
@

EQUAISE

Enabling Quantum Information by Scalability of Engineered Quantum Materials

M. S. Ramzan,∗ S. Velja,∗,† J. Krumland,† and
C. Cocchi∗,†, ∗Physics Department, Carl von Ossiet-
zky Universität Oldenburg and † Physics Department
and IRIS Adlershof, Humboldt-Universitẗ zu Berlin.

In Short

• Investigate the effects of strain on the elec-
tronic properties of transition-metal dichalcogenide
monolayers.

• Understand whether and how the formation of
nanobubbles in these systems leads to the for-
mation of localized electronic states suitable for
single-photon emission.

• Study the role of strain in the electronic properties
of transition-metal dichalcogenide heterobilayers.

Transition metal dichalcogenide (TMDC) monolay-
ers have emerged as the most promising class of
next-generation semiconductors. Their exceptional
light-matter interaction properties, their mechanical
flexibility, and their ability to be integrated into nanos-
tructured architectures make them ideal candidates
as single-photon emitters for emerging quantum in-
formation technologies. The experimental efforts
that are relentlessly going on in this field need a ro-
bust complement from theory in order to rationalize
the behavior of the material with respect to the large
number of degrees of freedom that can be applied to
modulate their properties. To create single-photon
emitters based on TMDC monolayers, an effective
strategy that was recently proposed experimentally
consists of modifying their structure upon strain until
a “nanobubble” is formed [1]. A schematic repre-
sentation of such a system is provided in Fig. 1. In
the lab, this is realized by pumping H2 molecules be-
tween two TMDC sheets. While effective simulations,
such as those included in Refs. [1,2], provide a help-
ful platform to interpret the experimental results, first-
principles calculations based on density-functional
theory (DFT) can offer unprecedented insight to ra-
tionalize and predict the behavior of the material as
a function of its structural deformations without the
need for empirical parameters.

In the preliminary phase of the project, we per-
formed test calculations on a MoSe2 monolayer sub-
ject to 10% biaxial strain. Under this constraint, a
nanobubble is formed, as depicted in Fig. 1, top
panel. The analysis of the electronic properties of
such a system is carried out in comparison with a flat
MoSe2 monolayer, represented in the stoichiometric

Figure 1: Ball-and-stick representation of a MoSe2 nanobubble
in its unit cell (top) together with its band structure and atom-
projected density of states (DOS), bottom panel. The white
dashed lines represent the bands of the flat monolayer under
10% strain and the shades of color indicates the spectral weight
of the electronic states of the nanobubble with the same strain
as the monolayer downfolded in the Brillouin zone of the flat
monolayer.

unit cell of the two-dimensional material, subject to
the same amount of strain as the nanobubble. These
results were obtained with Quantum Espresso [3] us-
ing the PBE functional [4]. The band structure of the
nanobubble reported in Fig. 1, bottom panel, is down-
folded in the unit cell of MoSe2 with the electronic
states of the flat monolayer under strain shown by
white dashed lines as a reference. The color shades
indicate the spectral weight of the electronic states
of the nanobubble according to the displayed color
scale. From this plot, it is evident that the sheer
deformation emerging in the nanobubble affects the
electronic structure of the material dramatically: The
fundamental band gap is reduced by a few hundreds
of meV due to the up-shift of the top of the valence
region, where electronic states with almost no dis-
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persion appear. The latter represent a favorable
condition for single-photon emission.

Figure 2: Summary of the calculations planned in this project.

Motivated by these promising initial results, in the
project EQUAISE, we will systematically investigate
the structure-property relations of WSe2 monolayer
under strain. To this end, we will consider both,
nanobubbles, such as the one depicted in Fig. 1, as
well as nanoripples [5], which are formed upon the
application of uniaxial strain. By tuning the supercell
size, we will explore how the amount of strain and
the height-width ratio of the deformation influence
the electronic properties of the material. Specifically,
we will identify and rationalize the conditions that
lead to localized bands in the vicinity of the Fermi
energy.

Within the same line of research but in the frame-
work of another granted project (SMART), we will
explore the role of strain in the electronic and op-
tical properties of TMDC heterobilayers. In previ-
ous work, the applicants showed that TMDC het-
erostructures may exhibit significantly different char-
acteristics in comparison with their isolated compo-
nents [6,7]. The connections between the two parts
of the project are sketched in Fig. 2. Taking MoTe2 as
reference platform, in light of its ideal band-gap size
for telecommunication and quantum-information ap-
plications, we will consider heterostructures formed
by this material with MoSe2 and WS2 monolayers.
Given the different lattice parameters of the afore-
mentioned systems, strain will play a crucial role in
the formation of the heterobilayers. We aim to pur-
posely use this parameter in connection with the unit
cell size to tune the electronic structure of the two-
dimensional interfaces in order to achive the optimal
conditions for band-gap size and optical response in
view of the target applications.

The whole work proposed in this application will
be performed in the framework of DFT using the
package Quantum Espresso [3]. This research will
be carried out in close collaboration with a number of
partners with complementary experimental and theo-
retical background from Germany and abroad. In the

framework of these consortia, our ab initio results
will provide parameters for model Hamiltonian cal-
culations on realistic nanostructures, which are not
affordable for quantum-mechanical, atomistic simu-
lations. Moreover, our findings will contribute to the
understanding of the experimental characterization
of the nanostructures and, in a feedback loop with
several cooperation partners, to the optimization of
their design on the nanoscale.
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