As a result of further increased excitation power, broad
bands at the low-energy side of the neutral exciton lines
emerge due to emission from multiexcitonic states. To com-
pare the shell structure for QDs in samples with different d,
we show the PL intensity as a function of excitation power
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and emission energy (grayscale coded) in Figs. 5(b)-5(e) for
representative QDs in samples with increasing d. For each
QD sample with different thicknesses d, the energy spacing
between subsequent shells is approximately constant, at least
for the first two excited states. The shells can be character-
ized by a number of nodal planes along the [110] and the

[110] directions. The lowest shell clearly originates from s
and the second from pyjg) state. The third shell could in
principle stem from pr; 7o) as well as from dp o) states. Our
calculations revealed that it originates from the dp; o) state
(i.e., two nodal planes perpendicular to the [110] direction),
while the shell originating from the pp g state has even
higher energy and is not observed in the measurements. The

calculated spacing energy for excitations along the [110] di-
rection is almost three times higher as that along the [110]
direction. Thus, in the following, we will consider only the
excitations in the [110] direction.

A comparison between QDs in the four samples shows
that the shell-spacing energy decreases as d increases. This
observation may appear at first surprising, since the lateral
extent of the QDs (which is responsible for the energy spac-
ing between electronic levels in shallow QDs) is nominally
the same in all samples. On the other hand a change in the
vertical confinement potential affects the effective lateral
confinement potential as discussed in more detail below.

Broad range PL spectra of the different samples are
shown in Figs. 5(f)-5(i). The emission from the GaAs buffer
and substrate, GaAs QDs, and Alj;5Gag¢5As is invariably
observed in all samples at a relatively low excitation power.
In the sample with d=1 nm the emission of the AlGaAs
layer is shifted to about 2.0 eV, which is ascribed to a slight
deviation in the Al content (0.34 instead of 0.35) from the
nominal value. The spectra are dominated by very pro-
nounced emission from the GaAs WL in the case of d
=2 nm and 4 nm, while only a very weak signal is observed
for the sample of d=1 nm and no appreciable signal is ob-
served for d=0.5 nm GaAs QDs. The amplified spectra at
very high excitation power [red dotted spectra in Figs. 5(f)
and 5(g)] show that the WL emission becomes evident for
GaAs QDs of d=1 nm, but is still absent for the QDs of d
=0.5 nm. In the high power spectrum of Fig. 5(f) only a
weak and broad peak near the emission of Alj35GaggsAs is
observed. This peak is invariably observed in all the samples
and is composed of many sharp lines, as shown in the inset
of Fig. 5(i) for QDs with d=4 nm. We ascribe this emission
below the band gap of Al 35Gag¢5As to the recombination of
excitons bound to impurities or confined in alloy
fluctuations.?? Furthermore, by comparing the AFM images
shown in Figs. 1(a) and 1(b) we observe that the surface gets
smoother after deposition of 0.5 nm GaAs (corresponding to
less than two monolayers), indicating that some of the de-
posited GaAs is consumed partially in planarizing the sur-
face above Alj45GagssAs. We can thus conclude that by
choosing d=<0.5 nm we can obtain GaAs QDs without a
WL connecting them, so that the next “continuum” state is
represented by the bulklike top Aly35GaggsAs barrier.

Figure 6 summarizes the effect of varying the WL thick-
ness on the emission properties of QDs and WL. The blue-
shift in QD and WL emission for decreasing d is shown in
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FIG. 6. (Color online) (a) Emission energy of GaAs QDs and
WL for samples of various d. Solid lines are linear fits and serve as
guide to the eyes. (b) Energy separation between ground state and
first excited state for each sample as a function of confinement
energy, which is defined by the energy difference between QDs and
WL emission for each sample.

Fig. 6(a), where the emission energy of the QDs is the aver-
age value found for several QDs. This trend is an obvious
consequence of the decreased vertical size of QDs and WL,
and can be quantitatively reproduced by our calculations (see
below).

To quantify the effect of d on the energy spacing between
ground state and first excited-state emission AE, we fitted the
corresponding broad energy shells measured at high excita-
tion power with Gaussian functions and measured the energy
separation between their centers. The result of this analysis,
performed on several QDs, is shown in Fig. 6(b), where AE
is plotted as a function of the “confinement energy,” defined
as the energy difference between the GaAs WL and the
ground-state emission of the QDs. For the sample with d
=0.5 nm, the emission energy of the WL is replaced by that
of Alj35Gag¢sAs, since no WL emission is observed. The
shell energy separation shows a systematic increase from
~14 to ~32 meV, when the confinement energy is in-
creased, pointing out to a correlation between lateral and
vertical confinement potentials. This behavior is different
from what is observed with other energy tuning techniques
such as rapid thermal annealing.>>2?* In that case the blue-
shift in the QD emission produced by interdiffusion is ac-
companied by a smaller blueshift in the WL emission, so that
the confinement energy decreases and so does the shell sepa-
ration AE.

The calculated lowest transition energy and AE are de-
picted in Figs. 7(a) and 7(b), respectively, as functions of the
QD height. As the height increases, all the energies of elec-
trons, holes, and transitions decrease, as well as AE. These
results are in good agreement with the experimental data
shown in Fig. 6. While the decrease in energies is attributed
to a reduced confinement energy in the growth direction, the
explanation of the decreased spacing energy AE is at first not
obvious. The spacing is related to the lateral profile of the
QDs, which is not influenced by the presence of the WL. The
wave functions also do not extend laterally into the WL,
although they do vertically. The decrease in AE can be thus
rationalized in the following way: due to the flat shape of the
dots studied here, the lateral confinement can be approxi-
mately separated from the vertical potential allowing the
separation of variables in the three-dimensional Schrédinger
equation. The vertical confinement energy is obtained by
solving a one-dimensional Schrodinger equation for the
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FIG. 7. (Color online) (a) Calculated energy of the lowest tran-
sition, excluding (squares) or including (circles) Coulomb interac-
tion, as a function of QD height. (b) Calculated energy spacing
between ground state and first excited-state transition, excluding
(squares) or including (circles) Coulomb interaction, as a function
of QD height.

height of the QD at a certain point of the lateral plane. The
vertical confinement energy varies laterally as the height var-
ies, forming an effective lateral confinement potential. This
reasoning elaborated in more detail can be found in Ref. 24.
For smaller values of the height (e.g., when no WL is
present), the dependence of the vertical energy on the height
is rather steep, resulting in steep lateral potential and distant
level spacings (large values of AE). On the contrary, for large
values of the height (when a thick WL is present), the verti-
cal energy-height dependence is rather shallow, resulting in
shallow lateral potential and close level spacings (low values
of AE). Figure 8(a) shows an example of the effective lateral
confinement potential (for electrons) along the [110] direc-
tion calculated for different values 4 of WL thickness {the

confinement along [110] can be approximately decoupled
and does not contribute to the observed shell spacing, since
all the observed shells originate in the states with nodal
planes perpendicular to [110]}. The height profile was taken
from an AFM image of the AlGaAs nanohole shown in Fig.
8(b), where the values of & are indicated as horizontal lines.

The effect of the Coulomb interaction on the transition
energies is depicted by circles in Fig. 7. Due to the attraction
between the electron and the hole forming the exciton, tran-
sition energies are reduced. This effect is more pronounced
for the ground state than for the first excited state due to its
lower spatial extension. The spacing AE, therefore, increases
if the Coulomb interaction is taken into account.

The comparison of the measured and calculated transition
energies and shell spacings is shown in Fig. 9(a). The points
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FIG. 8. (Color online) (a) Calculated effective lateral potential
(for electrons) along the [110] direction for different thicknesses of
WL. (b) AFM linescan of the bottom QD barrier along the [110]
direction with indicated filling levels of 4 used for calculations.
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FIG. 9. (Color online) (a) Comparison of measured (symbols)
and predicted (line+triangles) transition energies and ground state
to excited-state separation. Different symbols correspond to differ-
ent thicknesses of WL d as indicated. (b) Comparison of QD
heights estimated from AFM images [see Fig. 1(g)] (squares) and
heights of model structures fitted to the observed energies (circles).
(c) Comparison of measured (symbols) and calculated (line) transi-
tion energies of GaAs/AlGaAs WL.

corresponding to experimental data lie in close proximity of
the model line. The total heights of the QD+ WL system
estimated from AFM [Fig. 1(g)] are compared with the
heights of the model structures as a function of d in Fig. 9(b).
For the samples with d=1 and 2 nm, the QD height used in
the model to reproduce the observed transition energies is
slightly larger than the one estimated from AFM, attributed
to random size fluctuations. Figure 9(c) shows calculated

PHYSICAL REVIEW B 80, 085309 (2009)

transition energies for the GaAs WL together with the corre-
sponding experimental data. As pointed out in Fig. 6(a), no
emission is observed for d=0.5 nm GaAs QDs. The calcu-
lation in Fig. 9(c) shows a very good agreement of measured
[see Fig. 6(a)] and predicted transition energies for the GaAs
WL. This result indicates that the thickness of the WL is not
affected by the GaAs diffusion into the nanoholes due to
their very low surface density.

V. CONCLUSIONS

We systematically investigated the influence of the con-
finement potential on the optical properties of unstrained
GaAs/AlGaAs QDs with tunable WL thickness and emission
energy. For fixed QD shape, a systematic decrease in the
energy separation between ground and excited states is ob-
served when the WL thickness is increased. This degree of
control, which is not available for commonly studied
Stranski-Krastanow QDs, is used to produce QDs without
WL. Theoretical calculations of the transition energy of QDs
and WL show good agreement with the experimental data
and allow us to clarify the impact of the WL thickness on the
optical properties of QDs. Finally, different from commonly
studied InAs/GaAs QDs, the GaAs/AlGaAs QDs are charac-
terized by a positive trion with emission energy lower than
the neutral exciton, which is found to be a consequence of
the large lateral extent of the QDs, and hence, of pronounced
self-consistency and correlation effects. In particular, the un-
common energetic sequence of XX, X~, X*, and X under-
lines the peculiar nature of our QD system.
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