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Ultrafast pump-probe spectroscopy is employed to directly
monitor the tunneling of charge carriers from single and
vertically coupled quantum dots and probe intra-molecular
dynamics. Immediately after resonant optical excitation,
several peaks are observed in the pump-probe spectrum
arising from Coulomb interactions between the photogen-
erated charge carriers. The influence of few-Fermion inter-
actions in the photoexcited system and the temporal evo-
lution of the optical response is directly probed in the time
domain. In addition, the tunneling times for electrons and
holes from the QD nanostructure are independently deter-
mined. In polarization resolved measurements, near per-
fect Pauli-spin blockade is observed in the spin-selective
absorption spectrum as well as stimulated emission. While
electron and hole tunneling from single quantum dots is
shown to be well explained by the WKB formalism, for cou-
pled quantum dots pronounced resonances in the electron
tunneling rate are observed arising from elastic and inelas-
tic electron tunneling between the different dots.

1 Introduction

Tunneling of charge carriers underpins a wide range
of phenomenology in solid state physics. For example,
tunneling of Cooper pairs through insulating Joseph-
son junctions governs the operation of superconducting
qubits [1] and is integral to the operation of electronic
[2] and magneto-resistive devices [3]. In semiconductors,
tunneling barriers have historically been used to tailor
the electrical transport properties through the effective
potential in heterostructures and exploit quantum ef-
fects [4]. Such applications range from the paradigm of
the Esaki-Tsu tunneling diode [5] to optimized charge in-

jectors and extractors in quantum cascade lasers [6] and
to the operation of spin quantum bits in electrostatically
defined quantum dots [7]. In all those situations, tunnel-
ing generally occurs from, and to a continuum of elec-
tronic states associated with particles moving freely in
one or more directions. In contrast, in zero-dimensional
nanostructures such as self-assembled quantum dots
(QDs) the energy spectrum of electrons and holes is fully
quantized. As a result, tunneling out of the quantum dot
occurs from a discrete level facilitating the study and
utilization of novel phenomena such as Fano [8, 9] and
many body physics in tunable solid states systems [10]. It
is also possible to design more sophisticated assemblies
such as quantum dot molecules (QDMs) [11] where fully
quantized energy levels experience a tunnel coupling ad-
justable by growth parameters and additional external
electric fields [12-14]. Such stacked devices permit the
direct investigation of carrier tunneling and relaxation
dynamics between discrete quantum states with a tun-
able energy spacing. In this case, relaxation or tunnel-
ing requires additional quasiparticles such as phonons
to ensure energy conservation and the coupling of the
discrete levels to the vibrational spectrum reveals some
rich physics [15, 16]. To date, such inelastic tunneling
events have only been studied indirectly in transport
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experiments performed on electrostatically defined
quantum dots [17, 18] or locally gated nanotubes [19].
In contrast, self-assembled nanostructures offer the con-
venience of ultrafast optical carrier preparation [20-24]
and time-resolved detection of their few-Fermion occu-
pation [20, 22]. As such they present an ideal testbed to
directly study elastic as well as inelastic tunneling phe-
nomena associated with discrete solid state quantum
levels.

In this paper we report the investigation of ultra-
fast evolution of the linear optical response of single
and vertically coupled quantum dots due to Coulomb
interactions and carrier tunneling. Picosecond pump-
probe spectroscopy is employed to monitor the evolu-
tion of the optical response of the system over the first
few hundred picoseconds after an exciton has been res-
onantly created. Immediately after excitation, a num-
ber of pronounced features appear in the transient ab-
sorption spectrum due to pump-induced absorption and
the resulting few-Fermion interactions in the system. By
monitoring the temporal evolution of the pump-probe
spectrum we independently track both electron and hole
dynamics. For single QDs we demonstrate that the ap-
plied electric field dependent tunneling times can be well
described by the WKB approximation. For quantum dot
molecules with coupled and electrically tunable quan-
tum states we observe ultrafast elastic and inelastic tun-
neling as the discrete electronic orbitals in each dot are
tuned close to energetic resonance. This finding is pre-
sented for four different couplings between different ex-
cited orbital electron states of the lower dot and one
particular orbital state in the upper dot. In polariza-
tion resolved pump-probe spectroscopy we observe a
near perfect Pauli spin blockade of strongly spin selective
transitions as well as spin-selective stimulated emission
from the dots.

2 Sample structure and experimental setup

The samples investigated consist of single or vertically
stacked pairs of self-assembled InGaAs quantum dots
embedded within the intrinsic region of a GaAs Schottky
photodiode as depicted schematically in Figure 1a. The
figure shows a cross-sectional view of the sample struc-
ture consisting of a GaAs substrate, an n-doped GaAs
contact layer, a 250-400 nm thick intrinsic GaAs region
into which single or double layer of QDs are embedded,
and a Ti:Au Schottky front contact. Such devices facilitate
complementary photocurrent absorption (PC) and pho-
toluminescence emission (PL) measurements as a func-
tion of the the internal electric field (F) [25]. For small
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Figure 1 (online color at: www.ann-phys.org) Sample structure:
self-assembled InGaAs quantum dots, or quantum dot molecules,
embedded within the intrinsic region of an n-i-Schottky diode.
(a) schematic cross-sectional view of the layer structure show-
ing the typical epitaxial layers. (b) SEM image of a 1 pm diame-
ter shadowmask aperture fabricated by deposition of polystyrene
nanospheres before the evaporation of an opaque gold layer.

electric fields (F < 25kV/cm) and low temperatures, op-
tical recombination dominates the relaxation of charge
carriers localized in the QD nanostructure. In contrast,
for large reverse voltages the electric field becomes larger
and tunneling out of the QD nanostructure occurs over
time scales that are much faster than the radiative de-
cay [25-27]. To spatially address single nanostructures
for optical investigation and make it easier to re-locate
them for systematic studies ~ 1 um sized apertures are
fabricated in the opaque 200nm thick gold layer on the
top contact. These apertures are either fabricated us-
ing electron beam lithography [28] or by the deposition
of polystyrene nanospheres before the deposition of the
gold layer. The polystyrene nanospheres act as shadow-
masks during the deposition of the gold layer and are
mechanically removed after Au deposition to produce
circular apertures through which optical spectroscopy
measurements can be performed. A scanning electron
microscopy image of a typical aperture fabricated in this
way is presented in Figure 1b. Clearly, a circular hole with
a diameter of ~ 1 um can be seen in the gold layer within
which the semitransparent Ti contact fixes the surface
potential while facilitating optical measurements.

The setup used for the pump-probe experiments with
photocurrent readout is presented schematically in Fig-
ure 2a. Starting with a 150 fs duration pulse from a tun-
able Ti:Sa laser (Figure 2a left) two independently tun-
able pulse trains, the pump and the probe pulses, are
derived using a balanced set of two 4f pulse-shapers
(Figure 2a bottom). The relative time delay between the
two pulse trains is precisely controlled using a delay line
(Figure 2a center) that provides a temporal relative tun-
ing range from —300ps — +1ns with a relative tempo-
ral precision < 5fs. After the pulses are superimposed



Figure 2 (online color at: www.ann-phys.org) (a) Schematic illus-
tration of the experimental setup used for ultrafast pump-probe
spectroscopy with photocurrent readout. (b) Illustration of the 4f
pulse shapers. (c) Spectra of the ps pulses obtained from the pulse
shaper for different positions of the slit. (d) Spectral width of the
output pulses as a function of the slit width. () Calculated pulse
durations from (d) and measured pulse durations using an auto-
corellator. The error bars in (c) and the calculated pulse duration in
(d) are obtained by fitting the linewidth of the shaped pulses while
the error in the measured pulse duration is obtained from tempo-
ral autocorrelation.

collinearly they are focused into the cryostat (Figure 2a
bottom right) using a reflecting Cassegrain objective. The
photocurrent I induced by the probe pulse is measured
with a lock-in amplifier that is referenced to the probe
pulse using a mechanical chopper. A programmable volt-
age source connected in series with the lock-in amplifier
allows to apply a gate voltage to the sample and, thus,
control the internal electric field in the intrinsic region
of the devices into which the QDs or QD-molecules are
embedded. Blocking and unblocking the pump beam re-
veals the pump induced change of the probe induced
photocurrent A I. The quantities I and A can be inter-
preted as the absorption of the QD nanostructure and

its pump induced change, respectively [22]. In this rep-
resentation, a positive value of AT corresponds to pump
induced absorption whereas negative A corresponds
to bleaching. The operating principle of the 4f pulse-
shaper isillustrated in Figure 2b. The incident beam (left)
is spectrally dispersed using a 12001/mm ruled grating
and made parallel usingan f = 500 mm achromaticlens.
A tunable slit positioned on a motorized linear stage
(center) filters the light in the Fourier plane to transmit
spectrally narrow pulses out of the broadband input. To
visualize the performance of the pulse shaper its typi-
cal spectral output is presented in Figure 2c for differ-
ent positions of the slit and an incident fs pulse beam
centered at 1304 meV. The figure shows the light inten-
sity as a function of photon energy. Clearly sharp peaks
at energies ranging from 1285 to 1325 meV can be seen.
The envelope of the peaks corresponds to the spectral
shape of the input fs-pulses as expected, demonstrating
the stable operation of the pulse shaper. The influence
of the slit width on the spectral and temporal shape of
the pulses is presented in Figures 2d and e. Thereby, Fig-
ure 2d presents the fitted spectral pulse width as a func-
tion of the slit width. As the figure shows, upon increasing
the slit width from 100 to 1000 um the pulse bandwidth
can be tuned from 0.15meV to 1.2 meV. The temporal
pulse duration is investigated in Figure 2e that shows the
pulse duration as a function of the slit width. Thereby, the
minimum pulse duration calculated from the measured
pulse width (Figure 2d) is presented as black squares and
the pulse duration measured in the time domain using
an autocorellator is shown in red. As the figure shows, for
slit widths from 400 to 1000 um the measured pulse du-
ration corresponds to the calculated pulse duration to an
accuracy better than the experimental error. Only for slit
widths < 400 um the measured pulse duration is slightly
larger, possibly arising from diffraction effects at the slit.

3 Single quantum dots

In order to investigate the tunneling dynamics of charge
carriers from single QDs we performed ultrafast pump-
probe experiments with PC readout as discussed in sec-
tion 2. After we have identified the crystal ground state to
neutral exciton transition (cgs — X) in PL experiments,
we continue to trace it in PC experiments that are typ-
ically performed with higher applied electric fields. In
the next step, for an applied electric field in the PC
regime, we fix the energy of the pump pulse to the
cgs — X transition and measure AT as a function of the
probe photon energy. An example of typical pump-probe
spectra are presented in Figure 3a for F = 33.3kV/cm,
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Figure 3 (online color at: www.ann-phys.org) Single quantum dot
pump-probe spectroscopy: (a) Change of PC spectra for different
time delays between pump and probe. (b) Temporal evolution of
A I for probing the different transitions from (a). (c) lllustration of
the rate equation model of subsequent electron and hole tunnel-
ing used for the fits in (b). (d) Dependence of the tunneling time of
the electron on the applied electric field. [29]

the pump pulse in resonance with the cgs — X transi-
tion at 1298.7 meV and three different time delays be-
tween pump and probe (Af) of 10, 30 and 80 ps in black,
red and blue, respectively. For all data presented in this
paper the lattice temperature of the samples were fixed
in the range 4-10K. For a time delay of 10 ps we ob-
serve a pump-induced bleaching at the cgs — X tran-
sition as shown by the negative signal in Figure 3a and
pronounced pump-induced absorption (positive signal
at 1295.9meV, labeled X — 2X) red shifted by 2.8 meV
from the exciton transition. For the larger time delays of
30 and 80 ps between pump and probe pulse, the con-
ditional absorption at 1295.9 meV and the bleaching of
the cgs — X transition decrease, while a third pump-
induced absorption peak appears at 1297.8 meV, labeled
ht — X' on Figure 3a. The observed pump-probe spec-
tra and their evolution with Af can be understood with
the level scheme depicted schematically in Figure 3c
[20-22]. The pump pulse generates an exciton in the QD
and, providing that the delay between pump and probe is
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smaller than the timescales for electron and hole tunnel-
ing, the probe pulse can further excite the system to gen-
erate a biexciton. This explains the pronounced pump
induced absorption peak X — 2X at 1295.9 meV in Fig-
ure 3a, red-shifted by 2.8 meV from the single neutral ex-
citon transition cgs — X. As the time delay increases,
carriers tunnel out of the QD with the tunneling time
of the electron (f,) with its smaller effective mass being
much shorter than that of the hole (#,) [25, 26]. If the
electron tunnels out of the QD, leaving it occupied by
a single hole the system exhibits an induced absorption
peak at the it — X transition (peak at 1297.8 meV). To
quantitatively analyze electron and hole tunneling, the
pump photon energy is fixed to the cgs — X transition,
while the probe photon energy is tuned to three reso-
nances identified in Figure 3a. For each curve in 3b AT
is presented as a function of the time delay for probe
pulses tuned to the cgs — X (black squares), ™ — X*
(green triangles) and X — 2 X (red circles) transitions, re-
spectively. Fits to the data using a rate equation model
of sequential electron and hole tunneling, as illustrated
schematically in Figure 3c, are presented as solid lines.
In this model, at #; = Ops the pump pulse generates the
initial occupation N x(t=0) = N, of the X state and
Negs(t=0) =1 — Ny of the cgs. Subsequently, electrons
and holes tunnel out with the independent rates 1/, and
1/ t, respectively. The analytic solution of the rate equa-
tions that describe the time dependent populations and
these initial conditions are

Nx(t) = Nyexp (—(1/1)1)

Nu(t) = No~ ?th[exp(—t/te) — exp(=t/1)] 1)

Negs()) = 1 — Nx(8) — Ni(9)

Here, Nj, is the population of the intermediate states
with only one hole in the QD. Probing an optical tran-
sition results in a probe-induced photocurrent with an
amplitude that is proportional to the difference of the
occupations of the final state and the initial state. Since
the final state of the " — X and X — 2X transitions
are not occupied before probing, the number of the pos-
itively charged QDs (N;,) and the X population (Nx) can
be directly compared to the temporal scans probing the
nt — X' and X — 2X transitions, respectively. Probing
the cgs — X transition results in a population inversion
(Nx — Nggs). As shown by Figure 3b, the model produces
good quantitative agreement with the experimental data
and allows us to extract tunneling times of # =53 +
1ps and # = 600 + 10ps. To investigate the dependence
of the tunneling times on the applied electric field we
performed similar measurements to those presented in



Figure 3a and b for different electric fields in the range
30kV/cm < F < 42kV/cm. The results of these experi-
ments are summarized in Figure 3d, that shows the ex-
tracted tunneling time of the electron as a function of
F. Clearly, ¢, decreases monotonically from ~ 135 ps to
~ 10 ps with increasing F and exhibits a clear exponen-
tial dependence on the electric field. This behaviour can
be fully explained using a WKB treatment of the carrier
tunneling rate [30]

16 V2L | m: 4./2m
P=_07- S_exp| — S|Ey|? )
7212 \ 2|E| 3heF

where m is the effective mass of the particle s (electron
or hole), L and V; are the width and effective depth of the
potential well and E; is the single particle quantization
energy. A fit to the experimental data using equation (2)
is presented as a red line in Figure 3d and consistently
reproduces the experimental data.

4 Quantum dot molecules

QDMs formed from vertically stacking quantum dots ex-
hibit a significant richer spectrum than single dots, due
to tunnel coupling of excitonic states that gives rise to
anticrossings in optical experiments [12-14, 27, 31, 32].
For the QD-molecule investigated in this study, detailed
characterization using PL and PC have been reported
in Refs. [27] and [31, 32], respectively. The typical varia-
tion of the PL emission with F is presented in Figure 4a.
A pronounced anticrossing is seen for electric fields of
Fy, =23.1kV/cm (red shaded peaks). The energy differ-
ence between the anticrossing peaks can be fitted with a
hyperbolic equation [27]

AE =/(2V)? + [ed(F — Ry))? 3)

to extract the tunnel coupling strength 214, the field at
which the states anticross Fy and the equivalent static
dipole moment of the indirect exciton ed (d is the dis-
tance between the centers of the electron and hole en-
velope functions). For the anticrossing presented in Fig-
ure 4a the values obtained by fitting equation (3) to the
data are Ff; =23.1 £0.1kV/cm, 2V = 3.4 + 0.1 meV and
d=15.3 £ 0.1nm. This anticrossing arises from tunnel
coupling of two excitonic states where the hole is located
in the upper QD and the electron resides either in the
lowest energy orbital of the upper (egd) or lower (e?d) dot,
respectively (c.f. insets of Figure 4a). This anticrossing
identifies the involved direct exciton as being the direct
exciton in the upper QD.
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Figure 4 (online color at: www.ann-phys.org) (a) Field dependent
PL measurements showing and anticrossing of a direct with an in-
direct exciton. (b) Change of PC spectra for pumping the direct ex-
citon in the upper dot of the QDM. (c) Temporal evolution of AT
for probing the different transitions from (b).

As F increases, the PL intensity quenches due to tun-
neling of the charge carriers out of the molecule such
that PC measurements can be performed. The result of
a PC measurements that trace the direct exciton in the
upper dot as the electric field increases are presented in
Figure 5a. The figure shows the PC intensity as a func-
tion of F and photon energy in a greyscale represen-
tation. Clearly, a series of additional anticrossings can
be observed at F,, =29.1 +0.1,29.9+0.1,33.1 0.1 and
46.2 £ 0.1kV/cm. The red lines in Figure 5a show fits
to the observed peak positions obtained from a model
that includes orbital states in the two dots forming the
molecule and including tunnel couplings [31-33]. These
additional anticrossings result from the tunnel coupling
of different orbitally excited states [31-33], in this case
the lowest orbital energy state of the electron in the
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Figure 5 (online color at: www.ann-phys.org) (a) Photocurrent
spectrarecorded at T = 10 Kfrom the molecule. Anticrossings re-
lated to tunnel coupling of the electron in the ground state of the
upper dot and excited states of the lower dot. (b) Hole and (c) elec-
tron tunneling times obtained from probing the transitions iden-
tified in Figure 4b. [29]

upper dot €%, to different orbitally excited electron states
in the lower dot e}, (n is the index in increasing energetic
order). Taking into account the measured static dipole
moment ed = e x 15.3 £+ 0.1 nm of the indirect exciton
the difference between the fields where the anticross-
ings occur F, can be used to calculate the energy differ-
ence between the orbitally excited states [31], e.g. e?d lies
15.3 meV higher in energy than é,.

A typical pump probe spectra obtained from the
molecule at F=32.4+0.1kV/cm and for the pump
pulse in resonance with the cgs — X transition in the up-
per dot is presented in Figure 4b. The figure shows Al
as a function of the probe photon energy for time de-
lays of 10, 50 and 100 ps as black squares, orange circles
and gray triangles, respectively. Multi-peak Lorentzian
fits are presented as solid lines on the figure. Similar to
the single dot experiments presented in the previous sec-
tion, the pump-induced bleaching of the cgs — X tran-
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sition and the pump-induced absorption of the it — X+
and X — 2X transitions can be observed. The anticorre-
lated intensity of X — 2X and h" — X' resulting from
the tunneling of the electron can clearly be observed in
Figure 4b as #; increases from 15 to 100 ps.

To quantitatively analyze electron and hole tunnel-
ing, the pump photon energy is fixed to the cgs > X
transition, while the probe photon energy is tuned to the
three resonances identified in Figure 4b. For each curve
in 4c AT is presented as a function of #;, for probe pulses
tuned to the cgs — X (green squares), it — X+ (blue
triangles) and X — 2X (red circles) transitions, respec-
tively. Fits to each set of data using a rate equation model
described above show excellent global agreement with all
of the measured data and permit the direct, and inde-
pendent, determination of # and ¢, in the QD-molecule.

In order to investigate the influence of the couplings
presented in Figure 5a on the tunneling dynamics, de-
tailed studies were performed over the range of electric
field 29 < F < 51kV/cm. The values of #, obtained with
the probe pulse tuned to the cgs — X (green squares)
and the " — X (blue triangles) transition are pre-
sented in Figure 5b. Similarly, the field dependence of £
extracted by probing either the cgs — X, h™ — X and
X — 2 X transitions are plotted in Figure 5c. In all cases,
the tunneling times obtained by probing the different
transitions are in excellent agreement with each other
supporting the overall validity of the interpretation and
the rate equation model over the whole range of F ana-
lyzed here. The hole tunneling time (Figure 5b) mono-
tonically decreases from #, = ~500ps at F = 30kV/cm
to #, = 12.6 ps at F = 50.5kV/cm and can be explained
by WKB approximation (c.f. equation (2)). A fit to the ex-
perimental data is presented as a dashed line in Figure 5b
and consistently reproduces the experimental data. The
hole tunneling time is well accounted for by WKB theory
since the hole tunnels through an approximately trian-
gular potential barrier without any influence of the lower
QD.

In marked contrast, the field dependence of ¢, (Fig-
ure 5c) exhibits significantly richer behavior. Whilst £,
also decreases with F, as expected due to tunneling es-
cape from the QD-molecule, we also observe a series of
resonances marked with vertical dashed lines, precisely
where the anticrossings of €%, with e}, €, e, and ¢},
occur. The most pronounced resonance occurs at Fs =
33.1kV/cm where the anticrossing of €%, with e}, occurs;
the strongest of the anticrossings observed in Figure 5a
is measured to be 215 = 0.8 meV. Away from the reso-
nances £ can be fitted using WKB approximation. A fit
to the experimental data taking also into account the
radiative recombination is presented in Figure 5c as a
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solid blue line and consistently reproduces the experi-
mental data. The dashed line also presented in Figure 5¢
is the part of the fit that results from the tunneling alone
without radiative recombination. However, at the reso-
nances f, drastically decreases and even becomes com-
parable to the laser pulse duration at the couplings at
F; =33.1kV/cm and F, = 46.5kV/cm.

We continue to present a detailed analysis of the ul-
trafast electron tunneling in the vicinity of the most pro-
nounced anticrossing at F; = 33.1kV/cm and show that
it contains fingerprints of both elastic resonant tunnel-
ing between the two dots forming the molecule and in-
elastic tunneling with the participation of phonons. The
electron tunneling time #, as a function of F is plotted in
Figure 6a on a linear scale, the position of the anticross-
ing is indicated by the vertical dashed line. In our theo-
retical analysis we consider tunnel processes according
to equation (2) for the two electron levels involved in the
anticrossing €%, and e;,. The fit of the tunneling time from
¢®, as obtained in Figure 5c, away from the resonances
is plotted in Figure 6a as a blue line. Since the two dots
forming the QDM are similar in size and electronic struc-

ture, we assume identical confinement potentials for e‘)ud
and ¢),. As discussed above, €}, lies 15.3 meV to higher en-
ergy than e}, reducing the effective tunnel barrier. Thus,
generically we expect electron tunneling out of the lower
dot into the continuum to be faster from e}, compared
with €),. Therefore, the tunneling time from &}, can be es-
timated by keeping the parameters of the fit of the tun-
neling time from e,; but adding the 15.3meV that &},
lies higher in energy compared to €}, to the single par-
ticle energy. The result of this analysis is plotted as the
solid red line in Figure 6a. When the two dots are cou-
pled by tunneling (e.g. for F = F; - Figure 5a) the Hamil-
tonian is H = Hy + V3, where Hy is the Hamiltonian of
the detuned system and the coupling term V3 is mea-
sured from the PC data shown in Figure 5a. The effec-
tive broadening of the coupled states is then given by the
imaginary part of the eigenvalues of the coupled eigen-
statese¢; = E; — il'; [32]

2e = €ia + uaty (1a — cud? + 412 @

At resonance, the levels are mixed by tunneling and
the decay rates of the coupled states exchange character
with an intersection at F;. The corresponding calculated
values of t, are presented as green lines in Figure 6a. For
all electric fields we pump the state which is more located
in the upper QD (solid green line), resulting in a dip of
f, at F;. Therefore, the reduction of #, resulting from the
resonant tunnel coupling of €%, to €, is represented by
the diagonal dashed green area in Figure 6a. The theo-
retical model quantitatively explains the measured val-
ues of t, for F < F; and F >»> F;. However, pure resonant
tunneling would give rise to a much narrower resonance
(green dashed area in Figure 6a) than is observed exper-
imentally. In our experiments, the resonance is asym-
metrically broadened for F > F; (orange dashed area).
Closer inspection even shows that the shortest time ¢,
is not observed at F; as expected from the theory but
shifted by AF = +1kV/cmto 34.1kV/cm. These clear ex-
perimental observations show that an additional mecha-
nism must be active to shorten £, for 5 < F < 41kV/cm
and produce the asymmetric resonance observed (Fig-
ure 6a).

We continue to present evidence that this mecha-
nism is acoustic phonon mediated inelastic inter-dot
tunneling into e}, as schematically illustrated in the in-
set of Figure 6a. The difference between the measured
tunneling times #, and the expected tunneling rates ob-
tained from the model based on equation (4) (orange
dashed area in Figure 6a) can be used to calculate an
additional tunneling rate. Taking into account the mea-
sured static dipole moment ed = e x 15.3 £+ 0.1 nm of the
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indirect exciton the additional tunneling rate can be
shown to be present up to detunings of +6 meV with
a maximum at +1.7 + 0.1 meV [31]. This characteristic
energy scale of a few millielectronvolts corresponds to
the energy of acoustic phonons in GaAs with a wave-
length comparable to characteristic dimensions in the
QD-molecule (width, dot-separation) [15]. Theoretical
calculations of the coupling between molecular states
and phonons in similar structures (with 12nm separation
between the dots) taking into account deformation- and
piezoelectric- exciton-phonon coupling reported a spec-
tral density which shows a maximum around +1.4 meV
with a rate of 0.3 ps~! [15]. We interpret the additional re-
laxation channel as reflecting phonon mediated inelastic
tunneling between the two dots forming the molecule, as
schematically depicted in the inset of Figure 6a. For pos-
itive detunings of €}, the electron tunnels into e}, whilst
simultaneously emitting a phonon with an energy equal
to the level separation. From there it most likely tun-
nels out of the excited orbital state of the QDM instead
of relaxing to the ground state since the tunneling es-
cape time from the excited state is < 5ps (see red line
in Figure 6a). In contrast, for negative detunings where
phonon absorption would be required, such an inelas-
tic tunneling is prohibited by the negligible phonon oc-
cupation at the lattice temperature used for the mea-
surements presented here. To test this interpretation we
performed measurements of #, at an elevated temper-
ature of T'= 50K where the phonon occupation num-
ber increases significantly. Examples of these measure-
ments are presented in Figure 6b for a negative detuning
of AE = —2.3meV (phonon absorption) and in (c) for a
positive detuning of AE = 5.1 meV. The figures present
AT as a function of the time delay between pump and
probe for probing the X — 2X transition. Thereby, data
recorded at 10K (50K) are presented in blue (red). For
the case of phonon emission (Figure 6¢) f, remains the
same while for the case of phonon absorption (Figure 6b)
we observe a strong decrease of £, from 52 + 2psto 32 +
3 ps. This behaviour was observed for a series of mea-
surements of positive and negative detunings, strongly
supporting the model of phonon-mediated inelastic tun-
neling to the excited orbital state of the lower dot.

To further elucidate the spin selectivity of the transi-
tions and explore the potential to use ultrafast pulses to
prepare and read spin polarized charges we take into ac-
count spin selectivity. Therefore, the optical polarization
of the two pulses was adjusted to be either co-circular or
cross-circular. A typical result of a spin-resolved pump
probe spectra is presented in Figure 7a that shows AT
recorded at F = 31.2kV/cm with the pump pulse fixed
to the cgs — X transition at 1310.6 meV and the tun-
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Figure 7 (online color at: www.ann-phys.org) (a) Schematic il-
lustration of stimulated emission in pump-probe experiments.
(b) Change of PC spectra at F = 31.2kV/cm for cross- (co-) cir-
cular pump and probe as red circles and black squares. (c) Temporal
evolution of A for probing the cgs — X transition from (b).

able probe pulse delayed by 10 ps. Spectra recorded with
cross- and co-circular pump and probe pulses are pre-
sented by the red circles and black squares, respec-
tively. For cross-circularly polarized pulses we observe a
pump-induced absorption of the X — 2 X transition and
a pump-induced bleaching of the cgs — X transition as
discussed above. The biexciton absorption is completely
absent for the co-circular configuration, an observation
attributed to the Pauli spin blockade. In addition, the
bleaching of the cgs — X transition was found to be
twice as strong in the co-circular configuration. While
for cross circular polarizations a negative A I results from
the bleaching of the cgs — X only, a co-circular po-
larized probe pulse may cause stimulated emission of
X — cgs giving rise to a stronger reduction of A [32] as
schematically illustrated in Figure 7a. To study the effect
of stimulated emission in more detail, we measure A at
the cgs — X transition as a function of #;. The results of
these experiments are presented in Figure 7c for cross-
circular (red circles) and co-circular (black squares) con-
figurations, respectively. As the figure shows, for time
delays longer than 100ps AI is the same for both
polarization configurations. This reflects the fact that,
after this time the electron has tunneled out of the up-
per dot where it was photogenerated such that no stim-
ulated emission can occur and bleaching results from
the QDM being occupied with a single hole. In contrast,



for smaller time delays the co-circular configurations ex-
hibits a stronger bleaching due to stimulated emission
that occurs only for co-circular polarizations. Fits to the
data with the rate equation model taking into account
that only the co-polarized configuration can cause stim-
ulated emission results in the solid lines in Figure 7c and
quantitatively reproduce the measured data.

In summary, we directly investigated ultrafast tun-
neling from single and coupled quantum dots using ul-
trafast pump-probe spectroscopy with PC readout. We
determined the tunneling times as a function of F and
demonstrated that for single dots the measured tunnel-
ing times can be fitted using WKB approximations. Per-
fect Pauli spin blockade in the X — 2X transition was
observed, as well as spin-selective stimulated emission.
For quantum dot molecules, we showed that 7, exhibits
resonances when resonant tunneling can occur between
the two dots forming the molecule. In this regime, the
tunnel-coupled energy level serves as an intermediate
state facilitating electron escape within a few picosec-
onds. When the orbital states are detuned by a few milli-
electronvolts, inelastic tunneling involving the emission
of acoustic phonons is found to dominate the charge
transfer dynamics. We gratefully acknowledge financial
support of the DFG via SFB-631, Nanosystems Initiative
Munich and the Emmy Noether Program (H.J.K.) and
the EU via SOLID. G.A. thanks the TUM Institute for
Advanced Study for support. ].M.V.B. acknowledges the
support of CNPq and FAPEMIG. We thank A. J. Ramsay,
J.M. Daniels, T. Kuhn and P. Machnikowski for discus-
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