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O 39.1 Tue 10:30 GER 38
High structural and optical quality of transition metal
dichalcogenides grown by chemical vapor deposition —
∙Antony George1, Shivangi Shree2, Tibor Lehnert3, Christof
Neumann1, Meryam Benelajla2, Cedric Robert2, Xavier
Marie2, Kenji Watanabe4, Takashi Taniguchi4, Ute Kaiser3,
Bernhard Urbaszek2, and Andrey Turchanin1 — 1Friedrich
Schiller University Jena, Institute of Physical Chemistry, 07743 Jena,
Germany — 2Université de Toulouse, INSA-CNRS-UPS, LPCNO, 135
Avenue Rangueil, 31077 Toulouse, France — 3Ulm University, Central
Facility of Materials Science Electron Microscopy, D-89081 Ulm, Ger-
many — 4National Institute for Materials Science, Tsukuba, Ibaraki
305-0044, Japan
We have achieved highly reproducible large area growth of high-quality
monolayer transition metal dichalcogenides (TMDs) by our modified
chemical vapor deposition (CVD) process. We correlate the struc-
ture of our CVD grown MoS2 monolayers studied by high-resolution
transmission electron microscopy (HRTEM) with the optical quality
revealed in temperature dependent optical spectroscopy. We deter-
mine a defect concentration of the order of 1013 𝑐𝑚−2 for our samples
with HRTEM. We show optical transition linewidth of 5 meV at low
temperature (T = 4 K) for the free excitons in emission and absorption
after encapsulation in hBN. This is comparable to the best monolayer
samples obtained by mechanical exfoliation of bulk material.

O 39.2 Tue 10:45 GER 38
Analysis of Airborne Contamination on Transition Metal
Dichalcogenides with Atomic Force Microscopy Revealing
That Sulfur Is the Preferred Chalcogen Atom for De-
vices Made in Ambient Conditions — Korbinian Pürckhauer,
∙Dominik Kirpal, Alfred J. Weymouth, and Franz J. Giessibl
— University of Regensburg, Germany
The fabrication of devices incorporating transition metal dichalco-
genides (TMDCs) is mostly done in ambient conditions, and thus the
investigation of TMDCs cleanliness in air at the nanoscale is impor-
tant. We imaged MoS2, WS2, MoSe2, and WSe2 using atomic force
microscopy. Mechanical exfoliation of the TMDCs provided clean ter-
races on sulfides MoS2 and WS2. In contrast, the selenides appeared
to be contaminated directly after cleavage in most cases. Long-term
measurements on MoSe2 revealed that these unwanted adsorbates are
mobile on the surface. In situ cleavage and imaging of WSe2 in ultra-
high vacuum shows clean surfaces, proving the airborne character of
the adsorbed particles.

[1] K. Pürckhauer et al., ACS Appl. Nano Mater. 2(5), 2593 (2019)

O 39.3 Tue 11:00 GER 38
Capturing the Carpet Growth of 2D-Silica Films —
∙Leonard Gura, Adrian Leandro Lewandowski, Zechao Yang,
Heinz Junkes, Markus Heyde, Wolf-Dieter Schneider, and
Hans-Joachim Freund — Fritz-Haber-Institut der Max-Planck-
Gesellschaft, Berlin, Germany
Silica films represent a new class of two dimensional (2D) network for-
mers with interesting material properties. To understand the growth
process of these van der Waals bound films, we need to understand
their mesoscopic structure.

Exfoliation experiments and low energy electron microscopy
(LEEM) studies emphasize a smooth and continuous growth of the
silica films across single metal crystals [1,2].

In this study, we use scanning tunneling microscopy (STM) to re-
solve the ring structure of an amorphous silica bilayer film across
Ru(0001) step edges. The structural analysis verifies areas of the film
with an intact and closed network structure over step edges. The ring
sizes are determined with a program for semi-automated ring detec-
tion. In this program, we perform a segmentation of the STM image
and build a region adjacency graph (RAG) based on the detected ring
center coordinates.

We observed areas with carpet growth characteristics in the amor-
phous 2D-silica film. In future we hope to apply these tools for the
detection of structural dynamics as a function of time and temperature.

[1] DOI: 10.1016/B978-0-12-409547-2.14171-X
[2] DOI: 10.1002/anie.201802000

O 39.4 Tue 11:15 GER 38
Where the MoS2 bilayer grows: An in situ LEEM study —
∙Moritz Ewert1,2, Lars Buß1,2, Francesca Genuzio3, Tevfik
Onur Menteş3, Andrea Locatelli3, Jens Falta2, and Jan Ingo
Flege1,2 — 1Applied Physics and Semiconductor Spectroscopy, Bran-
denburg University of Technology Cottbus-Senftenberg, Germany —
2Institute of Solid State Physics, University of Bremen, Germany —
3Elettra-Sincrotrone Trieste S.C.p.A., Basovizza, Trieste 34012, Italy
Molybdenum disulfide (MoS2) is well-known for changing from an in-
direct to a direct semiconductor when its thickness is reduced to a
single layer, rendering a high degree of growth control a necessity for
optoelectronic applications. An extensively investigated model system
is MoS2 on Au(111), which using molecular beam epitaxy typically
grows as clusters. Here, we present an in-situ low-energy electron mi-
croscopy (LEEM) study of the extended growth of MoS2 at 700∘C and
750∘C. These conditions lead to the formation of micron-sized single-
layer MoS2 islands. The single-domain character of these islands is
demonstrated by employing dark-field imaging and micro-diffraction
(LEED), which allow quantifying the relative coverage of the two mir-
ror domains. Furthermore, selected area angle-resolved photoelec-
tron spectroscopy of these domains directly confirms their threefold
symmetric electronic bandstructure. Interestingly, under certain con-
ditions subsequent structural characterization by I(V)-LEEM clearly
identifies regions where a bilayer of MoS2 has nucleated. Parameters
influencing the bilayer growth as well as its electronic properties will
be discussed.

O 39.5 Tue 11:30 GER 38
Growth of Hexagonal Boron Nitride and Borophene on
Ir(111) via Thermal Catalytic Decomposition of Bo-
razine (B3H6N3) — ∙Karim Omambac1, Marko Kriegel1,
Christian Brand1, Pascal Dreher1, David Janoschka1, Ul-
rich Hagemann2, Nils Hartmann2, Frank-Joachim Meyer zu
Heringdor1,2, and Michael Horn-von Hoegen1 — 1University of
Duisburg-Essen, Germany — 2Interdisciplinary Center for the Analyt-
ics on the Nanoscale (ICAN), Germany
Preparation of borophene has been performed by deposition from an e-
beam heated high-purity boron rod via molecular beam epitaxy (MBE)
[1]. However, the MBE technique is very expensive with low yield and
most of all, epitaxially grown borophene islands are found small sized.
Here we report on the first successful growth of large area borophene
via the thermal catalytic decomposition of borazine (B3H6N3) on a
Ir(111) substrate at high temperatures using conventional CVD tech-
nique. The observed growth mode is describe to be similar with boron
dissolving into the bulk at high temperatures and segregating to the
surface forming large borophene sheets as the sample is cooled [1].
The surface morphology and structure determination has been per-
formed in-situ by real-time growth observation via low energy elec-
tron microscopy (LEEM) and high-resolution spot profile analyzing-
LEED (SPA-LEED). The chemical composition has been determined
ex-situ by X-ray photoemission spectroscopy (XPS) and time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) measurements. [1] ACS
Nano 13, 3816-3822 (2019)

O 39.6 Tue 11:45 GER 38
Electronic properties of coherently attached nanocrystals
measured by scanning tunneling spectroscopy — ∙Pierre
Capiod1, Maaike van der Sluijs1, Jeroen de Boer1, Christophe
Delerue2, Ingmar Swart1, and Daniel Vanmaekelbergh1 —
1Debye Institute for Nanomaterials Science, Utrecht University, PO
Box 80 000, 3508 TA Utrecht, the Netherlands — 2Université Lille,
CNRS, Centrale Lille, ISEN, Université Valenciennes, UMR 8520 -
IEMN, F-59000 Lille, France
2D systems have attracted considerable interest in recent years. The
first 2D material was graphene which displays a rich band structure.
While it is not possible to create a 2D honeycomb structure with any
element we want, artificial lattices emerge as new field to explore. It
was shown that it is possible to create superlattices based on semi-
conductor nanocrystals (PbSe, CdSe) as building blocks in a square
and honeycomb geometry. It is of high interest to combine the large
scale self-assembly of such superlattices with the possibility of optical
and electrical switching. Theoretical works have been initiated based
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on tight-binding calculations. Those calculations have shown that the
atomic crystalline structure of the nanocrystals combined with the
square or honeycomb geometry determine the band structure of the
system where Dirac-cones and non-trivial flat bands appear. Until
now, the density of states of those structures has not been resolved.
In this presentation, I will describe the synthesis and the preparation
of the samples and present the measurements of the density of states
on PbSe square superlattices by scanning tunneling spectroscopy

O 39.7 Tue 12:00 GER 38
Deconfinement in van der Waals Stacks: Turning Mott Lo-
calized Electrons into Dirac Fermions — ∙Jose Pizarro1,2,
Severino Adler3, Karim Zantout4, Thomas Mertz4, Paolo
Barone5, Roser Valentí4, Giorgio Sangiovanni3, and Tim
Wehling1,2 — 1University of Bremen — 2Bremen Center for Com-
putational Material Sciences — 3University of Würzburg — 4Goethe
University Frankfurt am Main — 5CNR-SPIN, Italy
The interplay of topology and electronic correlations forms a rich
ground for the realization of exotic states of quantum matter, with
an increased importance in emergent flat bands systems in superlat-
tices. Here, we show how strongly correlated spin-orbit coupled Dirac
fermions emerge in bilayers of 1T-TaSe2 and related group V transi-
tion metal dichalcogenides. These materials realize the so-called Star-
of-David (SoD) charge density wave (CDW) patterns in each layer,
where the stacking of the CDW centers defines the symmetry of the
resulting superlattice. When the CDW centers are arranged in a hon-
eycomb pattern, the system realizes a generalized Kane-Mele model
with a sizable on-site Hubbard interaction U. The isoelectronic series
of 1T-TaSe2, TaS2, and NbSe2 traverses a region of the electronic
phase diagram where weakly-to-strongly correlated Dirac semimetal-
lic, Mott antiferromagnetic insulating and quantum spin Hall states
compete. We show that stacking and relative rotations between the
layers as well as perpendicular electric fields affect the emergent cor-
related Dirac fermions as effective gauge and mass fields, and control
their creation, annihiliation and topology.

O 39.8 Tue 12:15 GER 38
Proximity-induced superconducting gap in the quantum spin
Hall edge state of monolayer WTe2 — ∙Felix Lüpke1, Dacen
Waters1, Sergio C. de la Barrera1, Michael Widom1, David G.
Mandrus2,3,4, Jiaqiang Yan2, Randall M. Feenstra1, and Ben-
jamin M. Hunt1 — 1Department of Physics, Carnegie Mellon Univer-
sity, Pittsburgh, PA 15213, USA — 2Materials Science and Technology
Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
— 3Department of Materials Science and Engineering, University of
Tennessee, Knoxville, TN 37996, USA — 4Department of Physics and
Astronomy, University of Tennessee, Knoxville, TN 37996, USA
Van der Waals (vdW) heterostructures allow the combination of dif-
ferent material properties, e.g. non-trivial topology and supercon-
ductivity in order to create a topological superconducting state. We
demonstrate a novel dry-transfer flip technique which we use to place
atomically-thin layers of WTe2, a quantum spin Hall (QSH) system,
on NbSe2, a vdW superconductor, while maintaining atomically clean
surfaces and interfaces. Using scanning tunneling microscopy and spec-
troscopy (STM/STS), we demonstrate the presence of a proximity-
induced superconducting gap in the WTe2 for thicknesses from a mono-
layer up to 7 crystalline layers. At the edge of the WTe2 monolayer,
we show that the superconducting gap coexists with the characteristic
spectroscopic signature of the QSH edge state [1].

[1] F. Lüpke et al., arXiv:1903.00493 (2019)

O 39.9 Tue 12:30 GER 38
MoSe2-WSe2 lateral heterostructures grown by chemi-
cal vapour deposition — ∙Emad Najafidehaghani1, Antony
George1, Ziyang Gan1, Tibor Lehnert2, Christof Neumann1,
Xingcheng Li1, Ute Kaiser2, and Andrey Turchanin1 —
1Friedrich Schiller University Jena, Institute of Physical Chemistry,
D-07743 Jena, Germany — 2Ulm University, Central Facility of Ma-
terials Science Electron Microscopy, D-89081 Ulm, Germany
Recently two-dimensional (2D) transition metal dichalcogenides
(TMDs) such as MoS2, WS2, WSe2, MoSe2 etc. attracted great
research interest due to their superior electronic and optical prop-
erties. They are identified as promising candidates for applications
such as ultrathin, transparent and flexible electronics, optoelectron-
ics and sensing. In order to realize advanced device architectures
such as p-n junctions, complementary logic devices, ultrathin pho-
tovoltaics, etc. it is essential to develop efficient growth strategies

for combining dissimilar monolayer TMDs to form lateral heterostruc-
tures. Here we show large area growth of monolayer MoSe2 -WSe2
lateral heterostructures by our modified chemical vapour deposition
(CVD) technique which uses Knudsen type effusion cells for controlled
delivery of precursors [1]. The grown monolayer MoSe2-WSe2 lateral
heterostructures were characterized using complementary microscopic
and spectroscopic techniques such as optical microscopy, Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS), atomic force mi-
croscopy (AFM), Kelvin probe microscopy and high-resolution trans-
mission electron microscopy (HRTEM) to reveal their structural and
chemical quality.

O 39.10 Tue 12:45 GER 38
Two-dimensional metal phases and non-stoichiometric phases
of transition metal dichalcogenides — ∙Thomas Joseph,
Mahdi Ghorbani-Asl, and Arkady Krasheninnikov — Helmholtz-
Zentrum Dresden Rossendorf, Bautzner Landstraße 400, Dresden
Changing the stoichiometry of a material in a controllable manner is a
powerful tool to tailor the structure and the properties of a compound
solid. For example, new morphologies, such as inversion domains with
the associated mirror twin boundaries [1] can be produced in 2D tran-
sition metal dichaclogenides by sputtering chalcogen atoms using elec-
tron beam [1]. Moreover, suspended monolayer Mo membranes were
recently fabricated from monolayer MoSe2 sheets via complete sputter-
ing of Se atoms in a scanning transmission electron microscope [2]. Mo-
tivated by these results, we performed first-principles calculations to
understand the energetics of 2D phases of binary compounds which can
be referred to as strongly non-stoichiometric transition-metal dichalco-
genides. We found that other intermediate metallic non-stoichiometric
phases, which are energetically more favourable than pure 2D metals
[3], can also exist.
[1] Komsa, H.-P. et al.; Native Defects in Bulk and Monolayer MoS 2
from First Principles. Phys. Rev. B 2015, 91 (12), 125304.
[2] X. Zhao et al.; Atom-by-Atom Fabrication of Monolayer Molybde-
num Membranes. Advanced Materials 2018, 30 (23), 1707281.
[3] T. Joseph et al.; Nonstoichiometric Phases of Two-Dimensional
Transition-Metal Dichalcogenides: From Chalcogen Vacancies to Pure
Metal Membranes. J. Phys. Chem. Lett. 2019, 10 (21), 6492.

O 39.11 Tue 13:00 GER 38
Visualization of multifractal superconductivity in a two-
dimensional transition metal dichalcogenide in the weak-
disorder regime — Carmen Rubio-Verdú1, Antonio M. García-
García2, Hyejin Ryu3, Deung-Jang Choi1, Javier Zaldívar1,
Shujie Tang3, Bo Fan2, Zhi-Xun Shen4, Sung-Kwan Mo3, José
Ignacio Pascual1, and ∙Miguel M. Ugeda5 — 1CIC nanoGUNE,
20018 Donostia-San Sebastián, Spain. — 2Shanghai Center for Com-
plex Physics, Department of Physics and Astronomy, Shanghai Jiao
Tong University, Shanghai 200240, China. — 3Advanced Light Source,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. —
4Stanford Institute for Materials and Energy Sciences, SLAC National
Accelerator Laboratory, Menlo Park, CA 94025, USA. — 5Donostia
International Physics Center (DIPC), 20018 San Sebastián, Spain.
Here we investigate the impact of multifractality on the superconduct-
ing state of a weakly disordered single-layer of NbSe2 by LT-STM/STS.
The SC gap (width, depth and coherence peaks amplitude) shows char-
acteristic spatial single-wavelength modulation coincident with the pe-
riodicity of the QPI pattern observed at EF. Spatial inhomogeneity of
the SC gap width, which is proportional to the order parameter in
the weak-disorder regime, shows a characteristic log-normal statistical
distribution as well as a power-law decay of the two-point correlation
function, in agreement with our theoretical model. This novel state
is universal and governs the properties of even weakly disordered 2D
superconductors with SOC.

O 39.12 Tue 13:15 GER 38
Role of dark trions in the optical response of doped atomically
thin semiconductors — ∙Ashish Arora1, Nils Kolja Wessling1,
Thorsten Deilmann1, Till Reichenauer1, Paul Steeger1, Pi-
otr Kossacki2, Marek Potemski2,3, Steffen Michaelis de
Vasconcellos1, Michael Rohlfing1, and Rudolf Bratschitsch1

— 1University of Münster, Germany — 2University of Warsaw, Poland
— 3Laboratoire National des Champs Magnétiques Intenses, Grenoble,
France
We perform absorption and photoluminescence spectroscopy of in-
travalley and intervalley trions in transition metal dichalcogenide
(TMDC) monolayers encapsulated in hBN, depending on temperature

2



Dresden 2020 – O Tuesday

[1]. We find that an interplay between the thermal distribution of
bright and dark trions, and their oscillator strengths gives rise to the
unique optical response of each monolayer material. The observed
trends in our experiments are excellently reproduced using a model
based on the Fermi-Dirac distribution of bright and dark trions. Our
analysis yields that there is a dark trion 19 meV below the lowest en-
ergy bright trion in WSe2 and WS2. However, in MoSe2, the dark
trion lies 6 meV above the bright trion, while it almost coincides in
energy with the bright trion in MoS2. These results are in excellent
agreement with our GW -BSE ab-initio calculations of trions for these
materials. Our observations provide a quantitative understanding of
the temperature-dependent optical response of TMDCs. [1] Preprint
at https://arxiv.org/abs/1911.06252

O 39.13 Tue 13:30 GER 38

Excited-State Trions in Monolayer WS2 — ∙Thorsten
Deilmann1, Ashish Arora2, Till Reichenauer2, Johannes
Kern2, Steffen Michaelis de Vasconcellos2, Michael
Rohlfing1, and Rudolf Bratschitsch2 — 1Institute of Solid State
Theory, University of Münster, Germany — 2Institute of Physics and
Center for Nanotechnology, University of Münster, Germany
We discover an excited bound three-particle state, the 2s trion, ap-
pearing energetically below the 2s exciton in monolayer WS2, using
absorption spectroscopy and ab initio 𝐺𝑊 and Bethe-Salpeter equa-
tion calculations [1]. The measured binding energy of the 2s trion (22
meV) is smaller compared to the 1s intravalley and intervalley trions
(37 and 31 meV). Our discovery underlines the importance of trions
for the entire excitation spectrum of two-dimensional semiconductors.
[1] Phys. Rev. Lett. 123, 167401 (2019)
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