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We employ ultrafast pump-probe spectroscopy to directly monitor electron tunneling between discrete
orbital states in a pair of spatially separated quantum dots. Immediately after excitation, several peaks are
observed in the pump-probe spectrum due to Coulomb interactions between the photogenerated charge
carriers. By tuning the relative energy of the orbital states in the two dots and monitoring the temporal
evolution of the pump-probe spectra the electron and hole tunneling times are separately measured and
resonant tunneling between the two dots is shown to be mediated both by elastic and inelastic processes.
Ultrafast (<5 ps) interdot tunneling is shown to occur over a surprisingly wide bandwidth, up to
~8 meV, reflecting the spectrum of exciton-acoustic phonon coupling in the system.
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Tunneling is a widespread phenomenon in both low- and
high-energy physics governing the dynamics of nuclear
decay, tunnel ionization of atoms, and vertical electron
transport in semiconductor heterostructures. Tunneling
generally occurs to and/or from a continuous distribution
of initial or final quantum states associated with particles
having one or more motional degrees of freedom.
However, tunneling between discrete quantum states in
solids having a specific energy separation is of particular
interest since additional quasiparticles may be required to
ensure energy conservation. Semiconductor nanostructures
are an ideal test bed for such processes since energy levels
can be arbitrarily designed while coupling to the phonon
bath can facilitate inelastic tunneling. So far, inelastic
tunneling between fully localized states has been studied
only indirectly by transport measurements in electrostati-
cally defined double quantum dots (QDs) [1,2] and in
locally gated carbon nanotubes [3]. In strong contrast,
self-assembled QDs offer the advantage of strongly local-
ized electron and hole states and the possibility to perform
time-resolved optical measurements to directly monitor
carrier populations in real time. Vertically stacking of
optically active QDs produces quantum-dot molecules
(QDMs) with strong, electrically tunable tunnel coupling
giving rise to pronounced anticrossings in optical experi-
ments [4—6]. Tunnel coupling can occur for either electrons
or holes [7], depending on the relative dot size and cou-
plings between different orbital states can occur due to
symmetry breaking [8].

In this Letter, we report the direct observation of ultra-
fast electron transfer between discrete quantum states in a
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pair of spatially separated QDs with electrically tunable
coupling. Picosecond pump-probe spectroscopy is em-
ployed to monitor the evolution of the optical response of
this “molecular” QD system over the first few hundred
picoseconds after an exciton has been created.
Immediately after excitation, a number of pronounced
features appear due to pump-induced absorption and the
resulting few-fermion interactions in the system. By moni-
toring the temporal evolution of the pump-probe spectrum
we independently track both electron and hole dynamics.
As the electron quantum states in each dot are tuned
through energetic resonance, we observe ultrafast interdot
tunneling and, surprisingly, find that inelastic processes
play a key role. Analysis of the results allows us to map
out the spectral function of the exciton-phonon interaction,
demonstrating that interdot tunneling occurs over a sur-
prisingly wide bandwidth, and over time scales <5 ps at
resonance.

The sample investigated consisted of a vertically stacked
pair of self-assembled InGaAs QDs separated by a 10 nm
thick GaAs spacer and embedded within the intrinsic re-
gion of an n-type GaAs Schottky photodiode [9].
Complementary photocurrent (PC) absorption and photo-
luminescence (PL) emission measurements can be per-
formed by varying the applied gate voltage. For the
QDM investigated in this study we observe a strong anti-
crossing in PL [10]. This arises from tunnel coupling of the
electrons between the two dots forming the molecule [4,9].
As shown in the field dependent PL spectra in Fig. 1, the
s-orbital states in the two dots are tuned into resonance at
an electric field (F) of F, = 23.1 kV/cm and couple with a
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FIG. 1 (color online). Photoluminescence emission (left part)
and photocurrent absorption spectra recorded at 7 = 10 K from
the molecule. Anticrossings related to tunnel coupling of the

electron in the ground state of the upper dot and the ground (or
excited) state of the lower dot.

strength 2V, = 3.4 meV. This coupling is manifested by
an anticrossing in the PL data of direct and indirect neutral
exciton transitions with the hole located in the upper QD
and the electron occupying either the lowest energy orbital
state in the upper dot (e,q) or lower dot (e4), respectively
(see Ref. [9]). As the electric field increases the PL
quenches, due to tunneling escape of electrons and holes
from the dot, and the direct exciton in the upper dot can
continue to be monitored in PC experiments. As shown in
the right part of Fig. 1, this direct exciton exhibits a second
anticrossing at F; = 33.1 kV/cm with a much weaker
coupling of 2V = 0.8 meV < 2V,,. We identify the sec-
ond anticrossing as depicted schematically in the insets of
Fig. 1; the lowest electron level in the upper dot (e ,—Tleft
inset Fig. 1) is tuned into resonance with an excited orbital
electron state in the lower dot (e;;—right inset) [11]. The
difference between the electric fields where the two anti-
crossings occur (F; — Fy = 10.0 £ 0.1 kV/cm) is a direct
measure of the energy separation AEIZOI_1 of the two elec-
tron orbitals in the lower dot. Using the static dipole
moment ed = e X 15.3 = 0.1 nm [9], we obtain AEZ, ! =
15.3 £ 0.25 meV, fully consistent with the expected orbi-
tal energy spacings of the QD molecule. The results pre-
sented in Fig. 1 were found to be quite general, similar
observations having been made for different samples
grown under nominally identical conditions.

We continue by investigating the ultrafast dynamics of
charge carriers in the QDM using pump-probe experiments
with PC readout. The setup used (Ref. [12]) provides two,
independently tunable 3.8 = 1 ps duration laser pulses
derived from a single femtosecond Ti:sapphire source.
After identifying the discrete neutral exciton transition in
the upper dot using cw spectroscopy [4,6,9], we selectively
excite it with a resonant pump pulse. The photocurrent /
induced by the time-delayed probe pulse is then measured
with a lock-in amplifier. Recording the difference spectrum
obtained with the pump beam blocked and unblocked,
respectively, provides the pump-induced change of the
PC signal, Al. The quantities / and AJ can be interpreted
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FIG. 2 (color online). (a) Pump-induced change of the probe
induced photocurrent for various time delays elapsed since
excitation. (b) Level scheme for the pump-probe experiments
on the QDM.

as the absorption by the upper dot and its pump-induced
change. Typical examples of pump-probe PC spectra re-
corded at F = 32.4 kV/cm, away from the anticrossings,
and three different time delays 7, = 10, 50, and 100 ps are
presented in Fig. 2(a). For these spectra the pump pulse
was fixed to the direct neutral exciton in the upper dot
cgs — X at 1310.3 meV while the probe pulse was
scanned. The figure clearly exhibits two positive going
resonances (pump-induced absorption) at 1308.3 meV
and 1309.9 meV, respectively. In addition, a pronounced
negative going dip (pump-induced bleaching) is observed
at the energy of cgs — X at 1310.3 meV. The observed
pump-probe spectra can be understood with the level
scheme depicted schematically in Fig. 2(b) [12—14]. The
pump pulse generates an exciton in the upper QD and,
providing that the delay between pump and probe is less
than the time scales for electron and hole tunneling, the
probe pulse can further excite the system to generate the
spatially direct biexciton. This explains the pronounced
pump-induced absorption peak X — 2X at 1308.3 meV,
redshifted by 2 meV from the exciton transition cgs — X.
As the time delay increases, carriers tunnel out of the upper
dot with the tunneling time of the electron (¢,) with its
smaller effective mass being much shorter than that of the
hole (t;). If the electron tunnels out of the upper dot,
leaving it occupied by a single hole, the system exhibits
an induced absorption peak at the h — X transition (peak
at 1309.9 meV). The anticorrelated intensity of X — 2X
and h — X* can clearly be observed in Fig. 2 as 1,
increases from 15 to 100 ps. If pump and probe pulse are
both centered at the exciton transition cgs — X, the probe
pulse detects a bleaching of the exciton, resulting in the
strong negative signal A7 observed in Fig. 2(a). Multipeak
Lorentzian fits to the transient photocurrent response
(Fig. 2(a) full lines) yields linewidths of 670 = 50 eV
for the X — 2X transition, 360 = 70 ueV for A" — X*
and 340 =70 pweV for cgs — X. When deconvoluted
with the laser (170 = 40 weV), we obtain a ratio of the
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two-electron (X — 2X) and one-electron (h™ — X,
cgs — X) transition linewidths of 2.7 = 1.3, an observa-
tion that is likely to be related to higher electron tunneling
probability for the biexciton final state that contains two
electrons, each of which can tunnel. In this very simplistic
picture, one would expect the tunneling lifetime of the
biexciton to be approximately half of the lifetime of either
X or Xt and, hence, its linewidth to be ~3 X larger [15]
consistent with the observed linewidths.

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 the three reso-
nances identified in Fig. 2(a). For each curve in Fig. 3(a)
AT is presented as a function of ¢j, for probe pulses tuned
to the cgs — X (green squares), h™ — X7 (blue triangles)
and X — 2X (red circles) transitions, respectively. Fits to
each set of data using a rate equation model that accounts
for sequential electron and hole tunneling [12] [lines in
Fig. 3(a)] show excellent global agreement with all of the
measured data and permit the direct, and independent,
determination of ¢, and 7,. To investigate the influence of
the coupling presented in Fig. 1, detailed studies were
performed over the range of electric field 31 kV/cm =
F = =51 kV/cm encompassing the anticrossing pre-
sented in Fig. 1. The obtained values of #, obtained with
the probe pulse tuned to the cgs — X (green squares) and
the A" — X (blue triangles) transition are presented in
Fig. 3(b). Similarly, the field dependence of 7, extracted by
probing either the cgs — X (green squares), h* — X
(blue triangles) and X — 2X (red circles) transition are
plotted in Fig. 3(c). In all cases, the tunneling times ob-
tained by probing the different transitions are in excellent
agreement with each other supporting the overall validity
of the interpretation and the level scheme used [Fig. 2(b)]
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FIG. 3 (color online). (a) Temporal evolution of PC change Al

probing the resonances identified in Fig. 2(a). (b) Hole and

(c) electron tunneling times ¢, and 7, as a function of the applied

electric field F.

over the whole range of F analyzed here. The hole tunnel-
ing time monotonically decreases from f;, = 450 psat F =
32 kV/cmto ¢, = 12.6 ps at F = 50.5 kV/cm and exhib-
its a clear exp(—1/F) dependence. This behavior is fully
explained using the WKB tunneling rate [16]

16V2L * 442m;
[=—> s eXPI:_ - |Es|3/2]: (D
m*h? \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 Eq. (1) is
presented as a dashed line in Fig. 3(b) and consistently
reproduces the experimental data. While the hole tunneling
time is well accounted for by WKB theory unaffected by
the lower QD, the field dependence of 7, [Fig. 3(c)] ex-
hibits significantly richer behavior. We observe a series of
resonances in ¢, marked with dashed lines on Fig. 3(c).
Close to these resonances 7, becomes comparable to the
duration of the probe laser pulse. The most pronounced
resonance occurs at F; = 33.1 kV /cm precisely where the
anticrossing presented in Fig. 1 occurs. Here, the electron
wave function delocalizes across the two dots forming the
molecule and the electron tunneling time is limited by the
escape time from the excited orbital state in the lower
dot (ei*d). A second, weaker, dip is observed at F, =
46.5 kV/cm where e,q anticrosses with a further excited
orbital state of the electron in the lower dot e (see
Supplemental Material [18]).

We continue to present a detailed analysis of the ultrafast
electron tunneling in the vicinity of the anticrossing at
F; = 33.1 kV/cm and show that it results from tunneling
between the two dots forming the molecule with and
without the participation of phonons. The electron tunnel-
ing time 7, as a function of F is plotted in Fig. 4(a) on a
linear scale, the position of the anticrossing is indicated by
the vertical dashed line. In our theoretical analysis we
consider tunnel processes according to Eq. (1) for the
two electron levels involved in the anticrossing e,4 and
eyy» as schematically depicted in blue and red in Fig. 4(b).
Since the two dots forming the QDM are similar in size and
electronic structure, we assume identical confinement po-
tentials for e,y and ey. As discussed above, e}y lies
15.3 meV to higher energy than ey, reducing the effective
tunnel barrier. Thus, generically we expect electron tun-
neling out of the lower dot into the continuum to be faster
from e}y compared with e;4. When the two dots are coupled
by tunneling (e.g., for F = F;—Fig. 4(b)] the Hamiltonian
is H= H, + V;, where H, is the Hamiltonian of the
detuned system and the coupling term V; is measured
from the PC data shown in Fig. 1. The effective broadening
of the coupled states is then given by the imaginary part of
the eigenvalues €; = E; — il;
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FIG. 4 (color online). (a) Tunneling time of the electron ¢,.
Measured data are shown as points. Theoretical analysis of the
tunneling times of e,y (ejy) is presented as a blue (red) line and
for the coupled case as green lines. (b) Schematic illustration of
the alignment and tunneling of e,y and ej; (C) Phonon rate
extracted from (a).

26i = €* + €ud + J(Eld* - Eud)z + 4V12 (2)

Far from resonance the tunnel rates from e 4 can be fitted
using WKB formalism. This results in the blue (red) curve
for e,q (ejy) presented in Fig. 4(a), taking only the mea-
sured energy difference between ey and e}y of 15.3 meV
into account. At resonance, the levels are mixed by tunnel-
ing and the decay rates of the coupled states exchange
character with an intersection at F|. The corresponding
calculated values of 7, are presented as green lines in
Fig. 4(a). For all electric fields we pump the state which
is more located in the upper QD (solid green line), resulting
in a dip of 7, at F;. The theoretical model quantitatively
explains the measured values of 7, for F < Fy and F > F.
However, pure resonant tunneling would give rise to a
much narrower resonance (green curve—Fig. 4) than is
observed experimentally. In experiment, the resonance is
asymmetrically broadened for F' > F;. Closer inspection
even shows that the shortest time ¢, is not observed at F| as
expected from the theory but shifted by AF = +1 kV/cm
to 34.1 kV/cm. These clear experimental observations
show that an additional mechanism must be active to

shorten ¢, for F; < F <41 kV/cm and produce the asym-
metric resonance observed [Fig. 4(a)].

We continue to present evidence that this mechanism is
acoustic phonon mediated inelastic interdot tunneling into
ey;. First, we compute the decay rate of an additional
scattering mechanism from the difference between the
measured tunneling times ¢, [black curve—Fig. 4(a)]
and the expected one from the model based on Eq. (2)
(green curve). Taking into account the measured static
dipole moment ed = ¢ X 15.3 £ 0.1 nm of the indirect
exciton, the additional tunneling rate can be obtained as a
function of the energy detuning between the tunnel-
coupled states. The result of this analysis is plotted in
Fig. 4(c), revealing a clear maximum for a positive detun-
ing of +1.7 = 0.1 meV from resonance and a rate that is
below experimental error for negative detunings.
Furthermore, the additional tunneling rate is appreciable
for a wide range of detunings up to +6 meV, much larger
than the intrinsic resonant tunneling rate that is determined
by V| (~ +1.5 meV).

This characteristic energy scale of a few millielectron-
volts corresponds to the energy of acoustic phonons in
GaAs with a wavelength comparable to characteristic di-
mensions in the QD molecule (width, dot-separation) [17].
Theoretical calculations of the coupling between molecu-
lar states and phonons in similar structures taking into
account deformation and piezoelectric exciton-phonon
coupling reported a spectral density which shows a maxi-
mum around +1.4 meV with a rate of 0.3 ps~! [17]. We
interpret the additional relaxation channel as reflecting
phonon mediated inelastic tunneling between the two
dots forming the molecule, as schematically depicted in
the inset of Fig. 4(c). For positive detunings of ej, the
electron tunnels into e;, while simultaneously emitting a
phonon with an energy equal to the level separation. From
there it most likely tunnels out of the excited orbital state of
the QDM instead of relaxing to the ground state since the
tunneling escape time from the excited state is <5 ps [see
red line in Fig. 4(a)]. In contrast, for negative detunings
where phonon absorption would be required, such an in-
elastic tunneling is prohibited by the negligible phonon
occupation at cryogenic temperatures (see Supplemental
Material[18]).

In summary, we directly investigated electron tunneling
dynamics in a QDM using ultrafast pump-probe spectros-
copy with PC readout. We determined the electron and
hole tunneling times as a function of F and showed that ¢,
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 ps. When the
orbital states are detuned by a few meV, inelastic tunneling
involving the emission of acoustic phonons is found to
dominate the charge-transfer dynamics. The results ob-
tained demonstrate that optically generated excitons can
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be spatially separated within the quantum-dot molecule
over time scales faster than 5 ps, allowing the nanostruc-
ture to be used as an optically pumped ultrafast charge
memory.
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