Berlin 2024 — O

Thursday

O 90: 2D Materials VI: Growth, Structure and Substrate Interaction
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0 90.1 Thu 15:00 MA 005
Growth of aligned and twisted hexagonal boron nitride on
Ir(110) — eTHOMAS MICHELY, JASON BERGELT, AFFAN SAFEER,
ALEXANDER BADER, ToBias HarrL, and JeisoNn FiscHer — II.
Physikalisches Institut, Universitdt zu Koln, Koln, Germany

The growth of monolayer hexagonal boron nitride (h-BN) on Ir(110)
through low-pressure chemical vapor deposition is investigated using
low energy electron diffraction and scanning tunneling microscopy.
Growth of aligned h-BN on Ir(110) requires a growth temperature
of 1500 K, whereas lower growth temperatures result in coexistence
of aligned h-BN with twisted h-BN. The presence of the h-BN over-
layer suppresses the formation of the nanofaceted ridge pattern known
from clean Ir(110). Instead, we observe the formation of a (1 X n)
reconstruction, with n such that the missing rows are in registry with
the h-BN/Ir(110) moiré pattern. Quantitative moiré analysis yields
a precise determination of the moiré periodicity and the h-BN lattice
parameter on Ir(110).

0 90.2 Thu 15:15 MA 005
Incommensurability and negative thermal expansion of sin-
gle layer hexagonal boron nitride — eMarko KRrRIEGEL!, KARIM
OmamBac!, STEFFEN FrRaNzKA?, FRANK MEYER zU HERINGDORF!:2,
and MicHAEL HorN-voN Horecen! — lFaculty of Physics and
Center for Nanointegration Duisburg-Essen (CENIDE), University
of Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany —
2Interdisciplinary Center for Analytics on the Nanoscale (ICAN), Carl-
Benz-Str. 199, 47057 Duisburg, Germany

The emerging field of straintronics, i.e., the control and utilization of
the strain state of a 2D material, is of great importance for their techno-
logical development, specifically in view of their future incorporation
into van der Waals heterostructures. To gain fundamental insights
into structural peculiarities of two-dimensional systems, single layer
hexagonal boron nitride (hBN) grown on Ir(111) by chemical vapor
deposition was used as a prototypical model system: High-resolution
reciprocal space mapping by SPA-LEED reveals the incommensurate
nature of the material system by measuring the hBN in-plane lattice
parameter, facilitated by the moiré magnification effect. In a growth
temperature (Ty) regime of 700-1150 °C an average lattice parame-
ter of 2.4964+0.006 was found. Eventually, careful disentanglement
of the hBN’s and substrate’s behavior for rising Ty allowed the de-
termination of a negative thermal expansion coefficient of appn =
-2.44+1.2x 1079 K1 [1]
[1] *M. Kriegel et al. Appl. Surf. Sci. 624 (2023) 157156

0 90.3 Thu 15:30 MA 005
Growth of high quality hexagonal boron nitride (h-BN) on

surfaces of transition metals — ApriaN HEmmI', eARI Paavo
SEITSONEN?, MICHAEL S ALTMAN3, MARCELLA IanNuzzi?, THOMAS
GreBeR!, and Huanvao Cun! — 1Physik-Institut der Universitét

Ziirich — 2Département de Chimie, Ecole Normale Supérieure, Paris
— 3Department of Physics, Hong Kong Unversity of Science and Tech-
nology — *Chemie-Institut der Universitét Ziirich

The production of high-quality hexagonal boron nitride (h-BN) is es-
sential for the ultimate performance of two dimensional (2D) materials-
based devices, since it is the key 2D encapsulation material. We are
working on the optimisation of the procedures to grow h-BN on surface
of transition metals. Our recent achievements include the enhanced
quality of the h-BN on Rh(111) via 2D distillation [ACS Nano 15,
1351-1357 (2021)], and a decisive guideline for fabricating high-quality
h-BN on Pt(111) [Small 18, 2205184 (2022)]. We have found that
it is crucial to exclude carbon from the h-BN related process, other-
wise carbon prevails over boron and nitrogen due to its larger binding
energy, thereupon forming graphene on metals after high-temperature
annealing. We introduce the pyrolysis temperature T}, as an important
quality indicator for h-BN on transition metals.

In order to understand better the underlying physical trends, we
have performed systematic density functional theory calculations on 12
different hexagonally oriented transition metals [Nanoscale Advances,
in Press; DOI: 10.1039/D3NA00472D|. We will discuss the experimen-
tal findings in light of the computed results.

0 90.4 Thu 15:45 MA 005

Location: MA 005

Formation of Europium-Ruthenium surface compound and
protection of Eu below hexagonal boron nitride (h-BN) —
eAraa MouAMMED IpRis Baknrt!® and FREDERIK ScHILLERDZ
— ICentro de Fisica de Materiales CSIC-UPV/EHU-Materials
Physics Center, E-20018 San Sebastian, Spain — 2Donostia Inter-
national Physics Center, E-20018 Donostia-San Sebastian, Spain —
3Departamento de Fisica Aplicada I, Universidad del Pais Vasco
UPV/EHU, E-20018 San Sebastian, Spain

We investigate the structural and electronic properties of Europium
(Eu) intercalated beneath a layer of hexagonal Boron nitride (h-BN)
atop of transition metal Ruthenium Ru(0001) substrate. The hBN
monolayer was grown by the Chemical Vapor Deposition process on
clean Ru(0001). To explore the structural aspects, we employed Low-
energy electron diffraction (LEED). Our observations from LEED re-
vealed c¢(4x2) and (2x2) superstructures emerging upon Eu intercala-
tion, varying based on the Eu coverage. Simultaneously, the electronic
structure was investigated by X-ray photoelectron spectroscopy (XPS)
and angle-resolved photoemission measurements (ARPES). Notably,
XPS analysis post-Eu intercalation indicated the presence of Eu in a
divalent valence state. Furthermore, we studied the possible protec-
tion of Eu by the h-BN layer on the Ru(0001) substrate. We observe
that partially Eu can be protected but full protection was incomplete
probably due to defects and h-BN growth boundaries which facilitated
Eu oxidation.

0 90.5 Thu 16:00 MA 005
Real-Time Multiscale Monitoring and Tailoring of Graphene
Growth on Liquid Copper — VALENTINA REIN', MEHDI
SAEDI?, MAcIES Jankowski!, ANasTasios ManNikas3, FRANCEScO
La Porral, CurisTos Tsakonas?, Costas GarioTis®, GILLES
ReNauD?, OLEc KonovaLov!, and eIReNE Groor? — ESRF —

2Leiden University — 3University of Patras — CEA

The synthesis of large, defect-free two-dimensional materials such as
graphene is a major challenge toward industrial applications. Chemical
vapor deposition on liquid metal catalysts is a recently developed pro-
cess for the fast synthesis of high-quality single crystals of graphene.
However, up to now, the lack of in situ techniques enabling direct
feedback on the growth has limited our understanding of the process
dynamics and primarily led to empirical growth recipes. Thus, an in
situ multi-scale monitoring of the graphene structure, coupled with a
real-time control of the growth parameters, is necessary for efficient
synthesis. Here we report real-time monitoring of graphene growth
on liquid copper (at 1370 K under atmospheric pressure conditions)
via four complementary in situ methods: synchrotron X-ray diffrac-
tion and reflectivity, Raman spectroscopy, and radiation-mode optical
microscopy. This has allowed us to control graphene growth parame-
ters such as shape, dispersion, and the hexagonal supra-organization
with very high accuracy. The presented results have far-reaching con-
sequences for studying and tailoring 2D material formation processes
on liquid metals during chemical vapor deposition.

0 90.6 Thu 16:15 MA 005
Imaging of topological defects in graphene grown by
bottom-up synthesis — eBENEDIKT P. KLEIND'Z:3 MATTHEW A.

StoopLEY!2, Luke A. Rocurorp'S, JorL DEYERLING?, Davip
1 1

Hopkinson!, FuLpbeEN Eraram?!, TieEnN-LIN Lee!, SamM SULLIVAN-
AvLsop?, Saran J. Haigu?, RomMAN GORBACHEV’, CHRISTOPHER
ALLENY® WILHELM AUWARTER?, REINHARD J. MAURERZ, and DAvID
A. Duncan! — !Diamond Light Source, Didcot, UK — 2University
of Warwick, Coventry, UK — 3Korea Basic Science Institute, Dae-
jeon, ROK — “Technical University Munich, Germany — ®University
of Oxford, UK — SUniversity of Cambridge, UK — 7University of
Manchester, UK

Introducing defects into graphene often requires post processing, like
ion sputtering or plasma etching. We present a bottom-up synthesis
method yielding graphene with incorporated topological defects on a
copper substrate. In the chemical vapour deposition process we use
an aromatic precursor that contains the same structural elements as
the desired defect. During the growth of the graphene lattice, the
topology of the precursor is partly retained and topological defects are
formed in the carbonaceous network. In addition to the spectroscopic
characterisation presented in the separate companion talk, we quan-
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tified the defect concentration using the direct imaging techniques of
nc-AFM and TEM. Our results show that the ratio of ideal to defec-
tive graphene can be controlled by varying the substrate temperature
during the growth process.

0 90.7 Thu 16:30 MA 005
Spectroscopic study of topological defects in graphene grown
by bottom-up synthesis — BeENEDIKT P KLEIN'2, MATTHEW A.
StoopLEY! 2, Luke A. Rocnrorp!, Dyran B. Morcan?, MICHAEL

CLARKE®, ALEXANDER GENERALOV?, ALEXEI PREOBRAJENSKI?,
LeoN B. S. WiLLiams!, TiEn-LiN LeEe!, ALEx SAYWELL?, REINHARD
J. Maurer?, and eDavip A. Duncan! — !Diamond Light Source,

Didcot, UK — 2University of Warwick, Coventry, UK — 3University
of Nottingham, UK — 4MAX IV, Lund, Sweden

Introducing defects into graphene often requires post-processing, e.g.
by ion sputtering or plasma etching. We present a bottom-up syn-
thesis method yielding graphene with incorporated topological defects
on a copper substrate. In the chemical vapour deposition process we
use an aromatic precursor that contains the same structural elements
as the desired defect. During the growth of the graphene lattice, the
topology of the precursor is partly retained and topological defects are
formed in the carbonaceous network. In addition to the direct imaging
presented in the separate companion talk, we spectroscopically studied
the defective graphene using the techniques of normal incidence X-ray
standing waves (NIXSW), near edge X-ray absorption fine structure
(NEXAFS) and X-ray photoelectron spectroscopy (XPS) to elucidate
the structural and chemical changes induced by varying defect concen-
tration. Structurally, our results indicate that the adsorption height
varies inversely with the defect concentration.

0O 90.8 Thu 16:45 MA 005
Operando Characterization and Molecular Simulations Re-
veal the Growth Kinetics of Graphene on Liquid Copper
— VALENTINA REIN?, eHao Gao!, Henprik H. Hreenen!, OLkc
V. KoNovaLov?, KARSTEN REUTER!, and MACIE] JANKOWSKI? —

IFritz-Haber-Institut der MPG, Berlin — 2ESRF, Grenoble, France

In recent years, liquid metal catalysts have emerged as a compelling
choice for the controllable, large-scale, and high-quality synthesis of
two-dimensional materials. At present, there is little mechanistic un-
derstanding of the intricate catalytic process and its governing factors.
In a combined experimental and computational study, we investigate
the kinetics of graphene growth during chemical vapor deposition on a
liquid copper catalyst. By monitoring the growing graphene flakes in
real time using in situ optical microscopy, we explore the growth mor-
phology and kinetics over a wide range of CHy4-to-Ha pressure ratios
and deposition temperatures. Constant growth rates of the flakes’ ra-
dius indicate a growth mode limited by precursor attachment, whereas
methane-flux-dependent flake shapes point to limited precursor avail-
ability. Large-scale free energy simulations enabled by an efficient
machine-learning potential trained to density-functional theory data
provide quantitative barriers for key atomic-scale growth processes.
The experimental and theoretical data can be consistently combined
into a microkinetic model that reveals a mixed growth kinetics that is
controlled by both precursor availability and attachment. Key mech-
anistic aspects that explain improved graphene quality are a largely
suppressed carbon dimer attachment and a self-healing mechanism.

0909 Thu17:00 MA 005

Structural and electronic properties of two-dimensional

single-layer HfS; on Au(111) — eMonika ScHiep!, PaoLro

Lacovic!, Marco Biancur?, PumLip Hormann?, and SiwvanNo
Lizzit! — !Elettra Sincrotrone Trieste — 2Department of Physics

and Astronomy, Aarhus University

HfSs is a promising 2D material for low-power semiconductor devices
due to its predicted high electron mobility and low contact resistance
for n-type carrier transport. For actual applications, layers with ex-
cellent structural and electronic properties are needed. However, films
with the necessary quality are only available from exfoliation, which
is neither scalable nor very reproducible and only few experimental
studies on a single-layer (SL) of HfS> have been performed so far. In
analogy to the growth of high-quality SL transition metal dichalco-
genides such as MoSs and WSa [1,2] we have epitaxially grown an
ordered layer of HfS2 on Au(111). Monitoring the S 2p and Hf 4f core
levels in real time by fast X-ray photoelectron spectroscopy allows the
fine-tuning of the relevant parameters — such as the dosing rate and
temperature — during the growth. The characterization by X-ray pho-
toelectron diffraction, scanning tunnelling microscopy, and low-energy

electron diffraction gives insight into the crystal structure of the film
grown in this way. In addition, the electronic structure is investigated
by angle-resolved photoemission spectroscopy.

[1] Bana, H., et.al., 2D Mater. 5 035012 (2018)
[2] Bignardi, L. et.al., Phys. Rev. Mat. 3, 014003, (2019)

0 90.10 Thu 17:15 MA 005
Na-doped Borophene/Ir(111) — eSeEna TOMEKCE, Marc G.
Cuxart, KNUD SEUFERT, and WiLLl AUWARTER — Physics Depart-
ment E20, TUM School of Natural Sciences, Technical University of
Munich, Garching, Germany

Alkali metal doping has been shown to be an effective strategy to
tune the electronic properties of 2D materials, due to their low ioniza-
tion energy [1,2]. Borophenes, 2D layers of covalently bonded boron
atoms, combine many interesting properties such as polymorphism,
anisotropy and metallicity, making them promising for various appli-
cations [3]. Particularly, when doped by alkali metals, free-standing
borophenes have been predicted to be excellent materials for Li/Na
ion batteries, offering high charge storage capacity, low diffusion bar-
rier and maintaining metallic conductivity [4,5]. Here, we report on
the high-resolution LT-STM (low temperature scanning tunneling mi-
croscopy) and XPS (X-ray photoelectron spectroscopy) characteriza-
tion of Na-doped x6 borophene/Ir(111). We demonstrate that Na
atoms adsorb on borophene without forming clusters, after room tem-
perature deposition. The Na adsorption sites on the borophene lattice
were investigated. XPS reveals a binding energy shift of the B 1s core
level upon increasing Na coverage, implying charge transfer.

[1] J. Cai et al., Phys. Rev. B. 2018, 98, 195443

[2] D. Marchiani et al., Nano Lett. 2023, 23, 170-176

[3] A. J. Mannix et al., Nat. Nanotechnology. 2018, 13, 444-450

[4] X. Zhang et al., Nanoscale. 2016, 8, 15340-15347

[5] J. Li et al., J. Electrochem. Soc. 2020, 167, 090527

0 90.11 Thu 17:30 MA 005
A buckled honeycomb lattice of Fe atoms grown on a clean
Be(0001) surface — eSTEFAN KRAUSE, HERMANN OSTERHAGE,
KARrROLINE OETKER, RADEK DaAo, and RoLAND WIESENDANGER —
Department of Physics, University of Hamburg, Germany

The Be(0001) surface is considered to be an ideal model system to
host a 2D electron gas with pronounced electron-electron and electron-
phonon interactions that are decoupled from the bulk|[1,2]. Conse-
quently, growing magnetic adlayers on Be(0001) raises expectations
for the emergence of novel electronic and magnetic phases that result
from the interactions between the 2D electron gas and the magnetic
atoms. Here we report on our experimental studies of the epitaxial
growth of Fe on a clean Be(0001) surface using scanning tunneling mi-
croscopy at low temperature. Individual Fe atoms are found to replace
Be atoms in the topmost Be(0001) surface layer, driven by an atomic
exchange. Increasing the Fe coverage results in the self-terminated
growth of ultrathin films consisting of atomically well-ordered patches
with a p(2x2) superstructure. Based on the atomic structure of the
FeBea bulk alloy we develop an atomistic growth model, where the
dosing of Fe transforms the topmost Be layer into a Kagome lattice
that supports the formation of a 2D buckled honeycomb lattice of Fe
atoms. The experimental results will be presented and discussed in
terms of the atomic lattice structure and spectroscopic characteristics
in comparison with the clean Be(0001) surface.

[1] P. T. Sprunger et al., Science 275, 1764 (1997).

[2] H.Osterhage et al., Phys. Rev. B 103, 155428 (2021).

0 90.12 Thu 17:45 MA 005
Growth and structure of Chromium sulfide: a new magnetic
2D material — e AFFAN SAFEER!, MAHDI GHORBANI AsL2, WOUTER
JoLie!, HanNU Pexkka Kowmsa3, ArRkapy V. KRASHENINNIKOVZ,
TrOMAS MIcHELY!, and JEisoN FiscHER! — 1Universitit zu Kdoln,
Koln, Germany — 2Helmholtz-Zentrum Dresden-Rossendorf, Dresden,
Germany — 3University of Oulu, Oulu, Finland

We combine scanning tunneling microscopy (STM), low-energy elec-
trons diffraction (LEED) and density functional theory (DFT) calcula-
tions to investigate growth, structure and properties of chromium sul-
fides fabricated by molecular beam epitaxy on graphene. The thinnest
chromium sulfide formed has threefold symmetry, an in-plane lattice
parameter of 0.340 + /- 0.002 nm, apparent STM height of 0.78-0.87
nm, and 2 Cr atoms per unit cell. Upon annealing of the thinnest,
phase pure layers, compounds with same symmetry and lattice pa-
rameter, but with increased height in steps of 0.24 nm are formed. In
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combination with DFT calculations we find a five-layer stack S-Cr-S-
Cr-S, namely Cr2S3, to yield excellent agreement with the experimen-
tal observations. Systematic variation of the stacking sequence in the
DFT calculations of five- layer stacks makes plain, that Cr2S3 grows
in the NiAs-structure. Thicker layer, as observed after annealing, are

formed by covalent growth of multiples of additional CrS layers. Spin-
polarized STM of Cr2S3 at 1.7 K displays hysteresis of the differential
conductance signal as a function of out-of-plane magnetic field. This
hysteresis is consistent with a ferromagnetic response of the top Cr-
layer and antiferromagnetic alignment between Cr layers in Cr2S3.



