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We present a spectroscopic manifestation of the intermediate coherent tunneling regime between a quantum-
dot (QD) and a quantum-well (QW) layer. We observe a nontrivial dependence of the resonant QD photolu-
minescence excitation (PLE) signal as a function of dot-well barrier thickness. For thick barriers and resonant
QW excitation, the photogenerated QD carrier density increases exponentially with increasing coupling
strength. For separations of a few nanometers only, however, we observe an anomalous decrease in the PLE
signal. This behavior is defined by subpicosecond resonant coherent tunneling dynamics between the QW and
QD. Our results shed light on the intermediate coherent tunneling regime of relevance in a variety of functional
nanostructures such as charge or spin injectors or photovoltaic devices.
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The ultrafast optically induced injection of electrical
charges (electrons and/or holes) is of fundamental impor-
tance for the function of a broad variety of nanostructures,
ranging from biological photoreceptors, such as rhodopsin in
the retina' and the light harvesting complex in photosyn-
thetic membranes,? to artificial nanostructures, such as quan-
tum cascade lasers,? high speed photodiodes, and photovol-
taic devices.*> In most of these structures, electron injection
is thought to be an incoherent relaxation phenomenon, result-
ing in a rapid transfer of charges between a donor and an
acceptor state.® Coherent phenomena, such as Rabi oscilla-
tions between the donor and acceptor state, resulting in the
hybridization of quantum states, are believed to be of rel-
evance only for a limited class of carefully designed nano-
structures, such as, e.g., two individual quantum dots (QDs)
tuned into resonance by means of external electric fields,
which has recently attracted considerable interest as an ex-
ample of a tunable system in a strong-coupling regime.”:®
This has enabled detailed studies of systems where the cou-
pling strength is larger than both the dephasing rate of the
individual resonances and the detuning between the coupled
states. Here, we explore coherent tunneling phenomena in a
prototypical two-dimensional (2D)-zero-dimensional (0D)
hybrid tunnel injection structure of immediate relevance for
device applications. In this structure the carrier injector, a
quasi-2D quantum well (QW) is spatially separated by a tun-
neling barrier from a (0D) QD layer. Through this tunneling
barrier, cold carriers (electrons and/or holes) transfer from
2D QW states into localized QD states. This results, e.g., in
reduced carrier/phonon heating and increased differential
gain in QD lasers.>!” In such structures coherent tunneling
effects have remained unexplored. Existing theoretical and
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experimental work has mainly focused on the appearance of
asymmetric optical line shapes.''"'* These line shapes are
thought to arise, in analogy to the well-known Fano reso-
nance in atomic physics,!® from the interference between
emission from weakly electronically coupled localized 0D
and 2D continuum states. Such 2D-0D hybrid structures
should be well suited for exploring coherent tunneling phe-
nomena since the coupling strength and thus the degree of
quantum state hybridization can be controlled over a wide
range by varying the thickness and/or composition of the
tunneling barrier.

Here, we present the systematic study of coherent tunnel-
ing between quantum wells and quantum dots in hybrid
2D-0D nanostructures. Photoluminescence excitation (PLE)
spectra for resonant QW excitation reveal an unexpected,
nonmonotonic dependence of the optically generated QD
carrier density on the dot-well barrier thickness. We demon-
strate that the decrease in QD carrier density observed for
small barrier thicknesses is an inherent signature of the in-
termediate coherent tunneling regime'® in these hybrid struc-
tures, in which the coupling strength is of the same order as
the optical dephasing rate. These conclusions, drawn from
quasistationary PL and PLE experiments are corroborated by
direct time-resolved studies of the tunneling dynamics.

A series of InAs QDs/InGaAs QW hybrid nanostructures,
schematically depicted in Fig. 1(a) with controlled tunneling
barriers were grown by molecular-beam epitaxy on semi-
insulating GaAs (001) substrates. Subsequent to the growth
of an 0.3-um-thick GaAs buffer layer deposited at 580 °C to
smoothen the surface, the temperature was lowered to
530 °C. After growth of a 15-nm-thick Ing3Gayg;As QW
and a 30 s interruption, a GaAs barrier layer was deposited
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FIG. 1. (Color online) (a) Schematic presentation of the hybrid
Inj 13Gayg7As QW/InAs QD structure; (b) energy scheme of the
structure and transitions under investigation. Relaxation processes
are shown as wavy arrows; optical transitions are depicted by
straight arrows. The QW and QD density of states are shown by
shadowed areas; PL (solid lines) and PLE spectra (open circles)
measured in the hybrid InAs QDs/Inj13Gagg7As QW nanostruc-
tures with (¢) d,=11 nm and (d) d,=2 nm at different excitation
intensities at 7=10 K. The spectra are shifted vertically for clarity,
I,=1000 W/cm?.

with a thickness that was varied between 1 and 20 nm within
the series of samples. In some samples, a symmetric, 1-4-
nm-thick AlAs layer was incorporated inside the GaAs bar-
rier. A 2-monolayer-thick InAs QD film was then deposited
onto the GaAs spacer and finally the structures were covered
with a 50 nm GaAs cap. Analysis by atomic force micros-
copy revealed a QD areal density ~10'° cm™ and average
QD height of 5 nm. PL measurements were performed with
excitation wavelength at A\,,.=532 nm at a temperature of
10 K. The laser was focused to a spot size of ~20 wum and
the optical excitation power was varied over the range from
~(107°=10%) mW. For the resonant PL and PLE measure-
ments a tunable Ti:sapphire laser was used. Time-resolved
studies of the tunneling dynamics are performed in a noncol-
linear pump-probe setup. Ultrafast laser pulses with a dura-
tion of 220 fs and a center wavelength of 920 nm are gener-
ated in a tunable Ti:sapphire laser operating at a repetition
rate of 76 MHz. Linear polarized pump and probe pulses
with orthogonal polarization and with pulse energies of 30 pJ
and 5.5 pJ, respectively, are focused onto the sample to a
spot size of 200 wm. The reflected probe laser pulse is spec-
trally dispersed in an 1/8 m monochromator and detected
with a silicon photodiode. The pump-induced change in
probe reflectivity AR(N,A7)=R(\,Atr)—Ry(\) is recorded as
a function of the time delay Ar between the pump and probe
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FIG. 2. (Color online) (a) Low-temperature (7=10 K) PL and
PLE spectra measured at different excitation intensities in a refer-
ence sample containing only an InAs QD layer. The spectra are
shifted vertically for clarity. I,=1000 W/cm?. (b) PLE spectra
measured in the hybrid Inj 13Gaj g;As QW/InAs QD structure with
d,=15 nm for an excitation intensity of 1.5X 107°I,,. The spectra
are recorded detecting the QD ground-state emission (E,,
=1.148 eV, open circles) and QW exciton emission (E,,
=1.348 eV, open squares), respectively. The QW PL spectrum
(solid line) has been recorded at an excitation intensity of 5
X 1071,

lasers. Here, R and R, denote the probe laser reflectivity in
the presence and absence of a pump laser, respectively.

Figure 1 shows PL spectra measured under different ex-
citation intensities in InAs QD/Ing ;3Gayg;As QW samples
with GaAs barriers with thickness of (¢) d,=11 nm and (d)
d,=2 nm. For all investigated samples, the low excitation
intensity (1,,,=4 X 1071, and I,=1000 W/cm?) revealed a
PL spectrum with a single, approximately Gaussian-shaped
PL band, with a maximum at an emission energy of E,,,.
=1.145%0.010 eV and a full width at half maximum
(FWHM) of ~38=*5 meV. This PL band is ascribed to
ground-state emission from an inhomogeneously broadened
ensemble of QDs, slightly differing in size, shape, and/or
composition. With increasing /,,. additional PL bands
emerge at higher energies which are assigned to dipole-
allowed interband transitions from excited QD states. It is
generally believed that an increasing 7, results in state fill-
ing of low-energy QD states, as indicated by the saturation of
the PL emission from these states and an increasing PL emis-
sion from higher-lying states.

In a reference QD sample, we observe emission with in-
creasing /,,. from all states up to the third excited state at
~1.340 eV [Fig. 2(a)]. The energy spacing between adja-
cent PL bands is found to be ~66 meV. In the hybrid
QW-QD samples, we observe—in this energy region—
emission from both the third excited QD state and the QW, in
agreement with finding a low-temperature PL peak at EX
~1.35 ¢V (FWHM 8 meV) in a reference Ing 3GaggsAS
QW sample. QD PLE spectra recorded in the energy range
between 1.3 and 1.5 eV [Fig. 2(a)] display a distinct absorp-
tion resonance due to the third excited QD state with a
FWHM of 35 meV at ESM~ 1.350 eV, slightly Stokes
shifted with respect to the corresponding PL band. The
strong increase in PLE signal around 1.4 eV defines the onset
of absorption due to the wetting layer (WL). The PLE spec-
tra for the hybrid structure with a thick barrier layer [Fig.
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1(c), open circles, and Fig. 2(b)] show two pronounced reso-
nances at 1.35 and 1.42 eV, reflecting the two lowest energy
exciton subbands of the QW. The higher energy peak at
1.455 eV represents the WL absorption resonance. In the
hybrid structures with a thin barrier layer [Fig. 1(d), open
circles], the shape of the PLE spectrum changes. A low-
energy tail develops below the lowest exciton resonance and
the individual resonances become slightly asymmetric. In
our hybrid structure, a discrete resonance (the spectrally nar-
row QW exciton) is coupled to a spectrally broad resonance
(the third excited QD state). In such a situation,'*!5 the in-
terference between the QW and QD emission gives rise to an
asymmetric line shape as first discussed by Fano.!> In gen-
eral, a detailed line-shape analysis can provide important in-
sight into the quantum-mechanical coupling between the two
states. In the present case, however, a meaningful line-shape
analysis is complicated due to the predominant inhomoge-
neous broadening of both the QD and QW emission. Never-
theless, this change in line shape in Fig. 1(d) may be taken as
a first signature of the coupling between QW and QD states.

Based on these experiments, we propose the schematic
energy structure of the hybrid QW-QD structures depicted in
Fig. 1(b). The energy structure is presented in an excitonic
basis and has been verified by numerical simulations. The PL
and PLE data clearly support the close resonance between
the lowest energy 1s QW exciton state (|1)) and the third
excited QD state (|2)). This makes these 2D-0D hybrid struc-
tures particularly attractive to explore coherent tunneling ef-
fects.

To this end we first study the ratio between the QW (at
1.33 eV) and QD PL intensity (at 1.145 eV), taken from
spectra similar to those in Figs. 1(c) and 1(d), as a function
of d,, for two different excitation intensities of 0.15 W/cm?
(open circles) and 50 W/cm? (closed circles), respectively
[Fig. 3(a)]. The data are also plotted as a function of
the carrier transmission through the barrier T(E)
cexp{-f g”[V(x)—E]l/zdx}, where V(x) is the barrier band
gap and E=EX. With decreasing d,,, i.e., increasing transmis-
sion, we find a clear increase in QD emission. This shows
that an increasing number of electron-hole pairs are trans-
ferred from the QW into the QDs. The data also show that
for small d,, state filling of QW levels becomes more promi-
nent for higher excitation intensities (open circles) so that the
relative QD PL increases with increasing excitation intensity.

The carrier transfer between QW and QDs is then more
directly probed for resonant QW excitation. In all samples,
PLE spectra were recorded at a fixed excitation intensity of
1.5X 107%1,. The ground-state QD PL was monitored while
tuning the excitation wavelength around the QW exciton
resonance. The excitation intensity was sufficiently low to
avoid state-filling effects. The maximum QD PL intensity (at
1.145 eV) observed for resonant QW excitation was mea-
sured and is plotted in Fig. 3(a) (open triangles) as a function
of dj, and T (in relative units).

For large d,, the QD PL is weak since tunneling between
QW and QD excited states is efficiently suppressed. With
decreasing d,, the QD PL first increases quickly by two or-
ders of magnitude, then reaches a maximum near d,=8 nm
until it begins to even decrease for d, <3 nm. This indicates
that the tunneling-induced transfer of optical excitations
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FIG. 3. (a) QD PLE signal under resonant excitation of the QW
versus barrier transmission 7 calculated for the GaAs barrier thick-
nesses d;, shown in the top abscissa. The ratio of the maximum QW
and QD PL intensity is shown for nonresonant excitation (.
=532 nm) at two different excitation intensities of 50 W/cm?
(open circles) and 0.15 W/cm? (closed circles); (b) the same de-
pendencies as in Fig. 3(a) measured for composite GaAs barrier
including AlAs layer with different thicknesses.

from the QW to the QD decreases sharply for very thin bar-
riers even though the transmission 7 continues to increase by
almost one order of magnitude. This surprising, and unex-
pected, behavior will be analyzed in detail below. The data in
Fig. 3(b) summarizes similar results for different samples
with a total barrier thickness d,=8 nm. In these samples, the
tunneling transmission 7 is varied by three orders of magni-
tude by incorporating an AlAs layer into the GaAs barrier.
An increase in the thickness of the AlAs layer results in a
suppression of tunnel coupling and therefore an increase in
QW PL and a corresponding decrease in the PLE signal.

To appropriately describe the effects of coherent tunneling
dynamics, we model these experiments within the frame-
work of the optical Bloch equations. For simplicity, we con-
sider a four-level system, consisting of a crystal ground state
|0), a QW 1s-exciton state |1), an excited QD state |2), and a
QD ground state |3) with energies fw,, i=0,...,3.

One may certainly question whether it is appropriate to
model the QW exciton by a single exciton state, neglecting
the quasi-two-dimensional density of QW states. We justify
this choice by noting that we did not observe clear signatures
of quasi-2D QW character on the carrier transfer between
QW and QD. Hence, such a four-level model turned out to be
the simplest physical model which can reproduce the salient
findings of our work. We also note that optical spectra of the
QW in these hybrid structures are predominantly inhomoge-
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neously broadened. We therefore expect that the tunneling
physics studied here is essentially that of a localized QW
state coupled to an excited QD state. Therefore the tunneling
dynamics are expected to depend sensitively on the details of
the exciton localization in the QW. The simplified four-level
scheme outlined above can certainly give only qualitative,
ensemble-averaged information. More sophisticated models
might be needed once more information about exciton local-
ization in these hybrid structures and its influence on the
carrier transfer dynamics is available.

Here, however, the main emphasis lies on describing the
surprising decrease in PLE intensity for thin barriers seen in
Fig. 3(a) and we will show below that the above simplified
model can indeed reproduce these findings. We consider op-
tical excitation of the four-level system with a monochro-
matic light field of amplitude Ey(w;) and frequency w; in-
duces optical QW and QD polarizations py,;, i=1,...,3,
respectively, where p;; denote the usual elements of the den-
sity matrix. The equations of motion for these polarizations
are given as

Po1 = —i61po1 — i (p11 = Poo) + iJPo2 = Y1Po1

Po2 =~ 16:p02 — iQ(paz = poo) + iJ o1 — YaPoo- (1)

Here, 8= w;— w;+ w, denote the detunings, );=d;Ey(w;) the
Rabi frequencies with d; being the relevant transition dipole
moments, y; the dephasing rates, and J the tunnel coupling
matrix element between states |1) and |2). The tunnel cou-
pling induces Rabi oscillations between the two coupled
states and the equation of motion for the relevant coherent
polarization is

P12=—i53P12—iJ(P22—P11)—?’éplz (2)

with &3=w;—w,. As already well known, the Bloch equa-
tions also provide equations of motions for the state popula-
tions, specifically

p11=—2Q, Im(py,) = 2J Im(py,) = ¥i0p11>
P22 =— 28, Im(pg,) + 27 Im(pyp) — (V23 + ¥20)P225

P33 = Y23P22 = Y30P33- (3)

We assume that the excitation laser is sufficiently detuned
from |3) so that we can neglect resonant excitation of the QD
ground state. The relaxation rates vy,, describe (radiative)
population relaxation to the ground state whereas vy,; de-
scribes the phonon-mediated population relaxation between
the excited QD level and its ground state. To compare with
the experimental PLE data shown in Fig. 4(a), we numeri-
cally analyze these equations in the quasistationary limit
dp;j/di=0 as a function of laser frequency w; and tunnel
coupling strength J. For this analysis it is important that the
intradot relaxation rate 7,3 is by far the fastest of all relax-
ation rates. In InAs QDs, intradot relaxation rates are short
and typically lie in the range of a few picoseconds,!”'® partly
due to the strong electron-phonon coupling in these systems
and the resulting short polaron lifetimes.'” We therefore al-
ways assume that y,3> vy, i.e., that the lifetime of excited
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FIG. 4. (Color online) (a) Normalized QD PLE signal under
resonant excitation of the QW versus GaAs barrier thickness d,
(bottom abscissa). The results from the Bloch equation model (solid
line) are as a function logarithm of the square of the coupling con-
stant —In(|J?). (b) QD PLE spectra for resonant QW excitation
calculated within Bloch equation model as a function of —In(|J?]).
(c) Simulated PLE spectra for various values of —In(|J?|).

QD states is much shorter than the QW PL decay time (
~500 ps). For simplicity, we also assume that the levels |1)
and |2> are exactly on resonance. Essentially, in this limit, the
model simulations satisfactorily describe the observed dis-
tance dependence of the experimental PLE intensity [Fig.
4(a)]. We critically checked that the conclusions drawn from
these simulations are also valid for finite detunings between
both levels. Small detunings are certainly expected in our
samples. The PL spectra in Fig. 1, e.g., show a slight gradual
redshift of the QD ground-state energy by about 25 meV
when changing the barrier from 20 to 2 nm. Similarly, also
the QW exciton resonance shifts slightly to the red with de-
creasing barrier thickness. A careful inspection of PL and
PLE spectra allows us to conclude that the ensemble-
averaged detuning between |1) and |2) differs by less than 15
meV in all samples of this study. This rather small detuning
therefore can certainly not account for the more than fourfold
decrease seen in PLE intensity in Fig. 3 for thin barriers.
These qualitative statements are fully confirmed by compar-
ing model calculations with and without detuning.

To correlate coupling strength J and barrier thickness d,,
we take T |J|? in the limit of Fermi’s golden rule, and hence
d,=-2 In(|J])+c, where ¢ is the constant. The Bloch equa-
tion model clearly reproduces the observed saturation of the
PLE intensity and the PLE decrease for small d;,. The phys-
ics underlying this behavior becomes transparent by inspect-
ing the J-dependent variation in shape of the PLE spectra
[Figs. 4(b) and 4(c)]. For small J (—In|J|>=37.1), tunnel cou-
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pling is negligible and the PLE spectrum simply reflects the
QD excited state absorption spectrum. Here, v, taken as
2 ns7!, is sufficiently fast to fully suppress tunneling. With
increasing J (=In|[J|*=37.1-8.5), tunneling occurs on time
scales approaching 7{& and the number of carriers tunneling
into QD states increases exponentially with J. In this weak-
coupling limit, the PLE spectrum is simply given as a sum of
the QW and QD absorption spectrum. For J corresponding to
tunneling on time scales shorter than y}é but larger than )631,
here taken as 0.3 ps~!, essentially all carriers being optically
excited in the QW can tunnel into excited QD states and
relax into the QD ground state. Therefore, the PLE intensity
saturates while the spectra are still given as a sum of QW and
QD spectra. For J> h7y,; (—In|J|>=0.7), Rabi oscillations be-
tween levels |1) and |2) set in, resulting in a broadening of
the PLE spectrum from the hybridization of QW and QD
excitations. In this intermediate coupling regime J and /7,3
become comparable, resulting in strongly damped Rabi os-
cillations and broadened PLE spectra which lead to a de-
crease in PLE signal for resonant QW excitation. It is this
intermediate-coupling regime which is obviously reached in
our experiments for samples with d,=3 nm. At even larger
coupling strength (—In|J|><~-1), the strong-coupling regime
is reached and tunneling-induced hybridization of QW and
QD excitations leads to the formation of new, coupled reso-
nances which are energetically split by more than their line-
width as predicted for J=-2.5 in Fig. 4(c). Such a splitting of
the resonances in the PLE spectra is not observed experimen-
tally and, hence, the strong-coupling regime is likely not
reached in our system. We note that the width of the plateau
region in Fig. 4(a) depends sensitively on the ratio of y,3/ ;o
and its existence demonstrates indeed y,3> y,.

Our PLE experiments make clear predictions about the
tunneling dynamics in this coupled system. The decrease in
PLE is only seen for J> hy,s, indicating tunneling dynamics
on a time scale of at most a few picoseconds, for the thinnest
barriers even on a subpicosecond time scale. Such fast tun-
neling dynamics are apparently at odds with recent time-
resolved measurements on similar systems done with non-
resonant excitation.’? The tunneling times deduced from both
the QW PL decay and the QD PL rise have been found to
be in strong contradiction with the predictions of WKB
theory of quantum-mechanical tunneling through barrier,
which gives a tunneling time of more than 100 ps for
samples with 5 nm barriers. Abrupt reduction in the tunnel-
ing time for samples less than 5 nm barriers has been attrib-
uted to the formation of nanobridges across the barrier.?
Obviously, this is not our case, and the physical nature of
the observed reduction in our well-dot samples must be
established. We therefore performed additional pump-probe
experiments to study the tunneling dynamics in our samples
in a more direct way. Orthogonally polarized pump and
probe pulses with a duration of 200 fs and spectral band-
width of 10 nm are centered at 920 nm, i.e., around the QW
exciton resonance EX. Spectrally resolved differential reflec-
tivity spectra AR(N,Ar)/Ro(N)=[R(\,Af)—=Ry(\)]/Ry re-
corded in such a setup for a hybrid QW/QD sample with
a barrier thickness of 5 nm are shown in Fig. 5(a). The spec-
tra display a pronounced transient optical nonlinearity
around the QW exciton resonance. For negative delta times,
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FIG. 5. (Color online) (a) Time-resolved femtosecond differen-
tial reflectivity spectra AR(N,Ar)/Ry(N\) of a hybrid QW/QD
sample with a barrier thickness of 5 nm. Orthogonally pump and
probe pulses with a wavelength of 920 nm are centered at the QW
exciton resonance. The AR spectra show (i) at positive delay, At
>0, a pump-induced bleaching of the QW exciton resonance per-
sisting for 25 ps, i.e., the QW lifetime and (ii) at negative delay,
Ar<0, spectral oscillations reflecting the perturbed free induction
decay of the excitonic QW polarization. (b) Time dynamics of the
differential reflectivity AR(A=hc/EX, At) probed at the QW exciton
resonance (open circles). A single exponential decay of AR with a
lifetime 74x=25 ps, reflecting the QW exciton lifetime, is observed.
The weak prepulse and after pulse result from reflections of the
pump and probe pulses at the rear side of the 0.65-mm-thick sample
substrate. The solid line represents a fit to the data using a single-
exponential decay.

At<<0, pronounced spectral oscillations are observed, re-
flecting the perturbed free-induction decay of the QW exci-
ton polarization.?'~>3 Here, the weak probe pulses are first to
interact with the sample and induce a coherent polarization
of the inhomogeneously broadened ensemble of QW exci-
tons. This polarization decays with a lifetime 75, the inverse
of the inhomogeneously broadened linewidth of the exciton
resonance in the QW PLE spectrum. The optical excitation
induced by the strong pump laser may now perturb this free-
induction decay and results in a pump-induced reduction in
the polarization decay time 7,. This so-called excitation-
induced dephasing has been analyzed before both experi-
mentally and theoretically?'=2* and gives rise to the spectral
oscillations in AR(N,A¢r<0). Their analysis therefore pro-
vides information about the polarization dynamics of the
QW excitons, which, however, is beyond the scope of this
work. Here, we are specifically interested in the dynamics of
the optical nonlinearity at positive delay times. In this case,
the dominant contribution to the optical nonlinearity is the
bleaching of the excitonic QW absorption induced by the
interaction of the strong pump laser with the sample. This
conclusion is supported by finding for Ar>0 a spectral line
shape which is independent on A¢ and essentially matches
that of the QW PLE spectrum shown in Fig. 2(b). The time
dynamics of the differential reflectivity AR(NA=hc/EX,At)
probed at the QW exciton resonance [Fig. 5(b), open circles]
therefore allow us deduce the QW exciton lifetime directly.
Essentially, the data show a single exponential decay of AR
with a lifetime 7y=25 ps. Weak prepulse and after pulse
resulting from reflections of the pump and probe pulses at
the rear side of the 0.7-mm-thick sample substrate give rise
to slight additional peaks in AR at delay times of *£15 ps.
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The solid line in Fig. 5(b) represents a single-exponential fit
with 7y=25 ps to the data. We therefore deduce a QW exci-
ton lifetime of only 25 ps for the hybrid sample with a 5 nm
barrier. This lifetime is much shorter than the typical QW
exciton lifetimes 2* those of about 500 ps found in reference
measurements on a bare QW sample and on a sample with a
20-nm-thick barrier. We therefore conclude that this short
lifetime is governed by tunneling-induced decay of the QW
exciton population. Such a tunneling time of only 25 ps is in
good agreement with the conclusions drawn from the quasis-
tationary PL and PLE experiments. Due to exponential bar-
rier thickness dependence of the tunneling time, the 25 ps
lifetime for a 5 nm barrier indicates tunneling times of simi-
lar or less than 1 ps for the samples with the thinnest barrier.
This strongly supports our assertion that the intermediate co-
herent tunneling regime is reached in our samples and pro-
vides independent evidence that the observed decrease in
PLE intensity indeed reflects the onset of Rabi oscillations
between QW |1) and excited QD |2) states. More refined
pump-probe measurements aimed at probing the effects of
these Rabi oscillations on the optical nonlinearities of tunnel-
coupled QW/QD hybrid structures in real time are currently
underway in our laboratory.

Such a fast tunneling time found for a sample with a
rather thick 5 nm barrier allows us comment about the mi-
croscopic nature of the tunneling process. The quasistation-
ary PL and PLE experiments cannot distinguish between ex-
citonic and/or single particle tunneling and we have tacitly
assumed that the physics is governed by exciton tunneling.
Based on the fast 25 ps tunneling time, however, it seems
rather straightforward to rule out hole tunneling. Due to the
higher mass of the holes, hole tunneling times are orders of
magnitude slower than electron tunneling times.>>?® There-
fore hole tunneling is expected to be essentially absent on a
time scale of a few picoseconds or even below, i.e., the tun-
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neling time scale predicted by the model calculations and
confirmed by the pump-probe data. We therefore assume the
tunneling dynamics studied here are mainly governed by
electron tunneling, whereas hole tunneling is too slow to
contribute significantly. Again, more refined time-resolved
studies, distinguishing between nonequilibrium excitonic and
single-particle excitations may help in resolving these
issues.?’

In summary, we have presented a systematic study of the
intermediate-coupling regime in tunnel-coupled quantum-
well-quantum-dot heterostructures. A nontrivial barrier-
thickness dependence of PL and PLE is observed which is
consistently explained in terms of the tunneling between bar-
rier QW and excited QD states. Our data do give no evidence
that other possible coupling mechanisms, e.g., Foerster cou-
pling, contribute significantly to the carrier transfer between
QW and QD.

Most interestingly, our results indicate that the hybridiza-
tion between an excited QD state and localized QW states
leads to an anomalous barrier-thickness dependence of the
QD PLE signal under resonant QW excitation, governed by
surprisingly fast picoseconds to subpicosecond resonant tun-
neling dynamics for structures with thin barriers. Such tun-
neling processes are of key importance for the functionality
of various nanodevices including, e.g., charge or spin injec-
tors or organic photovoltaic devices.® We therefore trust that
our results are of relevance for an improved microscopic
understanding of such devices. Our results also suggest that
time-resolved studies of single QDs shall give distinct and
direct information on the tunneling dynamics in such hybrid
systems.
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