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We report Coulomb mediated hybridization of excitonic states in optically active InGaAs quantum
dot molecules. By probing the optical response of an individual quantum dot molecule as a function
of the static electric field applied along the molecular axis, we observe unexpected avoided level
crossings that do not arise from the dominant single particle tunnel coupling. We identify a new few-
particle coupling mechanism stemming from Coulomb interactions between different neutral exciton
states. Such Coulomb resonances hybridize the exciton wave function over four different electron
and hole single-particle orbitals. Comparisons of experimental observations with microscopic 8-band
k · p calculations taking into account a realistic quantum dot geometry show good agreement and
reveal that the Coulomb resonances arise from broken symmetry in the artificial semiconductor
molecule.

Understanding and controlling the fundamental inter-
actions that couple discrete quantum states lies at the
very heart of applied quantum science. For example, cou-
plings between distinct physical subsystems mediated by
the Coulomb interaction can be used to entangle qubits
electrostatically [1], to build single-photon transistors on
the basis of Förster resonances [2] or to control reso-
nant energy transfer [3]. Strong tunnel couplings be-
tween proximal quantum dots have been shown to fa-
cilitate electrical and optical spin-qubit operations [4, 5]
while long range magnetic dipolar interactions have been
exploited for prototype quantum registers [6]. Thus the
nature of quantum couplings has been under extensive
investigation for many prototypical quantum systems.
Examples include naturally occurring atoms [3, 7, 8]
and defect centers [9, 10] as well as artificial atoms and
molecules [11–13]. Due to advanced nanostructure fabri-
cation techniques [14, 15] and efficient coupling to light
[16, 17], artificial semiconductor molecules consisting of
pairs of quantum dots (QDs) have emerged as ideal proto-
typical solid-state systems to investigate and electrically
control interactions between proximal quantum systems
[11, 12].

By embedding a QD-molecule into the intrinsic region
of a diode structure, exciton states in the different QDs
can be tuned into and out of resonance by controlling
the electric field along the growth direction [11, 12]. The
fundamental signatures of quantum couplings are avoided
level crossings in the electronic energy level structure of
a QD-molecule as single particle states are tuned in and
out of resonance [18]. The importance of Coulomb inter-

actions has been pointed out for the form and position
of resonances in QD-molecule systems [19–21]. However,
single particle tunneling that either hybridizes single elec-
trons or holes remains the dominant coupling mechanism
in these cases. This has been extensively studied for
charge neutral as well as charged states and between sim-
ilar orbitals as well as different orbitals [11–13, 22–25].
While all these couplings naturally emerge in a single
particle picture, most recently another resonant coupling
mechanism with an inherently two-particle nature has
been predicted theoretically. This mechanism entirely
relies on the Coulomb mediated interaction between two
different exciton states [26]. In strong contrast to single-
particle quantum couplings, such few-particle couplings
have not yet been observed in QD-molecules.

In this letter, we apply complementary optical tech-
niques to probe the excitonic energy level structure of
an individual QD-molecule as a function of an externally
applied electric field. We resolve a series of avoided en-
ergy level crossings that involve four different single par-
ticle orbital states, which cannot be explained by single-
particle resonant tunneling. This novel few-particle cou-
pling mechanism is shown to result from the Coulomb
interaction alone, leading to a hybridization of both the
electron and the heavy hole component of the neutral
exciton [26]. Simulations of the energy structure using
an 8-band k · p model and a realistic QD-molecule geom-
etry that breaks the cylindrical symmetry are in good
agreement with the measurements. They reveal the cru-
cial role of broken symmetries for the emergence of the
investigated few-particle couplings.
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FIG. 1. (a) Schematic band structure diagram of a QD-
molecule embedded in a Schottky diode with s−, p− and
d−like orbitals of the lateral confinement, respectively. (b)
Electric field dependent PL (grey) and PC (red) spectra.
Avoided level crossing of the direct exciton [0,s0,s]X are marked
by the blue arrow (tunneling) and red boxes.

The schematic band-structure of the QD-molecule is il-
lustrated in Figure 1a. It consists of a vertically stacked
pair of self-assembled InGaAs QDs that are separated
by a 10 nm thick GaAs spacer. The QDs are embedded
within the intrinsic region of a GaAs Schottky photodi-
ode [11] to facilitate the application of internal electric
fields F along the growth direction by tuning a gate po-
tential V . Since electrons and holes can occupy a number
of single-particle states in either the upper or lower dot
of the molecule, we introduce the notation [el,euhl,hu

]X to
describe the exciton states in the system in Fig. 1a.
Hereby, el, eu, hl and hu denote the dominant orbital
character of the single particle state involved as given
by the in-plane symmetry (s,p,d) with the indices u and
l representing the upper and lower dot respectively. For
example [0,s0,s]X corresponds to a direct neutral exciton
where an electron-hole pair is present in the upper dot
of the QD-molecule with both single particles occupying
the energetically lowest s-orbital. Similarly, [s,00,s]X would
correspond to a spatially indirect neutral exciton [11, 22].

In the grey scale part of Fig.1b we present the photo-
luminescence (PL) intensity obtained from a single QD-
molecule as a function of the applied electric field F at
T = 4.2 K (greyscale). A pronounced avoided level cross-
ing is observed for an electric field of F = 21.8 kV/cm
with a splitting of 2Vt. The underlying coupling of

strength Vt is well-known to arise from resonant tun-
neling of the direct exciton state [0,s0,s]X to the indirect
exciton state [s,00,s]X [11, 23]. For indirect excitons the
electron e and hole h are separated in the upper and lower
QD. Thereby, the indirect exciton transition [s,00,s]X can be
tuned into resonance with [0,s0,s]X by applying an electric
field (due to its larger intrinsic dipole). When in reso-
nance, the two states couple by single-particle tunneling
of the electron between s-orbitals [0,s0,s]X ⇔ [s,00,s]X leading
to the avoided level crossing observed at F = 21.8 kV/cm
in Fig.1b [11, 22, 23].

By further increasing F , the PL intensity is quenched
due to tunneling of the charge carriers out of the
molecule, enabling photocurrent (PC) measurements
[27]. Such measurements are presented in Fig.1b (red
scale), obtained by scanning a laser over the spectral
window between 1302 meV and 1306 meV. They reveal a
series of unexpected avoided level crossings for the [0,s0,s]X
exciton state with splittings of 2V = 0.15−0.6 meV. The
most prominent ones are marked on Fig.1b. Since the
resonance observed at F = 21.8 kV/cm results from cou-
pling of the direct exciton [0,s0,s]X to the indirect exciton
[s,00,s]X with the lowest orbital energy, we expect the cou-
plings of [0,s0,s]X observed at higher electric field to result
from coupling to energetically excited indirect excitons.

In order to identify the orbital character of the exci-
tons involved in the avoided level crossings, we map out
the energy level structure of the first few excited states of
the direct exciton [0,s0,s]X by combining PL and PC mea-
surements with field dependent photoluminescence exci-
tation (PLE) spectroscopy [23]. This extends the energy
level structure in Fig. 1b to higher energies and lower
electric field. The results are presented in Fig.2. At
F ∼ 21.8 kV/cm we observe a pair of avoided level cross-
ings with a coupling strength of ∼ Vt (box 4) in the ex-
cited states (black triangles). The occurrence of avoided
level crossings for the excited states [0,s0,p]X at a similar
electric field and with comparable coupling strength to
s-s tunnel coupling ([s,00,s]X ⇔ [0,s0,s]X) is well-known: as
shown in Ref. [23], the avoided energy level crossings ob-
served in the PL and the PLE around F ∼ 21.8 kV/cm
(box 3 and 4 on Fig.2) arise from the same single-particle
s-s orbital resonant tunneling of the electron. However,
they differ in that the hole resides in the p-orbital of the
upper dot (4) instead of the s-orbital (3). In both cases,
the electron wave function is hybridized over the upper
and lower QD by resonant tunnel coupling (inset 3 and
4 on Fig. 2).

In order to quantitatively analyze the coupling
strengths, we use a phenomenological model [28] to fit
the field-dependent exciton energies using the quantum
confined Stark effect (QCSE) [29]. Here, the observed
couplings between the different states with strengths Vn

are introduced as off-diagonal elements in the Hamilto-
nian and are fitted to the data. The resulting eigenstates
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FIG. 2. Electronic energy level structure of a single QD-molecule mapped out by combining field-dependent PL, PC and PLE
(black triangles) spectra. Fits to the levels based on the QCSE are presented as red lines. Avoided level crossing resulting from
Coulomb resonances (resonant tunneling) are highlighted by red (blue) rectangles and illustrated in the inset.

are plotted as dashed red lines in Fig.2 producing very
good overall agreement with the experimental PL and
PLE results.

Having identified the excited indirect excitons [s,00,p1
]X

and [s,00,p2
]X from the resonant tunnel coupling [0,s0,p]X ⇔

[s,00,p]X (box 4 in Fig.2), we trace them to lower energies
where they would become resonant with the direct ex-
citon [0,s0,s]X at F1 = 26.0 kV/cm and F2 = 26.5 kV/cm,
respectively. Strikingly, as highlighted by the red box 1
on Fig.2, we observe an avoided level crossing of coupling
strength 2VC(p1) = 0.6 meV for the [0,s0,s]X ⇔ [s,00,p1

]X res-
onance. We emphasize here, that in contrast to the case
[0,s0,s]X ⇔ [s,00,s]X at F ∼ 21.8 kV/cm, the avoided level
crossings [0,s0,s]X ⇔ [s,00,p]X cannot arise from a single-
particle coupling such as resonant tunneling since four
different single particle orbitals are involved (see Fig.2
inset 1 and 2).

To confirm the universality of resonant couplings be-
tween direct and indirect excitons involving four differ-
ent orbitals, we trace the direct excited states [0,s0,p1

]X

and [0,s0,p2
]X in PLE spectroscopy to lower electric fields.

At the point where they become resonant with [s,00,s]X
at F = 16.4 kV/cm (see box 2 in Fig.2) a weak avoided
level crossings is observed. Finally, to further support our
findings, we performed the same measurements on a sec-
ond QD-molecule resolving the same structure of avoided
level crossings between excitonic states that cannot be
coupled by resonant tunneling [29].

However, in contrast to single particle resonant tunnel-
ing, Coulomb mediated few-particle interactions are able
to couple excitonic states constructed from four different
single particle orbitals (inset on Fig. 2). At these reso-
nances both the electron and hole component of the exci-
ton are hybridized over two single particle orbitals. Such
resonances correspond to off-diagonal Coulomb terms
that couple direct and indirect exciton states and depend
only on the mesoscopic carrier distribution described in
terms of the envelope function [26]. While this kind of
coupling is universal, it is governed by symmetry-related
selection rules. Since the Coulomb interaction conserves
angular momentum, exciton states with different axial
projections of the angular momentum M have zero cou-
pling strength assuming perfect symmetry and neglect-
ing higher order spin-orbit interactions (the Dresselhaus
terms). However, breaking the symmetry by introducing
ellipticity of the QDs or a lateral displacement of the two
QDs relative to each other rapidly increases the coupling
strengths VC among states with different angular mo-
menta ∆M = ±2 and ∆M = ±1, respectively [26]. No-
tably, while the coupling strengths of the resonant tun-
neling couplings Vt are similar for both molecules, the
coupling strengths of the Coulomb resonances VC vary
significantly more indicating a strong dependence on the
individual morphology of each QD-molecule [29].

To investigate the emergence of Coulomb resonances,
we performed detailed modeling using 8-band k · p the-
ory and a configuration interaction approach. In our
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FIG. 3. (a) TEM-image of a QD-molecule. (b) Geometry
used to model the QD-molecule resulting in the electronic
structure presented in Fig.4.

modeling, we have included generic morphological prop-
erties of the QD system documented in the literature
[30, 31]. This has allowed us to quantitatively reproduce
the sample-invariant features of the spectrum, while the
predicted characteristics of those spectral features that
vary from sample to sample quantitatively fall in the
range of observed values. In particular, good quantita-
tive agreement between the numerical and experimen-
tal results can be obtained only if the asymmetry of the
QD-molecule system and compositional inhomogeneity
are included in the model. To this end, we use a QD-
molecule geometry where the height and the lateral size
are consistent with TEM [30] images of nominally iden-
tical QD-molecules as presented in Fig. 3a. For com-
parison, the modeled geometry is presented in Fig. 3b.
Notably, the shape of the upper QD is perturbed by the
presence of the strain field of the lower QD through the
GaAs barrier [30]. In the modeled geometry, we include
this perturbation induced by the lower QD by tilting up
the upper QD (in the dot center) from the bottom of the
wetting layer. Finally, we break the axial symmetry of
the system by inducing a relative displacement of the QD
centers in (11̄0) direction [31]. The typically non-uniform
InxGa1−xAs composition in the QDs is accounted for by
using a trumpet shape [32, 33] of the In-content with
a maximum of x = 0.43 in the QDs and a homogeneous
composition of In0.25Ga0.75As in both wetting layers [29].

To include the effects of the strain on the band struc-
ture [34] originating from the InxGa1−xAs/GaAs lattice
mismatch, we calculate the strain tensor elements for the
QD-molecule within the continuous elasticity approach
by minimizing the elastic energy [35]. Due to the zinc-
blende structure of the InxGa1−xAs crystal, the shear
strain induces a piezoelectric field that we take into ac-
count up to second order in polarization [36, 37] using the
parameters from Ref. 38. The electron and hole orbital
states of the QD-molecule are calculated using 8-band
k · p theory as described in detail in Ref. 39. Finally, we
calculate the exciton states using the configuration inter-
action approach [29].

The results of our calculations are presented in Fig.
4 which shows the energy level structure of the ener-

getically lowest neutral exciton transitions. In quanti-
tative agreement with the experimentally observed cou-
pling (2Vt = 3.3 meV in Fig. 2), we obtain avoided
level crossings with 2Vt(s) = 3.05 meV and 2Vt(p1/p2) =
3.08 meV (3.0 meV) for resonant s-s orbital tunneling
where the hole resides in the s-orbital [0,s0,s]X ⇔ [s,00,s]X

(box 3 in Fig. 4) and p1(2)-orbital [0,s0,p]X ⇔ [s,00,p]X (box
4 in Fig. 4), respectively.

In our modeling, the angular momentum conservation
of the Coulomb resonances is lifted by the lateral dis-
placement of the QDs. The axial symmetry breaking
leads to a significant s-p mixing of the electron states
[39] and thus to an avoided level crossing at the s-p or-
bital electron tunneling resonance [p,00,s ]X ⇔ [0,s0,s]X. We
observe this tunneling resonance in the calculated elec-
tronic spectrum (box 5 in Fig.4) with a somewhat smaller
coupling strength than in the experiment (Fig.2). The
resonance with the other p-state remains very weak as
the electron wave function is oriented perpendicular to
the displacement [39]. Most importantly, the numer-
ical simulation reproduces the avoided level crossings
due to few-particle couplings that are mediated by the
Coulomb interaction: the resonances between the exciton
states [s,00,p1(2)

]X ⇔ [0,s0,s]X and the exciton states [s,00,s]X ⇔
[0,s0,p1(2)

]X are calculated with a coupling strength of up
to ∼ 0.23 meV and are presented in the insets of Fig.4.
The coupling strengths VC of the Coulomb resonances
in the numerical calculation are found within the range
of values observed for the two QD-molecules (see Fig.2
and [29]). The variance of the coupling strengths Vc may
be due to the particular sample-dependent asymmetries
that may arise from additional spin-orbit couplings [26]
or emerge from atomistic structure beyond the present
model [40, 41].

Finally, in the numerically calculated and experi-
mentally recorded energy level structure we resolve a
Coulomb resonance where the hole resides in one of the d-
orbitals [s,00,d]X ⇔ [0,s0,s]X (box 6 in Fig.4 and Fig.2). The
assignment of the avoided level crossing to a Coulomb
resonance is supported by additional PLE spectroscopy
[29]. Overall, the comparison of the experimental and
theoretical results confirms the proposed assignment of
the avoided level crossings to stem from Coulomb me-
diated few-particle interactions and reveals the essential
role of morphological features underlying the observed
resonances.

In conclusion, we presented the direct observation of
a novel, electrically-tunable few-particle coupling mecha-
nism in QD-molecules: Coulomb resonances that involve
four different single-particle orbitals and hybridize both
the electron and hole component of the exciton. Numer-
ical calculations using 8-band k · p theory with a realistic
QD geometry are in good agreement with the experimen-
tal results. Ultimately, our results demonstrate how sym-
metry breaking in QD-molecules leads to the formation
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of novel few-particle couplings.

While the experimentally convenient electrical control
of the few-particle interactions makes them an interest-
ing candidate for the realization of few-particle qubits,
we suggest to use the Coulomb resonances as a sensor for
the complex single-particle spectrum of the heavy holes
in QDs [42]. As the Coulomb resonances map different
hole states to spectral resonances of the optically active
neutral exciton, for example tracking of the Coulomb res-
onances in magneto-optical measurements seems suitable
to map out the Fock-Darwin spectra of heavy hole states
in artificial atoms.
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