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A strong effect of a quantum well �QW� incorporated into a quantum dot �QD� structure on the
density of states of the system and the efficiency of carrier transfer from the barrier material to QDs
is revealed in InAs/GaAs–InGaAs/GaAs dot-well, tunnel-injection structures. When tuning the QW
states in resonance with excited QD states, the carrier flux can be effectively controlled by varying
the spacer thickness or barrier height. Enhanced carrier tunneling between QW and QD states is
observed by means of photoluminescence excitation spectroscopy for reduced spacer thicknesses.
Our results demonstrate that resonant coherent electron tunneling is substantially faster for the
second than for the first QW subband and results in the formation of hybrid electronic states
delocalized across the QW/QD interface. © 2011 American Institute of Physics.
�doi:10.1063/1.3560063�

Quantum dots �QDs� have been used for various high-
performance devices.1–3 In a QD laser, the carriers initially
generated in the barrier material have to be transferred into
the QDs before emission can take place. This transfer, due to
various scattering mechanisms can reduce the overall device
efficiency.4,5 During relaxation through the discrete states of
the QDs carriers interact with a continuum of non-QD states
that are weakly coupled to the dots but as a whole have a
significant influence on the carrier relaxation.6–8 Time-
resolved photoluminescence �PL� measurements revealed
that shortly after a laser pulse excitation this continuum is
nearly saturated by short-lived carriers relaxing from the
band edge of the barrier material down to the QD ground
states.9 In order to collect and control these carriers, an ad-
ditional quantum well �QW� can be used similar to that in
QW/QD hybrid structures.10,11

In this letter, we present the results of spectroscopic
studies of InAs/GaAs QDs-In0.15Ga0.85As /GaAs QW struc-
tures in which the QW excitonic state and QD excited state
are brought into the resonance. The strength of the resonantly
enhanced tunnel coupling is varied by the thickness of the
spacer layer that separates the QD and QW structures or by
the composition and shape of a complex tunneling barrier.
We demonstrate, in particular, that coherent tunneling to
neighboring QD states is substantially faster for electrons in
the second QW subband than in the first and results in the
formation of hybrid electronic states delocalized across the
QW/QD interface.

Our samples, grown by molecular beam epitaxy on
semi-insulating GaAs �001� substrates after the deposition of
�500 nm GaAs as a buffer, consist of a 14 nm thick
In0.15Ga0.85As QW, a barrier of thickness, dsp, variable from
1 to 20 nm, and a layer of self-assembled QDs produced by

deposition of a two monolayer thick InAs film. The barriers
were grown either as a single continuous GaAs film, or by
incorporation of a 1–4 nm thick AlAs layer symmetrically
inside the GaAs film. The structures were covered with a 50
nm GaAs cap. For comparison, two reference samples con-
taining solely QD or QW layers were grown under the same
growth conditions. Transmission electron microscopy �TEM�
analysis proves a high degree of QD �QW� structural simi-
larity between the QD �QW� layers in the different samples
of this set. The QD density was �1010 cm−2 with an average
base of �20 nm and height of �5 nm. A representative
cross-sectional TEM image is shown in the inset of Fig. 1�a�.
Low temperature, 10 K, PL measurements were excited with
the 532 nm line from a frequency doubled, neodymium
doped yttrium aluminum garnet laser with a spot size of
�20 �m. The PL signal from the sample was dispersed by a
monochromator and detected by a liquid nitrogen-cooled In-
GaAs photodiode array. For the PL excitation �PLE� mea-
surements, a tunable Ti: sapphire laser was used.

Figure 1�a� shows the PL spectra measured in a QW/QD
sample with a GaAs spacer thickness of 11 nm for different
excitation intensities, Iex. At low intensity there is a single
Gaussian-type band with a maximum at �0

QD=1081 nm
�E0

QD=1.147 eV with linewidth, ��38 meV�. At the high-
est Iex, it transforms into a multiband structure with a domi-
nant feature at �0

QW=923 nm �E0
QW�1.345 eV, and �

�8 meV� and well-resolvable peaks with maxima at �i
QD

�i=0,1 ,2�. Comparing these data with the PL spectra of the
reference QD and QW samples, we assign E0

QD and E0
QW to

the QD and QW exciton ground state energies, respectively.
The intensity of the QW excitonic emission depends strongly
on the barrier thickness. At very low Iex, only the largest
barriers produce a significant QW PL band, as for example in
Fig. 1�a�. At high Iex, this band develops along with the
emergence of PL from QD excited states at energies, Ei

QD,
separated from each other by �66 meV with linewidths of
46–50 meV as determined from a multiple Gaussian fit of the
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spectra. Simulations of the QD energy structure along with
the PLE measurements of the reference QD sample estab-
lished that the QW excitonic ground state at E0

QW and the
third excited QD state E3

QD are in resonance, which is ex-
pected to lead to significantly enhanced coupling between
the QDs and QW for a thin spacer. Due to this coupling, the
carriers rapidly stream from the QW into the QD states re-
sulting in the observed vanishingly weak intensity of the QW
PL at low excitation power. Thus, the resonant coupling
transforms the QW into a reservoir that supplies and controls
the flux of carriers to the QDs from the GaAs barrier. In
order to investigate the energy transfer between the QW and
QDs we carried out PLE measurements on a set of samples
with varying dsp and thus varying resonant coupling strength.
The PLE spectra provide clear information about the energy
transfer between the QW and QDs. Figure 1�b� depicts the
PLE spectra detected at �0

QD and �0
QW for the same sample as

in Fig. 1�a� along with the PL spectra for the reference QW
measured at low and high Iex in order to reveal the QW
excited states. Distinct absorption resonances seen in the
PLE spectra at �=818, 832, and 852 nm are assigned to the
free exciton resonance of the GaAs, and the light and heavy
hole excitons in the wetting layer �WL�, respectively.12

These resonances represent the direct absorption and transfer
of energy from the GaAs and the WL into the QW and the
QDs. In addition, the PLE spectra in Fig. 1�b� show clear
excitonic resonances from the first �n=0� and second �n
=1� QW subband at �0

QW=923 nm and �1
QW=874 nm,

respectively.13 Their intensities become strongly dependent
on the barrier thickness in hybrid samples, as seen in Fig.
2�a�. For a thick barrier �dsp=20 nm� the probability for tun-
neling between QW and QD states is small and the intensi-
ties of the �0,1

QW resonances are weak. With decreasing dsp the
intensity of the QW resonance at �1

QW increases quickly

reaching a plateau then decreasing again for very thin barri-
ers, dsp�5 nm �Fig. 2�c��. The spectral shape of the reso-
nance remains nominally the same, showing only a slight
broadening and a slight redshift for thin barriers. The redshift
may reflect the tunnel-induced mixing of QW and QD wave
functions as well as possible strain-induced energy shifts. A
similar spectral broadening has been seen before14 and was
explained in terms of a competition between carrier recom-
bination in the QW, QW-QD tunneling, and QD carrier re-
laxation. The intensity decrease and broadening of the reso-
nance for thin barriers has been taken as a signature for the
hybridization of tunnel-coupled QW/QD states. Even more
interesting is the pronounced thickness dependence of the
second subband resonance at �1

QW. Here, we find again a
strong enhancement in intensity when decreasing the barrier
thickness below 15 nm. This saturates then decreases for
thinner barriers. For barrier thicknesses between 1.5 and 3
nm a splitting of this resonance into two peaks is observed,
energetically separated by 9 meV �dsp=3 nm�, 18 meV �2
nm�, and 13 meV �1.5 nm�, �see Fig. 2�d��. Such a splitting,
�R, is expected if one assumes resonant coherent tunneling
between the QW and QDs resulting in hybridization of the
involved electronic states.15 In the strong coupling limit, this
is reached if the tunnel coupling energy, �R, is larger than the
dephasing rates of the excitonic QW and QD excitations, the
coupling leads to the formation of hybrid electronic states
which are spatially delocalized across the QW/QD interface.
The QW/QD coupling can then be understood as a periodic
transfer of excitations between QW and QD states with a
�Rabi� period of tR=� /�R. The energy splitting of the PLE
resonances is a direct measure of the Rabi period and indi-
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cates tR=230 fs, 115 fs, and 160 fs for dB=3 nm, 2 nm, and
1.5 nm, respectively. Such short transfer times are a clear
indication that we are observing coherent electron tunneling
not hole tunneling, which occurs on a much slower
time-scale.16 We believe that the observation of a coupling-
induced splitting for the second QW subband in contrast to
only a slight broadening for the lowest QW subband reso-
nances mainly reflects the different electronic wave functions
in the n=1 and n=2 QW states. As is well known, the pen-
etration of the �n=2� QW electronic wave function into the
barrier is much larger than that of the �n=1� state. Therefore,
the overlap between QW and QD wave functions, and hence
the transition rate for tunneling from the QW to the QD �Ref.
16� is enhanced. The ensemble measurements reported here
average over a broad inhomogeneous distribution of �local-
ized� QW and QD states which contribute to the tunneling-
induced carrier transfer with possibly widely varying Rabi
energies. However, our results indicate that—for very thin
tunneling barriers—the subpicosecond coherent tunneling
dynamics is sufficiently fast to even affect ensemble-
averaged spectra. This also implies that nonresonant incoher-
ent tunneling mechanisms, e.g., phonon- or Auger-assisted
tunneling are of minor importance.

For narrow spacers, we now have a system with a con-
tinuum of states between the energies of the GaAs barrier
and QW exciton which can effectively transfer charge carri-
ers from the GaAs barrier to the QD ground state. This al-
lows, e.g., carriers which might be trapped in mid-gap defect
states of the barrier or buffer layer to relax to the QD and
contribute to the QD emission. The effect of enhancement is
strongly controlled by the QW/QD coupling which dramati-
cally changes the density of states function and creates the
energy bridges for carrier relaxation.

The tunnel coupling between the QW and QDs is easily
demonstrated by changing the effective potential barrier
width, deff, while holding the geometrical thickness of the
spacer constant. This effective barrier is constructed by in-
serting AlAs layer of different thicknesses symmetrically
into the GaAs spacer. The top spectrum in Fig. 3�a� shows
that in case of the GaAs spacer of dsp=8 nm the transfer

efficiency from QW to QD states is high, allowing for a
significant enhancement of the carrier transfer from the con-
tinuum states into the QDs. Insertion of the AlAs layer in the
GaAs spacer increases deff and suppresses tunneling from the
QW to the QDs. This reduces the transfer efficiency of the
structure as is evident by the extinction of the QW absorption
lines in the QD PLE for thicker AlAs layers. As can be seen
from Fig. 3�b�, most of the carriers remain in the QW in-
creasing its efficiency. For dAlAs=4 nm, QDs and QW layers
in the hybrid structure become fully decoupled such that QD
and QW emission is similar at low powers.

In summary, the strong effect of incorporating a QW on
the density of states and the efficiency of carrier transfer
from the barrier material into the QD layer is revealed in
InAs/GaAs–InGaAs/GaAs dot-well samples. We demon-
strate an enhanced resonant tunnel coupling between QW
and QD states by means of PL excitation. Our results show
that for the second QW subband the coherent electron tun-
neling is sufficiently strong to result in the formation of hy-
brid electronic states which are delocalized across the
QW/QD interface with effective transfer times limited by
electronic decoherence processes. Hence, the InGaAs QW
controls the carrier flux from the GaAs barrier to the InAs
QDs, thus defining the effectiveness of tunnel injection struc-
tures.
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