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Coherent driving of direct and indirect excitons in a quantum dot molecule
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Quantum dot molecules (QDMs) are one of the few quantum light sources that promise deter-
ministic generation of one- and two-dimensional photonic graph states. The proposed protocols
rely on coherent excitation of the tunnel-coupled and spatially indirect exciton states. Here, we
demonstrate power-dependent Rabi oscillations of direct excitons, spatially indirect excitons, and
excitons with a hybridized electron wave function. An off-resonant detection technique based on
phonon-mediated state transfer allows for spectrally filtered detection under resonant excitation.
Applying a gate voltage to the QDM-device enables a continuous transition between direct and
indirect excitons and, thereby, control of the overlap of the electron and hole wave function. This
does not only vary the Rabi frequency of the investigated transition by a factor of ~ 3, but also
allows to optimize graph state generation in terms of optical pulse power and reduction of radiative

lifetimes.

I. INTRODUCTION

The use of single photons as flying qubits facilitates
transmission of quantum information at the speed of
light. However, transfer over large distances unavoidably
comes with losses and decoherence. Encoding quantum
information on an ensemble of entangled photons, a so-
called graph state [I], instead of a single photon, provides
a possibility to mitigate the losses is transmission chan-
nels 2, B]. Furthermore, other specific forms of graph
states such as photonic cluster states promise realization
of measurement-based quantum computing [4] as well as
quantum error correction [5] [@].

Following the Lindner-Rudolph protocol [7], one-
dimensional photonic cluster states can be deterministi-
cally generated by utilizing single spins in semiconductor
quantum dots (QDs). The polarization entanglement of
up to five photons has been achieved in a one-dimensional
cluster state has been achieved [§] and most recent ex-
periments demonstrate localizable entanglement over ten
photons [9]. While the nanophotonic environment of QDs
provides high photon emission rates, the cluster state cre-
ation fidelity is limited by spin dephasing and modified
selection rules in the presence of a transverse magnetic
field [9]. These challenges can be overcome by using a
pair of tunnel coupled and vertically stacked QDs, so
called quantum dot molecules (QDMs) [10]. Besides pro-
longing the spin coherence compared to single quantum
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dots [T1], QDMs possess an unique level structure [12].
This level structure enables, for example, spin rotations
and spin readout transitions without application of a
magnetic field. The ability to create spatially indirect
excitons, with one charge carrier occupying the upper
and one the lower QD [I3], provides a cycling transi-
tion which can be used for generating time-bin entangled
photons [10]. Moreover, QDMs are proposed to generate
two-dimensional photonic cluster states by harnessing the
tunnel coupling between the two QDs and inter-dot con-
trol gates [14].

The foundation for creating one- and two-dimensional
photonic cluster states is the occurrence of excitons in
spatially direct, spatially indirect, and hybridized config-
urations [15]. In these different configurations, the charge
carriers of an electron-hole pair are located in the same
QD, in different QDs, or one of the charge wave func-
tions is hybridized over both quantum dots, respectively.
In each configuration, the overlap of the electron and
hole wave functions and, therefore, the transition dipole
moment (TDM) of the corresponding optical transition
differs. This results in a change of both the lifetime of the
excited state and the pulse area needed for maximal pop-
ulation inversion [I6]. While the lifetime influences the
cluster state creation efficiency and rate, the m-pulse area
sets the intensity of the required optical control pulses.
Hence, the TDM of the addressed transitions influences
the generation process of photonic cluster states. Fur-
thermore, the proposed protocols require coherent exci-
tation of electron-hole pairs in various exciton configura-
tions to control and readout the exciton spin state.

In this work, we demonstrate coherent Rabi oscillations
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of direct, spatially indirect, and hybridized excitons in a
single QDM. An off-resonant detection technique is in-
troduced and applied, relying on phonon-mediated state
transfers. We examine the dependence of the Rabi fre-
quency on the excitonic configuration, as the overlap of
the electron and hole wave functions changes. Tuning the
electric field via a gate voltage allows electrical control of
this wave function overlap and, therefore, of the pulse
area needed for population inversion. In this way, we
demonstrate and quantify electric control of the TDM.
Finally, a simple one-dimensional model of a double-well
potential allows us to model the voltage-dependence of
the TDM.

II. RESULTS

By vertically stacking two QDs with a separation in
the nm regime, charge wave functions can hybridize
across both QDss. In addition, both direct and spa-
tially indirect excitons can form. Figure[f](a) illustrates
a schematic band-diagram of a QDM. The two QDs
are depicted by a double-well potential, in which elec-
trons (filled circle) and holes (empty circle) are trapped.
The design of the investigated sample, described in Ap-
pendix [A] energetically favours the location of a hole
in the top QD. Consequently, a direct/indirect exciton
(red/blue ellipse) forms, when an electron is trapped in
the top/bottom QD. The QDM is embedded in a p-i-n
diode structure; applying a gate voltage V facilitates tun-
ing of the energy levels of both QDs relative to each other.
In this way, the direct and indirect exciton energies can
be brought into resonance. At the resonance condition,
the electron wave function hybridizes across both dots,
molecular bonding and anti-bonding states form, and an
avoided crossing between the orbital states occurs. Since
we can control the tunnel coupling between the two QDs
by varying the gate voltage, we use this dependency to
investigate coherent driving of different exciton configu-
rations.

The most elemental charge state exhibiting the hy-
bridization of wave functions is the neutral exciton (X°).
Figure (b) shows a voltage-dependent photolumines-
cence measurement of the X°. We make use of a two-
phase electrical and optical sequence to deterministi-
cally prepare the QDM in a zero-charge ground-state
and individually adjust the tunnel coupling [I7]. Excit-
ing the energetically higher p-shell orbital of the upper
dot at 1353.6 meV enables the unimpeded detection of
the X© s-shell emission for multiple coupling conditions.
At 0.16 V, the electron wave function hybridizes and an
avoided crossing forms. The resulting electron eigen-
states are described by symmetric and antisymmetric
wave functions [I3]. The corresponding lower and higher
energy transitions of the avoided crossing are denoted
LOW and UP in Figure[f|(b). The red and blue dashed
lines depict the energies of a direct and indirect exciton,
respectively. By increasing the gate voltage, the exciton
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FIG. 1. Rabi oscillations of the neutral exciton in a QDM.
(a) Schematic band structure of a QDM represented by a
double-well potential. An AlGaAs barrier below the molecule
prolongs tunneling times for electrons while not affecting tun-
neling for holes. One hole (empty circle) is located in the up-
per QD, while electrons (filled circles) occur in both dots. As
a consequence, direct (red ellipse) and indirect (blue ellipse)
excitons arise. A gate voltage V applied to the sample facil-
itates tuning of the direct and indirect exciton energies rela-
tive to each other. (b) Voltage-dependent photoluminescence
of the neutral exciton. The red and blue dashed lines indicate
the energies of the direct and indirect excitons. tunnel cou-
pling between the two QDs leads to an avoided crossing with
a symmetric (pink) and an anti-symmetric (green) electron
eigenstate. The upper (lower) energy transition is called UP
(LOW). Triangles indicate the excitation energy and voltage
applied in Figure (c) Neutral exciton state diagram illus-
trating the excitation and detection scheme for monitoring
Rabi oscillations. While a resonant light field (green) is driv-
ing UP, a phonon-mediated state transfer with rate vp (black
arrow) is enabling emission from both UP and the energet-
ically detuned LOW. (d) Power-dependent Rabi oscillations
when exciting UP and detecting UP (green) or LOW (pink)
at 0.1V.



character changes from direct to hybridized to indirect
for the upper energy branch, and vice versa for the lower
energy branch. As a result, the overlap of the electron
and hole wave functions changes.

The change of the wave function overlap is quanti-
fied by coherently driving Rabi oscillations on the ex-
citon transition. The Rabi frequency of a resonantly
excited two-level system Qg = |E%D | is linearly depen-
dent on the TDM D, which in return is proportional to
the overlap of the electron and hole wave function [I8].
In addition, Q2 depends linearly on the electric driving
field amplitude Ey. The Ey-dependence allows the ob-
servation of power-dependent Rabi oscillations [19]. For
this purpose, a 5ps laser pulse is applied to resonantly
drive the crystal ground state (cgs)-to-X° transition in
the QDM. The occupation of the excited state is mon-
itored by detecting the photons emitted by the driven
two-level system. Commonly, emission from resonantly
excited states is detected in a cross-polarized setup con-
figuration to suppress the excitation laser [20]. At high
excitation power, however, laser light can leak into the
detection channel and reduce the signal-to-noise ratio.
We propose and demonstrate a readout technique utiliz-
ing a phonon-mediated state transfer [21], which detunes
the emitted photons energetically from the two-level sys-
tem. Thereby, the limitation of an insufficiently sup-
pressed excitation laser is eliminated via spectral filter-
ing, and the visibility of the Rabi oscillations is increased.

Figure[l] (c) visualizes the state diagram of the X°. The
two excited states UP and LOW can both radiatively de-
cay into the cgs. A phonon emission process with rate
vp can transfer the electron from the UP to the LOW
configuration [2I]. Since the excitation pulse length is
short compared to the decay rates, the cgs-UP system
is well approximated by a two-level system. It is coher-
ently driven by a 5 ps laser pulse (green arrow). Fig-
ure[l](d) shows the power-dependent resonance fluores-
cence emission of the UP transition as green data points.
The measurement is performed at 0.1V, such that the
driven transition exhibits a direct exciton character, as
shown in Figure[I](b). Rabi oscillations are observed up
to a pulse area of slightly above 27 and 602 nW. However,
a decreasing signal-to-noise ratio prevents the detection
of oscillations above 602nW due to nsufficient suppres-
sion of the excitation laser.

To improve the signal-to-noise ratio, which decreases
with increasing power, we make use of a phonon-
mediated state transfer. The emission of a phonon
transfers the electron from the UP into the LOW
configuration. This process can only occur as long as
the system is in the excited state. Thus, the ensemble
occupation of LOW is proportional to the ensemble
occupation of UP, and so is the number of emitted
photons of both transitions. In addition, due to the
avoided crossing, the emission of LOW is at least
2.1meV detuned from the driving energy for any gate
voltage, which allows the spectral filtering of the emis-
sion from the excitation laser pulse. Thus, the resonant
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FIG. 2. Rabi oscillations of the UP and LOW branch at 0.1V
(left) and 0.22 V (right) by phonon-mediated state transfers.
The red data points correspond to a direct, the blue to an
indirect driven transition.

excitation of the two-level system and the off-resonant
monitoring of its excited state occupation are achieved
simultaneously. The power-dependent emission of the
LOW transition when exciting UP is shown by the
pink data points in Figure (d) Below 602 nW, both
readout techniques show the same Rabi frequency as
expected, confirming the proportionality of occupancy
between UP and LOW. However, in contrast to the
resonant detection (green), Rabi oscillations are well
resolvable up to a pulse area of 7w. The reduction of
the oscillation amplitude arises from interactions with
phonons [22], while the increase of the mean is attributed
to a slightly chirped excitation laser pulse [23]. From the
relative intensities of both transitions, we can conclude
that the phonon induced relaxation rate is compara-
ble to the radiative decay rate of the direct UP transition.

Electric control of the tunnel coupling between the two
QDs allows coherent excitation of electron-hole pairs in
different occupation configurations. Figure [2| shows the
power-dependent emission of the QDM while resonantly
exciting UP and detecting LOW (green dashed box, UP).
The measurements are performed at 0.1V (left) and
0.22'V (right), on either side of the avoided crossing. The
red and blue data points indicate a direct and indirect
character of the excited transition, respectively. We ob-
serve Rabi oscillations for both the direct and indirect
transitions, which confirms that coherent excitation of a
spatially indirect exciton is possible. However, the Rabi
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FIG. 3. Measured voltage dependent Rabi frequency of
UP (green) and LOW (pink), plotted on the left axes. The
right axes visualizes the calculated overlap of the electron
and hole wave functions as a function of the voltage, where
the pink/green dashed line corresponds to the lowest/second-
lowest electron eigenenergy. The red/blue shaded background
indicates the direct/indirect character of the transition.

frequency of the indirect configuration is reduced com-
pared to the direct configuration. This is caused by the
reduced overlap of the electron and hole wave functions
and the accompanying decrease of the TDM for the in-
direct exciton.

A verification of these results is found by performing
the same experiments on the lower branch (Figure
pink box, LOW). Similar to the previous case, a phonon
absorption process facilitates a state transfer from LOW
to UP and, therefore, the off-resonant detection of UP
while exciting LOW. This allows us to off-resonantly
monitor Rabi oscillations of the LOW branch. The
investigated gate voltages of both excitation cases are
chosen to be +0.06 V away from the avoided crossing.
Therefore, the electron configuration of the upper branch
at 0.1V (0.22V) resembles the electron configuration of
the lower branch at 0.22V (0.1 V). This leads to a com-
parable Rabi frequency of the direct (red) and indirect
(blue) exciton of the upper and lower energy transition
at the two voltages. The difference in absolute counts
between the excitation of UP and LOW is attributed
to the underlying phonon process. When exciting UP
(LOW), we rely on the emission (absorption) of a
phonon to detect the signal. Since the measurements
are performed at 10K, the probability of absorbing a
phonon is strongly reduced compared to the emission.

Since our QDM device allows continuous tuning the
gate voltage while maintaining the prepared charge state,
arbitrary exciton configurations can be set. Thereby,
the overlap of the electron and hole wave functions is
analyzable for any coupling condition. Figure [3] shows
the power-dependent Rabi frequencies as a function of
the gate voltage for the upper (green) and lower branch
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(pink). The Rabi frequencies are extracted by fitting a
sin?(laser power) function to the data, with an exponen-
tial decay to take phonon dephasing into account, and a
linear increase with intensity to compensate for a chirped
excitation pulse. We observe a continuous increase (de-
crease) of the frequency when transitioning from an indi-
rect (direct) to a direct (indirect) exciton. By raising the
gate voltage and following the UP transition, the elec-
tron occupation shifts from the top to the bottom dot.
The opposite holds for the LOW transition. This leads
to a continuous variation of the overlap of the electron
and hole wave functions and, consequently, to a change
in the Rabi frequency. Within the investigated range be-
tween 0.1V and 0.22V, we are able to electrically tune
the Rabi frequency by a factor of ~ 3.

The wave function overlap is modeled by calculating
the eigenenergies and -values of a tilted, one-dimensional
double-squarewell potential representing the QDM. By
fitting the energy difference between the two lowest eigen-
states to the voltage-dependent separation of UP and
LOW, the depth of the squarewell potential and the effec-
tive electron mass are determined. A detailed description
of the model is provided in Appendix [B] The right axes
of Figure [3] shows the overlap of the electron and hole
wave functions |(¢e|1r)| for the lowest (pink) and sec-
ond lowest (green) electron eigenenergy by dashed lines.
The electron eigenenergies correspond to the LOW and
UP transition, respectively. The one-dimensional model
provides a remarkably good description of the measured
voltage-dependent Rabi frequencies. Thereby, the Rabi
frequency can be related to the TDM of direct, indirect,
and hybridized excitons, which allows determination the
m-pulse area as well as the difference in radiative lifetime
of the corresponding transition.

III. DISCUSSION AND SUMMARY

Adressing direct, indirect, and hybridized excitons is
fundamental for using QDMSs as spin-photon interfaces.
In addition, the electrical tuneability of the TDM of the
adressed transitions at and around the tunnel coupling
regime is one key parameter of a QDM. It not only de-
termines the m-pulse power of the addressed transition,
as shown in this work, but is also directly related to the
lifetime of the excited state. Therefore, it is one of the
parameters setting the creation rate for generating one-
and two- dimensional photonic cluster states as well as
for performing quantum-repeater protocols.

We have demonstrated the coherent excitation of di-
rect, indirect, and hybridized excitons — one of the el-
ementary building blocks for creating photonic cluster
states from QDMs. We use non-resonant readout, which
is facilitated by phonon-mediated charge relaxation and
excitation between the two lowest energy eigenstates of
the electron.. Voltage-dependent Rabi oscillations show
a continuous increase of the Rabi frequency when tran-
sitioning from an indirect to a direct exciton. This is



attributed to an electrically controlled increase of the
TDM of a direct compared to an indirect transition. Fur-
thermore, we apply a one-dimensional model to calculate
the overlap of the X© electron and hole wave functions.
Within the voltage range presented, we are able to tune
the Rabi frequency and consequently the TDM by a fac-
tor of ~ 3. This corresponds to a variation of the radia-
tive lifetime between a direct and an indirect exciton by
a factor of ~ 9, as it scales quadratically with the TDM.

The coherent excitation and the electrical tunability
between various exciton configurations in QDMs not only
paves the way towards the generation of entangled multi-
photon states. It might also enable protocols which uti-
lize fast electrical switching between the exciton config-
urations. This can reduce their lifetime and the w-pulse
power and highly improve the cluster state generation
rate.
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Appendix A: Sample

The investigated InAs QDM is enclosed in a GaAs
matrix and was grown by molecular beam epitaxy. It
consists of two vertically stacked QDs. The inter-dot
coupling strength is determined by a wetting layer-
to-wetting layer separation of 10nm. In addition, an
Al,Ga,_1)As barrier (r = 0.33) with a thickness of
2.5nm is placed between the dots to reduce the coupling
strength. The height of the top (bottom) QD was fixed
to 2.9nm (2.7nm) via the indium-flush technique during
growth. This height configuration facilitates electric
field-induced tunnel coupling of orbital states in the
conduction band. A 50nm thick Al,Ga(,_1)As tunnel
barrier (z = 0.33) was grown 5 nm below the QDM

to prolong electron tunneling times. The molecule is
embedded in a p-i-n diode, with the doped regions used
as contacts to gate the sample. The diode contacts are
placed more than 150nm away from the molecule to
prevent uncontrolled charge tunneling into the QDM.
Furthermore, a distributed Bragg reflector was grown
below the diode and a circular Bragg grating was
positioned deterministically via in-situ electron beam
lithography above an individual and pre-selected QDM
to improve photon in- and outcoupling efficiencies [24].
All measurements are performed at 10 K.

Appendix B: Double-well potential model

To calculate the overlap of the electron and hole wave
functions, we set up a model consisting of a double-
squarewell potential representing the conduction band of
the QDM. We assume that the variation of the in-plane
wave functions is small compared to the wave functions
along the growth direction z, when changing the gate
voltage. This assumption is reasonable, since the confine-
ment of charges along the growth axes and the translation
introduced by the gate voltage along the growth axes ex-
ceeds the in-plane variation. We can, therefore, approach
the problem with a one-dimensional model and expect
an acceptable degree of accuracy. The potential V' (z) is
designed to match the dimensions of the QDM with re-
spect to the tunnel barrier width and dot heights (see
Section . z is here the growth direction of the sample.
In addition, we tilt the potential to imitate the presence
of an applied gate voltage. Solving the time-independent
Schrodinger equation for a given gate voltage allows us to
obtain the envelope functions ¥ and their eigenenergies
E of an electron with mass m. trapped in the double-well
potential. The envelope functions are then used to rep-
resent the wave function of the electron since the Bloch
part of the wave functions are only weakly sensitive to
electric fields of the magnitude applied here.

To define the free parameters of the double-well model,
we determine the effective electron mass m. and the po-
tential depth by fitting the difference between the cal-
culated two lowest eigenenergies to the measured energy
difference AE between UP and LOW. AE between the
two X© branches is purely determined by the energy dif-
ference between the electron eigenstates. For calculating
the hole wave function, the potential is inverted to repre-
sent the valance band. Its depth is set to match half the
depth of the electron potential whereas the heavy hole
mass is set to match mp, = 10m, [25]. Since we are inter-
ested in calculating the overlap of wave functions rather
than absolute transition energies, it is sufficient to work
with relative values in the model.
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