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Magnetically controlled exciton transfer in hybrid quantum-dot—quantum-well nanostructures
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A magnetophotoluminescence study of the carrier transfer with hybrid InAs/GaAs-quantum-dot-InGaAs-
quantum-well structures is carried out where we observe an unusual dependence of the photoluminescence (PL)
on the GaAs barrier thickness at strong magnetic field and excitation density. For the case of a thin barrier the
quantum-well (QW) PL intensity is observed to increase at the expense of a decrease in the quantum-dot (QD)
PL intensity. This is attributed to changes in the interplane carrier dynamics in the QW and the wetting layer
(WL) resulting from increasing the magnetic field along with changes in the coupling between QD excited states

and exciton states in the QW and the WL.
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I. INTRODUCTION

Quantum-dot—quantum-well heterostructures represent a
class of hybrid structures the photoluminescence (PL) wave-
length of which depends on the dot sizes, well width, and
dot-well barrier defining the strength of dot-well coupling.
Variation of these parameters provides wide tunability in
the engineering of these systems for optoelectronic applica-
tions including high-performance lasers, quantum information
processors, or single-electron transistors [1-4]. In order to
use them in high-speed tunnel injection quantum-dot (QD)
lasers, the injected carriers are first collected by the quan-
tum well (QW), then tunnel into the QDs with subsequent
relaxation to the ground state for laser action. By tunneling,
cold carriers (electrons) from the QW transfer into the QD
states without heating other carriers or phonons, thus reducing
carrier leakage from the active region and, hence, increasing
the differential gain in the lasers [5-7]. Optical properties
of InAs/GaAs-InGaAs/GaAs dot-well structures have been
extensively studied by means of steady-state and time re-
solved PL pump-probe measurements clarifying many issues
of exciton dynamics [8—12].

Furthermore, application of a magnetic field to such struc-
tures allows for additional valuable information to be col-
lected, because it introduces a strong but predictable change
to the electronic structure [13,14]. At high magnetic fields,
where the cyclotron energy is larger than both the lateral con-
finement energy and the exciton binding energy, the magnetic
confinement dominates and a Landau-level-like structure is
expected to develop. The magnetic field also removes the spin
degeneracy giving rise to qualitatively different magnetic field
dependences of the emission from the ground and excited
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states, which is especially important in the case of dot-well
structures, where excited QD states are brought into reso-
nances with the QW ground or excited exciton states. Due to
the strong QD-QW coupling in combination with spin prop-
erties, the spin injection dynamics of these hybrid structures
has attracted great attention to the field of semiconductor
spintronics [15-18]. In addition, its energy-level structure
can be designed in order to improve the emission intensity
at room temperature at telecommunication wavelengths [19].
Recently, many new results have been published for specific
dot-well structures [20-26] outlining further perspectives on
application of such hybrid structures.

Moreover, it was also revealed recently that the existence
of indium-enriched islands in the InGaAs QW results in a
spatially indirect (type-II) exciton. These excitons, electrons
bound to a positively charged hole, inside a two-dimensional
QW move in a ringlike orbit. As a result the PL intensity
in InGaAs/GaAs QWs oscillates with magnetic field applied
perpendicular to the QW plane at low temperatures. These
oscillations have been attributed to the optical Aharonov-
Bohm effect associated with spatially indirect excitons that are
formed in the vicinity of indium-rich InGaAs islands within
the QW [27].

In this paper we have investigated the carrier coupling
mechanisms at low temperature induced by a magnetic field
in hybrid InAs/GaAs-QD-InGaAs-QW systems with differ-
ent GaAs spacer layer thickness. The excitation density was
intentionally increased to observe the third QD excited state,
which is in resonance with the QW exciton ground state. The
results from photoluminescence studies show that the hybrid
structure with a thicker barrier behaves like the reference QD
and QW structures, indicating that they are decoupled. On
the other hand, the thinner barrier structure induces a strong
coupling. We show that, at low magnetic fields, the coupling
is preserved, whereas the enhancement of the QW in-plane
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confinement due to a higher applied magnetic field reduces the
coupling and the luminescence behaves as two independent
systems again.

II. SAMPLE AND EXPERIMENTAL SETUP

A set of hybrid InAs-QD-Ing 13Gag g7 As-QW samples was
grown on semi-insulating GaAs (001) substrates in a Riber
32 molecular-beam epitaxy (MBE) system. Growth details
are given in Ref. [10]. Each sample consists of a 0.3-um-
thick GaAs buffer layer, a 14-nm-thick InGaAs QW, a GaAs
barrier with thickness (d;,) of 2 and 20 nm, and a layer
of self-assembled InAs QDs covered with a 50-nm GaAs
cap layer. Two reference samples were grown under the
same growth conditions as the dot-well structures. One is the
self-assembled InAs QDs grown on the GaAs buffer layer
and the other contains only a simple Ing;3Gagg7As QW.
Structural analysis (not shown here) by transmission electron
microscopy revealed the InAs QDs to be in the shape of
platelets of approximately 5-nm height and 20-nm diameter
on average with an areal density of 10'© cm~2. The measured
thickness of the QW was 14.0 &+ 0.5 nm in all samples and
the GaAs spacer thickness was in good agreement with the
parameters set during MBE growth.

Magnetophotoluminescence (MPL) measurements were
performed at 4 K and with magnetic fields applied in Faraday
geometry with magnitudes up to 9 T using a vibration-free
helium closed cycle cryostat (Attocube/Attodry1000) and a
home made confocal microscope. A single mode optical fiber
with 5-um core was used to bring a 660-nm Toptica/Ibeam
Series to a focus of 1-um spot and an excitation power of
90 uW. The luminescence from the sample was then collected
by a multimode 50-pum optical fiber before being dispersed
by a 0.5-m diffractive spectrometer and detected with an
InGaAs diode array detector (Andor/Shamrock/Idus). Linear
polarizers and half- or quarter-wave plates were properly set in
order to identify the correspondent sigma plus (o) and minus
(0 7) optical component emissions from all the samples.

III. RESULTS AND DISCUSSION

PL spectra measured from the reference QD sample at low
temperature (T = 4 K), high excitation power (P = 90 uW),
and different magnetic fields (B = 0 and 9 T) are shown in
Fig. 1(a). At low excitation power, P = 12.6 uW, the PL
spectrum of the QDs (not shown) exhibits a single Gaussian
emission with a maximum at £ = 1.135 eV and a full width
at half maximum (FWHM) of 34 meV. At high power (P =
90 W) the reference QD spectrum transforms into the multi-
band spectral distribution shown in Fig. 1(a) with the blue line
for zero magnetic field. Here the original ground state is found
to redshift by 6 meV due to many-body interaction in the QDs
[28]. The additional bands which develop at the high-energy
side of the ground-state Gaussian band are assigned to the
dipole-allowed interband transition between excited QD states
caused by state filling of the lower-energy levels in the QDs.
As can be seen from Fig. 1(a) in the reference QD sample,
a laser power of 90 uW is enough to fill up to the second
excited state at 1.261 eV. Excited-state bands are separated
by 66 meV and their FWHM ranges from 34 to 47 meV, as
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FIG. 1. PL spectra measured for (a) reference InAs QD and
(b) reference Ing3Gagg7As QW. The inset shows the LL splitting
(solid lines are guides to the eye). Hybrid dot-well structures are
shown with d;, = 20 nm for (c) QD and (d) QW and with d;, = 2nm
for (e) QD and (f) QW under high excitation power Py = 90 uW.
For all datasets are represented the detected polarizations o *(black
lines) and o ~(red lines) at 9 T and the spectra without magnetic
field (blue lines). Gaussian fittings for the ground-state QD and first
excited QD states are shown in Fig. 1(a).

deduced from a multiple Gaussian fit. This means that the
first and second excited states are 66 and 132 meV above the
ground state, respectively. As the magnetic field is increased
to 9 T the QD spectra exhibit a blueshift of the ground
state of 1.2 meV, while the line shape and intensity of the
excited states evolve as well. The asymmetry, broadening, and
shift of the PL bands can be accurately fitted using multiple
Gaussians. Such a fit is shown in Fig. 1(a) for EgD and

EéD transitions in magnetic field B =9 T for o~ emission.
In Ref. [13] it has been demonstrated that the first excited
state can be split into two components related to break on
the angular momentum degeneracy. Therefore, on this basis
the first excited state was deconvoluted into two Gaussians
and this splitting increases linearly with the magnetic field up
to a value of 28.7 meV at B =9 T. Comparing the spectra
measured in & configurations, we measure the spin splitting
of the QD states arising due to lifting of the spin degeneracy
by the magnetic field. This splitting is given by E = gugB,
where g is the exciton g factor and wp is the Bohr magneton.
The low-temperature (T = 4 K) PL spectra measured for
the reference Ing 13Gag g7As QW under high excitation power
P =90uW for B=0 and 9 T are shown in Fig. 1(b). The
low excitation PL spectrum (not shown here) has a maximum
at E = 1.349 eV and a FWHM value 2.95 meV at zero field.
This is the free exciton transition, e; — hh;, in the InGaAs
QW. By increasing the magnetic field, the PL band blueshifts
and some asymmetry is introduced. If the excitation intensity
increases to P = 90 uW the PL line shape becomes strongly
dependent on magnetic field. High excitation power generates
a high areal density of excitons in the QW resulting in Landau
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quantization at high field as shown in Fig. 1(b). Distinct peaks
corresponding to transitions between Landau levels (LLs)
allow us to draw fanlike plots of energies as a function of
the magnetic field [inset Fig. 1(b)]. The total shift of the QW
ground-state emission reaches 6 meV at 9 T, and the spin
splitting between o and o~ polarizations is found to be
~1.5meVatB =9T.

Using our knowledge of the behavior of the reference
samples in magnetic field we have investigated the hybrid dot-
well structures where the QD and QW layers are separated by
a GaAs barrier of different thicknesses. We expect here the PL
properties of the constituent QD and QW layers to be similar
to their reference examples, and will use this to understand the
effects of the hybridization. Figure 1(c) shows the PL spectra
of the dot-well sample with dy, = 20 nm under magnetic field
(B=0 and 9 T) at the same high excitation power, under
which the reference samples were measured [see Figs. 1(a)
and 1(b)]. The 20-nm barrier is thick enough to assure weak
direct dot-well coupling, such that the dot and well layers
should be considered independent. Here we find the zero-field
PL spectra to be very similar in position and shape to those
of the reference samples. Noticeably, though, the integrated
intensities are significantly lower for both the QD and QW
layers. This implies that a thick GaAs barrier substantially
attenuates the excitation on the hybrid structure. As a result
we observe distinctly only the E(‘QD excited state of the QDs
and a significantly weaker emission from the e; — hh, in the
QW. In addition, the magnetic field behavior becomes less
pronounced for this 20-nm barrier sample. Nevertheless, the
QD first excited level under 9 T is split in two components
which can be separated by spectral deconvolution [Fig. 1(a)].
The PL spectra of the QW at 9 T show three LL emissions,
which implies a high density of excitons in the QW [Fig. 1(d)].
As a result of these observations we conclude that for the
thicker (dy, = 20 nm) structure the QD and QW structures’
responses are very much like the reference samples.

This changes dramatically for thin GaAs spacers (ds, =
2nm). The hybrid structures with thinner barriers belong to
the class of structures with strong direct coupling leading to
a hybridization of the QD and QW excitonic states [8—12].
It has been shown and can be estimated from Fig. 1 that the
spectral ranges corresponding to the QD third excited state
and the QW ground state overlap each other [10,12]. As a
result, due to the thin spacer the carriers can resonantly tunnel
from the QW to the QD through the overlapped states, relax to
the QD ground state, and emit in a spectral range that differs
substantially from emission range of the QW. Figure 1(e)
shows the PL spectra of the hybrid structure with d;, = 2nm
measured with P =90 uW excitation without a magnetic
field (blue lines) and at a magnetic field of B =9 T in the
ot and o~ polarizations (black and red lines, respectively). In
contrast to Fig. 1(c), the zero-field QD PL spectrum exhibits
the pronounced structure of excited states up to EéD indicating
strong optical pumping to the QD layer leading to more PL
intensity than seen in the hybrid structures d,, = 20 nm. At
the same time, however, the zero-field QW emission is com-
paratively weaker and it vanishes completely at low power.
This behavior indicates that the QW to QD carrier transfer is
very efficient and completely depletes the population of the
QW states at low excitation levels. Now, if the magnetic field
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FIG. 2. (a) Integrated PL intensities for QD (left axes) and QW
(right axes) ground state vs magnetic field measured in (a) reference
QD and QW, (b) QD-QW hybrid dot-well structure separation d,, =
20 nm, and (c) QD-QW hybrid dot-well structure with d;, = 2nm at
P.. = 90 W. Filled and hollow spheres represent the circular o+ and
o~ polarized luminescence detection, respectively.

is applied at B = 9 T, the QD emission gradually decreases,
whereas the QW becomes high enough to develop even the
N =1 LL transition in the QW PL spectrum [Fig. 1(f)].

Figure 2(a) shows that the integrated PL intensities for the
QDs and QW reference samples as a function of the applied
magnetic field become generally weaker at higher fields for
both QD and QW nanostructures. For the QW a slight increase
in the integrated intensity at low fields can be seen; however,
as the magnetic field increases and the Landau levels appear,
the FWHM (not shown here) starts to decrease and a drop in
the integrated intensity is observed. Since the QD-QW system
with dy, = 20 nm [Fig. 2(b)] exhibits weak coupling, the same
behavior of the integrated intensities versus magnetic field is
observed.

The QDs and the QW integrated PL intensities as a func-
tion of the applied magnetic field for the hybrid structure
with d;, = 2nm are shown in Fig. 2(c). By contrasting with
the reference samples [Fig. 2(a)], the QD emission shows a
comparable decrease in its intensity. On the other hand, for
the QW emission, an intensity increase is observed, which is
the opposite from what is depicted on the reference sample.
We assume that such anticorrelated change of the integrated
intensities indicates a very efficient magnetically controlled
reduction of the dot-well coupling, which blocks the carrier
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FIG. 3. (a) Diamagnetic shift vs magnetic field measured for the
QW emission in the hybrid structures with d,, = 2 and 20 nm and in
the reference QW at Py = 90 uW. (b) Comparison between WKB
approximation and experimental QW integrated PL intensity.

transfer from the QW into the QD system, and thus enhances
the QW PL by increasing the exciton density in the QW, while
causing the QD PL to reduce by cutting off its exciton source.

The orbital Zeeman splitting of the QD states reaches only
tenths of meV at a magnetic field of 9 T whereas the QW
ground state shifts by 6 meV. We suggest that this difference
in motion between the energy states of the two-dimensional
(2D) QW and those of the confined QDs with magnetic
field results in a strong detuning of the third QD excited
state with the QW ground state. The tunneling then becomes
nonresonant, which significantly lengthens the time of carrier
transfer between the QW and QD systems and weakens the
dot-well coupling. Figure 3(a) supports this conclusion. Here,
the QW diamagnetic shift with magnetic field is shown for
the reference QW and for the hybrid dot-well structures with
different d;, values. It is known that strongly localized states
exhibit smaller diamagnetic shifts than the less localized states
[29]. The reference QW and the QW with dy, = 20 nm both
represent free 2D excitons with coinciding diamagnetic shifts.
In the case of dy, = 2nm, the diamagnetic shift reflects on
the appearance of the dot-well coupling and reveals two
ranges: below 6 T, where the diamagnetic shift varies weakly
indicating a regime of strong coupling and increased exciton
localization, and above 6 T, where the diamagnetic shift varies
rapidly indicating a regime of decreasing localization which
decouples the dot-well structures.

The observed decrease of the integrated PL intensity with
magnetic field parallel to the growth direction has been ob-
served before in arrays of InAs QDs in Ref. [30]. Here, it was
established that the magnetic field in the Faraday geometry
reduces the lateral transport to the dots since the field localizes
carriers in wetting layer (WL) potential fluctuations with
depths of a few meV. This formally means that the state
population of the QDs at the same excitation power is lower
with an applied magnetic field, while, at the same time, the
population of the WL states increases. As a result, the QD
emission is reduced, whereas the WL PL is enhanced [30]. We
cannot completely exclude this mechanism in the quenching
of our QD PL with magnetic field; however, at the best, it

is not dominant in our case. Indeed, we do not observe any
PL enhancement in the range of the WL transition (1.45 eV).
Moreover, the magnetic field can enhance the localization of
carriers in the considerably deeper QD potential, as compared
with WL potential fluctuations, thus favoring an increase
of the QD PL intensity with increasing magnetic fields in
Faraday geometry. Additionally the exciton lifetime reduces
with an applied magnetic field, again contributing to the
enhancement of the QD PL intensity.

Enhancement of a QW PL with a magnetic field has been
observed as well [31] and attributed to the magnetic field
induced compression of the wave function and corresponding
increased oscillator strength. As a result the observed PL in-
tensity was found to increase 1.5 times in an InGaAs/InP QW
with an applied magnetic field of 7 T. A compression of the
in-plane wave functions of the carriers in a magnetic field per-
pendicular to the QW was also revealed in the time decay mea-
surements of QWs [32]. This mechanism of QW PL enhance-
ment cannot be ignored in our case, but it would not explain
the eight- and tenfold [red and black arrows in Fig. 1(f)] in-
crease of the PL amplitude observed in our hybrid structures.

There are several possibilities for the physical mechanisms
of the magnetically reduced coupling observed in our hybrid
dot-well structures. They must include jointly the effects of
strain, confinement, and magnetic field on the valence band
which contributes to the magnetoexciton state in the hybrid
structure. This mechanism must also reproduce the experi-
mentally observed ratio of the WL PL over the integrated
PL intensity of the QDs which increases nonlinearly with the
magnetic field, as well as the transport properties affecting the
carrier capture by the QDs [33]. Of particular importance is
the representation of the highly excited states of the InAs QDs
in a magnetic field. Indeed it has been demonstrated that the
overall pattern of the magnetic field evolution of the emission
lines related to these states resembles a single-particle Fock-
Darwin (FD) diagram [34].

Following Ref. [35] the excitonic energy shell structure of
self-assembled InAs/GaAs quantum dots (taking into account
Ga intermixing) can be found as a sum of electron and hole
energies. For dipole-allowed transitions where only electrons
and holes with the same set of quantum number recombine, a
single-particle approximation to the excitonic FD spectrum is
well reproduced as follows [35]:

E(ny,n_) = Ey+ hQ4(B)(ny + 1) + AQ_(B)(n- + 1)
)

where E\ consists of the vertical confinement energy and the
semiconductor energy gap, and Q4 (B) = Q.(B) + QZ’E(B) is

given by
Q+(B) =/ (w? + wz/4) & |w/2]. (@)

ny =0,1,2,3,..., w. = eB/m* is the cyclotron frequency
and w is the harmonic frequency, which describes the strength
of the in-plane parabolic confinement. The splitting shifting
and crossing may be qualitatively described by this excitonic
FD spectrum for a thick GaAs barrier (d;, =20 nm) and
the reference QD sample. Inclusion of many-body effects
[35] lowers the energies of shells by 20 meV and this low-
ering is larger for higher shells. The problem arises with
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the n = 3 QD states that become strongly hybridized due to
dot-well coupling for the thin barrier (dy, = 2 nm). Taking
into account several mechanisms which can contribute to
the reduction of dot-well coupling in a magnetic field, let
us consider our interpretation of carrier transfer in hybrid
structures [9]. The results of measuring coherent tunneling
between the InGaAs quantum well and InAs quantum dots
by photoluminescence spectroscopy can be analyzed in terms
of the Wentzel-Kramers-Brillouin (WKB) semiclassical ap-
proximation. The data were plotted as a function of the carrier
transmission through the barrier as

dsp
T(E) exp{—/ [V(x)— E]l/zdx} 3)
0

where V (x) is the barrier offset potential and E = E%°.

Recently, such an approximation has been widely used for
the analysis of tunneling in generic asymmetric double-well
potentials [36-38]. In our case the QW state shifts quadrat-
ically under the magnetic field, B. Therefore we will fit our
transmission using the form

T (B) x exp(+/a + BB2). (€]

Figure 3(b) shows the integrated PL intensity of the QW
in the hybrid InAs/InGaAs structure versus the magnetic field
B in a semilogarithmic plot. The fit using Eq. (4) is plotted
also. Good agreement between experiment and the WKB
approximation gives evidence that the diamagnetic shift of the
QW exciton is a dominant contribution to a reduction of the
dot-well coupling in our hybrid structures.

IV. CONCLUSIONS

In this paper we carried out a MPL study of the car-
rier transfer in hybrid InAs/GaAs-quantum-dot-InGaAs-
quantum-well structures with varying barrier thickness. The
measurements were performed with the magnetic field paral-
lel to the growth direction (the Faraday geometry) up to 9 T
and low temperature (4 K). At excitation densities sufficiently
high to observe the QW PL we found a strong dependence
of the QW PL intensity on magnetic field both for weak and
strong coupling between the dots and the well. The observed
exchange of PL intensity from the QDs to the QW with
magnetic field is attributed to the breaking of their resonant
coupling. This is the result of a change of in-plane carrier
dynamics in both the QW and WL. Both the formation of
Landau levels and the change of coupling between QD excited
states and exciton states in the QW and the WL due to
their different diamagnetic shifts ultimately bring them out of
resonance.
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