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1 Summary

1.1 Overview of Presented Topics

In this cumulative dissertation the following topics are presented:
1) Interfacial modulation of MoS2 with oxo-functionalized graphene and its
derivatives
a. Oxo-functionalized graphene/MoS2 and reduced oxo-functionalized
graphene/MoS:2 heterostructures
b. Porous oxo-functionalized graphene/MoS:2
2) Interfacial modulation of laser-induced functional graphene/MoS:2
heterostructures
Oligophenyl-functionalized graphene/MoS2
The research was conducted in collaboration with the groups of 1) Dr. Patryk
Kusch from the Department of Physics at Freie Universitat Berlin; 2) Prof. Dr.
Hyeon S. Shin from the Department of Chemistry at Ulsan National Institute of
Science and Technology. The complete results and experimental details are
included in the attached publications in Chapter 5 and 6.
To keep the explanation of heterostructures concise, we define the vertical
stacking order of the heterostructure layers as (substrate/)bottom layer/upper

layer.
1.2 Summary of Results

1.2.1 Interfacial modulation of MoS:2 with oxo-functionalized graphene and its

derivatives

a. Oxo-functionalized graphene/MoS2 and reduced oxo-functionalized

graphene/MoS:2 heterostructures

Tuning the electronic and optical properties of monolayer MoS2 and gaining



profound insights into the fundamental mechanisms that govern these
properties is of utmost significance for the development of efficient
optoelectronic devices, such as photodetectors, photodiodes efc. Intrinsic
structural defects of monolayer MoSz2, such as S vacancies, induce electrons
gathering in neighboring Mo atoms, which function as nonradiative traps,
thereby impairing the photoluminescence (PL) efficiency. Stacking MoS: layers
on different two-dimensional (2D) materials, such as hexagonal boron nitride
(h-BN) and graphene, provides a way to modulate the PL performance.
Oxygen-functionalized graphene (oxo-G), a graphene derivative, has a
defective graphene network with oxygen species decorating the edges and the
plane. Electron-withdrawing groups, such as hydroxyl, epoxy, and
organosulfates, make oxo-G a p-doping material. By reducing oxo-G (r-oxo-G),
sp?-hybridized graphene domains with a lateral size of up to 10 nm are
recovered with the removal of most oxygen groups. During the reduction
process, in-plane defects such as vacancies, holes, and non-six-membered
carbon rings with sp3 hybridization are formed, which act as structural motifs or
active sites and significantly change the electronic and surface properties of r-
oxo-G. Therefore, the use of oxo-G and r-oxo-G is suggested for tuning the

carrier concentration of MoSa.

Herein, heterostructures of monolayer MoS2 with three types of monolayer
graphene are fabricated: mechanically exfoliated pristine graphene, oxo-G (a
high amount of oxygen of 60%), and r-oxo-G (a defect density of 0.5%). Raman
and PL spectroscopy combined with Kelvin probe force microscopy (KPFM,
collaboration with the Shin group, Ulsan National Institute of Science and
Technology) measurements are carried out to study optoelectronic properties
and mechanism of interface interaction. Oxo-G with a work function (WF) of
5.67 eV and r-oxo-G with a WF of 5.85 eV serving as hole injection layers

significantly enhance the PL intensity of MoS2, whereas pristine graphene with



a WF of 5.02 eV resulted in PL quenching of MoS2. The electron-withdrawing
functional groups of oxo-G and the defects in r-oxo-G layers facilitate the
recombination of neutral exciton and result in PL enhancement. Furthermore,
the r-oxo-G/MoS:2 heterostructure exhibits a higher increase (5-fold) in the
overall PL intensity than the oxo-G/MoS:2 (3-fold) heterostructure. Our research
demonstrates the PL modulation of monolayer MoS2 by monolayer graphene
with a varying ability in extracting electrons. The enhancement of PL plays a
vital role in high performance optoelectronic devices by improving photovoltaic

efficiency, sensitivity, and photoresponse etc.
b. Porous oxo-functionalized graphene/MoS:2

The in-plane lattice defects in r-oxo-G can affect the electron transfer between
graphene and MoS2, leading to an enhancement in the PL of MoS2. To
investigate interfacial charge transfer and PL performance, porous graphene
with large lattice defects is prepared and stacked with MoS2. Oxo-G with a low
density of initial vacancy defects (0.8%) is used as a precursor to etch pores
assisted by a Mn-species at 400 °C in Ar atmosphere. By controlling the
reaction conditions, it is possible to gain a certain control over the size of pores

on porous oxo-G (Pr-oxo-G) with diameters between 100-200 nm.

The PL of MoS2 on SiOz2, oxo-G, Pr-oxo-Gesh (etching time of 6 h), and Pr-oxo-
G12n (etching time of 12 h) are studied. The amplitudes of the PL are increased
for oxo-G/MoS:2 (4 times), Pr-oxo-Gen/MoS:2 (3 times), and Pr-oxo-G12n/MoS2
(10 times), compared to the PL of the pristine MoS2 monolayer. Overall, Pr-oxo-
G12n reflects a p-doped material, as indicated by Raman shifts, achieving the
highest PL enhancement. The Pr-oxoG12n/MoS:2 PL intensity map measured by
scanning nearfield optical microscopy (s-SNOM) with nano-scale resolution
shows a constant PL intensity over the MoS:2 flake, exhibiting no sign of a spatial

PL modulation that may arise from free-standing MoSz. (collaboration with Dr.



Patryk Kusch, FU Berlin) Furthermore, the Pr-oxo-Gen/M0S2 showed slightly
lower PL intensity than oxo-G/MoS2. The Mn-impurities in Pr-oxo-Gen/MoS:2 are
supposed to limit the increase of the PL of MoS2, and the interaction of Mn-

species with carbonyl groups may be responsible.

1.2.2 Interfacial modulation of laser-induced functional graphene/MoS:2

heterostructures
Oligophenyl-functionalized graphene/MoS:2

The electron-withdrawing effects of the functional groups and lattice defects in
graphene have been demonstrated to enhance the PL intensity of monolayer
MoSa2. In addition, Interlayer van der Waals interactions and interlayer distance
are very important factors in studying the PL of graphene/MoS:2
heterostructures (G/MoS2) as they are only a few atomic thin. Functionalization
of graphene with specific functional groups is of great significance for the further
development of covalent modification of graphene and the interface
construction in G/MoS2 heterostructures, thereby facilitating the study of

interlayer coupling of G/MoS:2 heterostructures.

Monotopic covalently modified graphene, oligophenyl-functionalized graphene
(F-G), are prepared by a laser-induced reaction and stacked with a monolayer
MoS:2. The functionalization of graphene is regioselective with the assistance of
the mapping function of the scanning Raman spectrometer. Through Raman,
PL, KPFM and scanning near-field optical microscopy (collaboration with Dr.
Patryk Kusch, FU Berlin) measurements, the boundaries and the distinct
characteristics of the functionalized and the non-functionalized areas are
identified on the heterostructure. More importantly, the layer stacking sequence
of F-G and MoS:2 brings different interface structures in perpendicular
orientation. MoS2 supported by F-G (F-G/MoS2) results in a sandwiched

structure consisting of graphene/oligophenyl-groups/MoS2 with an enlarged



interlayer distance of 8 nm between the graphene basal plane and MoSz. In the
case of MoS: stacked underneath F-G (MoS2/F-G) a direct interface is formed
between the graphene basal plane and MoS2, with the oligophenyl-groups
located on the top surface of the heterostructure. The different interfaces in the
heterostructures result in a significant difference in the PL enhancement of
MoS2. F-G/MoS:2 shows a 5-fold PL enhancement, while MoS2/F-G only shows
a 1.8-fold PL enhancement compared to pristine G/MoS2. Accordingly, the
results indicate that the oligophenyl-groups in F-G/MoS:2 not only have a p-
doping effect on MoS:2 but also largely prevent electron donation from the
graphene basal plane with the enlarged interlayer distance. Consequently, the
PL enhancement is restored with the thermal de-functionalization of F-G. Thus,
we conclude that the functional groups can be considered as separate
molecular component with the vertical arrangement in the functionalized
heterostructure system. The photoactive graphene acts as a template for
perpendicular molecular alignment in the heterointerface construction, thus

opening more possibilities for the fabrication of heterointerfaces.

In this thesis, the interfaces of G/MoS:2 are engineered through the introduction
of oxo-functional groups, structural defects, and laser-induced perpendicular
functional-groups on graphene. The interfacial modulation via interlayer charge
transfers and interlayer distances results in significant changes in the PL
properties of G/MoS:2 heterostructures. These findings offer novel insights into
the design and exploration of optoelectronic devices. Furthermore, the PL
enhancement of G/MoS2 opens up numerous possibilities for optoelectronic
applications, for instance, wavelength-tunable phototransistors, broadband
photodetectors, single-photon emission sites for quantum information science,
improved electrical performance for high-speed optoelectronics, and signal

enhancement in photodetectors and sensors.

Based on the findings in this thesis, there are still ample opportunities for future



research to continue this study. First, the development of diverse interlayer
functional groups with diverse electron transfer capabilities and spatial effects
can be achieved through laser-induced functionalization methods to realize a
more versatile interface modulation. Second, further investigation into the
interface modulation of different 2D materials beyond graphene and MoS: is
expected. Third, a thorough fundamental understanding of hetero-interfaces is
required. A deeper insight into the effects of interface modulation on the
electronic structure, band alignment, and van der Waals interactions of
heterostructures can be achieved through theoretical studies and techniques
such as charge transport measurements, ultrafast optical spectroscopy, and

magnetic characterization.

1.3 Zusammenfassung der Ergebnisse

1.3.1 Grenzflachenmodulation von MoS2 mit Oxo-G und seinen Derivaten
a. Oxo-G/MoS:2 und r-oxo-G/MoS2

Die Abstimmung der elektronischen und optischen Eigenschaften von
einlagigem MoS:2 und die Gewinnung tiefer Einblicke in die grundlegenden
Mechanismen, die diese Eigenschaften bestimmen, sind von grofter
Bedeutung fur die Entwicklung effizienter optoelektronischer Bauelemente wie
Fotodetektoren, Fotodioden usw. Die intrinsischen Strukturdefekte von
Monolayer-MoS2, wie z.B. Schwefel-Lucken, induzieren Elektronen in
benachbarten Mo-Atomen, was die Effizienz der Photolumineszenz (PL)
beeintrachtigt. Die Stapelung von MoS2-Schichten auf verschiedenen 2D-
Materialien wie hexagonalem Bornitrid (h-BN) und Graphen bietet eine
Moglichkeit, die PL-Intensitdt zu modulieren. Sauerstoff-funktionalisiertes
Graphen (Oxo-G), ein Graphen-Derivat, hat ein defektes Graphen-Gitter das
an den Kanten und in der Ebene mit sauerstoffhaltigen Gruppen funktionalisiert

ist. Elektronen abziehende Gruppen wie Hydroxyl, Epoxy und Organosulfate



machen Oxo-G zu einem p-dotierenden Material. Durch Reduktion von Oxo-G
(r-Oxo-G) werden sp?-hybridisierte Graphen-Domanen mit einer lateralen
Grole von bis zu 10 nm wiederhergestellt, wobei die meisten
Sauerstoffgruppen entfernt werden. Wahrend des Reduktionsprozesses bilden
sich Defekte im Graphengitter wie zum Beispiel Leerstellen, Locher und nicht-
sechsgliedrige Kohlenstoffringe mit sp3-Hybridisierung, die als aktive Stellen
wirken und die elektronischen und Oberflacheneigenschaften von r-Oxo-G
erheblich verandern. Daher wird hier die Verwendung von oxo-G und r-Oxo-G

zur Einstellung der Ladungstragerkonzentration von MoS2 untersucht.

Hierin werden Heterostrukturen aus einlagigem MoS2 mit drei Arten von
einlagigem Graphen hergestellt: mechanisch exfoliertes Graphen, oxo-G
(hoher Sauerstoffanteil von 60%), und r-oxo-G (geringer Sauerstoffanteil von
0.5%). Raman- und PL-Spektroskopie in Kombination mit Raster-Kelvin-
Mikroskopie (KPFM, Zusammenarbeit mit der Shin-Gruppe, Ulsan National
Institute of Science and Technology) wurden durchgeflihrt, um die
optoelektronischen Eigenschaften und den Mechanismus der
Grenzflacheninteraktion zu untersuchen. 1L-oxo-G mit einer Austrittsarbeit (WF)
von 5.67 eV und 1L-oxo-G mit einer WF von 5.85 eV, die als
Lochinjektionsschichten dienen, erhdhen die PL-Intensitat von MoS:2 erheblich,
wahrend mechanisch exfoliertes Graphen mit einer WF von 5.02 €V zu einer
PL-Abschwachung von MoS:2 fuhrt. Die elektronenziehenden funktionellen
Gruppen von oxo-G und die Defekte in r-oxo-G-Schichten erleichtern die
Rekombination neutraler Exzitonen und flihren zu einer Steigerung der PL.
Daruber hinaus wies r-oxo-G/MoS: einen starkeren Anstieg (5-fach) der PL als
oxo-G/MoS:2 (3-fach) auf. Unsere Forschung zeigt die PL-Modulation von
einlagigem MoS2 durch einlagige Graphen-Derivate mit unterschiedlichen
Fahigkeiten, Elektronen zu extrahieren. Die Verbesserung des PL spielt eine

wichtige Rolle fur leistungsstarke optoelektronische Gerate, indem sie die



photovoltaische Effizienz, die Empfindlichkeit und die Photoreaktion usw.

verbessert.
b. Poroses Graphen/MoS:2

Defekte in r-oxo-G konnen den Elektronentransfer zwischen Graphen und
MoS: beeinflussen, was zu einer Verbesserung der PL von MoS:2 fuhrt. Um den
Ladungstransfer an der Grenzflache und die PL-Intensitat zu untersuchen, wird
pordses Graphen mit grof3en Gitterdefekten hergestellt und mit MoS2 gestapelt.
Oxo-G mit einer geringen Dichte an anfanglichen Defekten (0.8%) wird als
Prakursor verwendet, um die Poren mit Hilfe einer Mn-Spezies bei 400 °C unter
Ar-Atmosphare zu atzen. Durch die Steuerung der Reaktionsbedingungen ist
es maoglich, eine gewisse Kontrolle Uber die GroRe der Poren auf porésem Oxo-

G (Pr-Oxo-G) mit Durchmessern zwischen 100-200 nm zu erlangen.

Die PL von MoS: auf SiO2, Oxo-G, Pr-oxo-Gen (Atzzeit von 6 h) und Pr-oxo-
Gi2n (Atzzeit von 12 h) wird untersucht. Die Amplituden der PL sind bei oxo-
G/MoS: (4-fach), Pr-oxo-Gen/MoS:2 (3-fach) und Pr-oxo-G12n/MoS2 (10-fach) im
Vergleich zur PL der urspringlichen MoS2-Monolage erhéht. Insgesamt ist Pr-
oxo-G12n ein p-dotiertes Material, wie aus den Raman-Verschiebungen
hervorgeht, und erzielt die hochste Steigerung der PL. Die ortsaufgeloste PL-
Intensitat von Pr-oxoG12h/MoSz, gemessen mit optischer
Rasternahfeldmikroskopie (s-SNOM) mit nanoskaliger Auflosung zeigt eine
konstante PL-Intensitat Uber die gesamte Flache der MoS2-Flocke, ohne
Anzeichen einer raumlichen PL-Modulation, die bei freistehendem MoS:2
auftreten kann. (Zusammenarbeit mit Dr. Patryk Kusch, FU Berlin) Auf3erdem
zeigt Pr-oxo-Gen/M0oS:2 eine etwas geringere PL-Intensitat als oxo-G/MoS:z. Es
wird vermutet, dass die Mn-Verunreinigungen in Proxo-Gsn/MoS2 den Anstieg
des PL von MoS:2 begrenzen, und dass die Wechselwirkung von Mn-Spezies

mit Carbonylgruppen daflr verantwortlich sein kdnnte.



1.3.2 Grenzflachenmodulation von laserinduzierten funktionalisiertem

Graphen/MoS2-Heterostrukturen
Oligophenyl-funktionalisiertes Graphen/MoS:2

Die elektronenziehenden Effekte der Funktionalisierung und der Gitterdefekte
in Graphen erhohen nachweislich die PL-Intensitat von einlagigem MoSa.
Daruber hinaus sind die Van-der-Waals-Wechselwirkungen zwischen den
Schichten und der Abstand zwischen den Schichten sehr wichtige Faktoren bei
der Untersuchung der PL von Graphen/MoS2-Heterostrukturen (G/MoSz2), da
sie nur wenige Atomlagen dunn sind. Die regioselektive Funktionalisierung mit
spezifischen funktionellen Gruppen ist von grofer Bedeutung flr die weitere
Entwicklung der kovalenten Modifikation von Graphen und den Aufbau von
Grenzflachen in G/MoS2-Heterostrukturen, wodurch die Untersuchung der

Zwischenschichtkopplung von G/MoS2-Heterostrukturen erleichtert wird.

Monotopisches kovalent modifiziertes Graphen, oligophenylfunktionalisiertes
Graphen (F-G), wird durch eine laserinduzierte Reaktion hergestellt und mit
einer Monolage MoS:2 zu einer Heterostruktur zusammengesetzt. Die
Funktionalisierung von Graphen erfolgt regioselektiv mit Hilfe der Mapping-
Funktion des Raman-Spektrometers. Durch Raman-, PL-, KPFM- und
Scanning-Nahfeldmikroskopie-Messungen (in Zusammenarbeit mit Dr. Patryk
Kusch, FU Berlin) identifizieren wir die Grenzen und die unterschiedlichen
Eigenschaften der funktionalisierten und nicht-funktionalisierten Bereiche der
Heterostruktur. Noch wichtiger ist, dass die Schichtabfolge von F-G und MoS:2
unterschiedliche  Grenzflachenstrukturen in  senkrechter  Orientierung
hervorbringt. MoS2 auf F-G (F-G/MoS2) ergibt eine Sandwich-Struktur aus
Graphen/Oligophenyl-Gruppen/MoS:2 mit einem vergrofRerten
Zwischenschichtabstand von 8 nm zwischen der Graphen-Basalebene und

MoS:2. Im Falle von MoSz2, das unter F-G gestapelt ist (MoS2/F-G), bildet sich



eine direkte Grenzflache zwischen der Graphen-Basalebene und MoSz2, wobei
sich die Oligophenylgruppen auf der oberen Oberflache der Heterostruktur
befinden. Die unterschiedlichen Grenzflachen in den Heterostrukturen fihren
zu einem signifikanten Unterschied in der PL-Verstarkung von MoS2. F-G/MoS:2
zeigt eine 5-fache PL-Verstarkung, wahrend MoS2/F-G nur eine 1,8-fache PL-
Verstarkung aufweist. Die Ergebnisse deuten darauf hin, dass die
Oligophenylgruppen in F-G/MoS2 nicht nur einen p-Dotierungseffekt auf MoS2
haben, sondern auch den Elektronen-donierenden Effekt aus der Graphen-
Basalebene durch den vergrofierten Zwischenschichtabstand weitgehend
verhindern. Folglich wird die PL-Verbesserung durch die thermische
Defunktionalisierung von F-G wiederhergestellt. Daraus schlief3en wir, dass die
funktionellen Gruppen als separate molekulare Komponente mit vertikaler
Anordnung im funktionalisierten Heterostruktursystem betrachtet werden
konnen. Das photoaktive Graphen dient als Templat fur die senkrechte
Anordnung der Molekile in der Heterogrenzflachenkonstruktion und eréffnet

somit weitere Moglichkeiten fir die Herstellung von Heterogrenzflachen.

In dieser Arbeit werden die Grenzflachen von G/MoS:2 durch die Einfihrung von
oxo-funktionellen Gruppen, strukturellen Defekten und laserinduzierten
senkrechten funktionellen Gruppen auf Graphen modifiziert. Die Modulation der
Grenzflachen durch Ladungstransfers zwischen den Schichten und Abstanden
zwischen den Schichten fuhrt zu signifikanten Veranderungen der PL-
Eigenschaften von G/MoS2-Heterostrukturen. Diese Erkenntnisse bieten neue
Einblicke in das Design und die Erforschung von optoelektronischen
Bauelementen. Dartber hinaus erdffnet die PL-Verbesserung von G/MoS:2
zahlreiche Madglichkeiten flr optoelektronische Anwendungen, z. B.
wellenlangenabstimmbare  Phototransistoren, Breitband-Photodetektoren,
Einzelphotonen-Emissionsstellen fir die Quanteninformatik, verbesserte

elektrische  Leistung fir  Hochgeschwindigkeits-Optoelektronik  und

10



Signalverstarkung in Photodetektoren und Sensoren.

Ausgehend von den in dieser Arbeit gewonnenen Erkenntnissen gibt es noch
zahlreiche Moglichkeiten fur kunftige Forschungsarbeiten. Erstens kann die
Entwicklung verschiedener funktioneller Zwischenschichtgruppen mit
unterschiedlichen Elektronentransferfahigkeiten und raumlichen Effekten durch
laserinduzierte Funktionalisierungsmethoden erreicht werden, um eine
vielseitigere Schnittstellenmodulation zu realisieren. Zweitens wird eine weitere
Untersuchung der Grenzflachenmodulation verschiedener 2D-Materialien tUber
Graphen und MoS:2 hinaus erwartet. Drittens ist ein grindliches grundlegendes
Verstandnis von Hetero-Grenzflachen erforderlich. Ein tieferer Einblick in die
Auswirkungen der Grenzflachenmodulation auf die elektronische Struktur, die
Bandausrichtung und die  van-der-Waals-Wechselwirkungen  von
Heterostrukturen kann durch theoretische Studien und Techniken wie
Ladungstransportmessungen, ultraschnelle optische Spektroskopie und

magnetische Charakterisierung gewonnen werden.
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2 Introduction

2.1 From Two-dimensional Materials to Two-dimensional

Heterostructures

Since graphene was exfoliated in 2004, two-dimensional (2D) materials have
emerged.[l With ultrathin layered structures, 2D materials exhibit unique
properties that have attracted the attention of researchers worldwide.? In the
pursuit of graphene, more than one thousand structures of 2D materials have
been investigated, such as graphene analogs (including black phosphorus
(BP),®! hexagonal boron nitride (h-BN),!*! etc.), transition metal dichalcogenides
(TMDCs, including molybdenum disulfide (MoSz2), tungsten disulfide (WS2),
molybdenum diselenide (MoSe2), etc.),l®! metal-organic frameworks (MOFs),[5
61 covalent-organic frameworks (COFs),[’l MXenes,®l layered metal oxides,?
and layered double hydroxides (LDHs),!'® forming a large family of 2D materials

(Figure 1).[1]

Figure 1 Schematic illustration of different kinds of typical ultrathin 2D materials.
Reproduced from ref.[11a] with permission from the American Chemical Society,
Copyright 2015.

These 2D materials exhibit new properties distinct from those of bulk
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materials.l'?l 2D materials can be conductors, semiconductors, or insulators;
they can be chemically inert, or chemically reactive, e.g. on the surfaces. To
summarize, 2D materials have several crucial advantages compared to their
bulk counterparts: 1) Highly exfoliated 2D materials have a high surface-to-
volume ratio. Nearly all atoms are exposed to the outer surfaces, especially in
materials with only one atom thickness such as graphene, h-BN, and
phosphorene. This high specific surface area facilitates maximum adsorption
sites for sensing or catalytic applications and accommodates hetero-species
directly bound to the surface.l'3l 2) 2D materials show rapid charge transport
characteristics, benefitting from the 2D confinement at the atomic level that
prevents the unnecessary scattering of charge carriers, and therefore offer
intriguing properties in many different types of electronics. By controlling the
thickness and elemental doping, the band structure and electrical properties
can be more easily tuned.[' 3) 2D materials show flexibility and transparency,
with attractive prospects in the fields of wearable smart devices.['] 4) 2D
materials exhibit notable photothermal conversion effects due to their photonic
and electronic properties. Semiconducting 2D materials (TMDCs, phosphorene)
create electron-hole pairs upon light absorption, resulting in radiative and
nonradiative recombination. Metallic 2D materials exhibit localized surface
plasmon resonance, leading to energy transfer to the lattice phonons. The
notable photothermal effect of 2D materials can be beneficial in the

antiviral/bacterial textiles and light-driven soft actuators.['6]

Infinite opportunities appear when combining different 2D crystals in one
vertical stack that are held together by van der Waals forces.['30: 152, 171 Andre
Konstantin Geim, the discoverer of graphene, described the stacking of
multilayer van der Waals heterostructures as building atomic-scale Lego.['8l As
the family of 2D crystals is expanding day by day, so does the complexity of

fabricated heterostructures with atomic precision (Figure 2).['%
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Figure 2 The development from 2D atomic building blocks to their heterostructures.
Adapted from ref.[19] with permission from the by Elsevier, Copyright 2023.

Pioneering work on van der Waals heterostructures began with h-BN/graphene
in 2010. Hone et al. transferred mechanically exfoliated monolayer and bilayer
graphene on single-crystal h-BN substrates by polymethyl-methacrylate
(PMMA) assisted wet-transfer method. Owing to the atomically surface flatness
of h-BN, the mobility of graphene devices on h-BN substrates were almost an
order of magnitude higher than those on SiO2.°% Beyond that, thin h-BN
crystals further served as isolation and encapsulation layers for graphene
devices.l?'l Wang et al. for the first-time encapsulated graphene between two
h-BN sheets through the dry transfer method. The resulting heterostructures
exhibited carrier mobilities close to the theoretical phonon-scattering limit at
room temperature.?? Epitaxially growing graphene on top of h-BN using
catalysis-free chemical vapor deposition (CVD) resulted in Moiré pattern
superlattice, a minor lattice mismatch, forming sub-Dirac cones at superlattice

zone boundaries.[23]

Inspired by the development of h-BN/graphene heterostructures and the
fabrication techniques, the permutation of 2D van der Waals heterostructures
consisting of various 2D materials is thriving, offering a rich stage for
fundamental studies as well as novel device concepts. For example, the p-type
tungsten diselenide (WSe2) and n-type MoS2 were assembled to a p—n junction
at the ultimate thickness, which displayed efficient photon harvesting. 24

Vertical graphene/MoS2 (G/MoS2) heterostructures have enabled the
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fabrication of unique gated photodiodes.?°l MoS2/h-BN quantum well structures

have been used to fabricate light-emitting diodes. 6]

The integration of dissimilar materials underlies most functional devices,
implying the near ubiquity of interfaces in applied technologies. At the ultrathin
limit, the characteristics and functionalities of 2D heterostructures are
dominated by surface chemistry and interface coupling.['**! Nobel laureate
Herbert Kroemer coined the famous phrase, "the interface is the device".[?]
Therefore, methods for comprehensively characterizing and precisely
controlling surfaces and interfaces are required to realize the full technological

potential of 2D materials.

The interface in 2D van der Waals heterostructures can be controlled by
designing interlayer stacking configurations, which rely on the relatively weak
van der Waals interaction between neighboring layers.['3*! Van der Waals
coupled materials can have various stacking configurations controlled via
interlayer twist angle or introduction of guest species (atoms, molecular, or
dielectric layers) between neighboring layers.[?®! Instead of assuming a fixed
orientation as in the bulk materials, the homo- or heterolayers can be stacked
at desired azimuthal angles between their lattices, which opens up new
freedom in van der Waals heterostructures. The twisted 2D heterostructures
possess angle-induced periodic superlattices which can be characterized by
scanning tunneling microscope and high-resolution transmission electron
microscopy.l?® In 2018, twisted bilayer graphene was first assembled with a
subtle twist angle of about 1.1° (the first ‘magic’ angle) and exhibited flat bands
near zero Fermi energy.?? This unique structure appeared unconventional
superconductivity at 1.7 K.[?2. 301 Since then, twist angle as an emerging property
has attracted unprecedented attention. By precisely adjusting the twist angels,
new characteristics appear in 2D heterostructures, such as flat bands,[30: 31]

interlayer ferromagnetism,3?l moiré excitons,!3! topological polaritons,** and
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soliton superlattices.[% Moreover, the van der Waals gap between layers in 2D
materials has the potential to accommodate the introducing of atomic and
molecular species. Intercalation has been exploited to modify the interfacial
interaction in 2D heterostructures. For example, FeCls intercalation of
mechanically exfoliated few-layer graphene has been reported to result in an
extraordinarily large charge doping (up to 9 x 10'* cm=2) with a record low
electrical resistivity (<8 Q sq™') and high optical transparency in the visible
wavelength (>84%), which makes this material attractive for applications
requiring transparent electrodes.3¢! In addition to intercalation with atoms and
molecules, the insertion of dielectric layers into existing 2D vertical
heterostructures can affect interfacial interactions. The strong interlayer
spatially indirect recombination in the WSe2/MoS:2 heterostructure was
decreased by inserting a single layer of h-BN and fully suppressed by a trilayer

h-BN spacer.7]

The above examples of 2D van der Waals materials are some representative
highlights of the almost infinite number of reported novel physical effects. As
new ideas emerge, in addition to studying the properties of 2D materials
themselves, more and more artificially designed van der Waals systems come
into play to meet corresponding challenges in the field of electronics (transistors,
integrated circuits, flexible electronic devices, etc.),3® optoelectronics
(photovoltaic  devices, photodetectors, light-emitting diodes, optical
communications, etc.),[383% magnetoelectronics (magnetic storage, magnetic
sensors, etc.),*d energy storage and conversion (lithium-ion batteries,
supercapacitors, photovoltaic cells, fuel cells, etc.),*l quantum technology
(quantum computing, quantum communication, and quantum sensing),?
biomedical engineering (biosensor, drug delivery, and bioimaging)“3 and the
emerging filed, such as smart fibers,*4 softrobotics,*9! neuromorphic

computing!*®! and single atom catalysts,*”! etc.['6]
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2.2 Structures of Graphene and Graphene Derivatives
2.2.1 Crystal and Electronic Band Structures of Pristine Graphene

Graphene is a crystal material composed of a closely packed single layer of
carbon atoms. The carbon atoms in graphene are sp? hybridized and bonded
in a hexagonal honeycomb lattice as shown in Figure 3a.[“8] The unit cell of a
graphene crystal contains two carbon atoms, labelled A and B. The unit cell
vectors as and a:> have the same lattice constant of 0.246 nm. Figure 3c
illustrates the reciprocal lattice of graphene, and the hexagon is the
corresponding Brillouin zone. Because of the two sublattice in the real lattice
structure, the vertex points in Brillouin zone are equivalent, and called the K

and K’ point.*9 " point is the center of the Brillouin zone.
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Figure 3 (a) Lattice structure of graphene, which is composed of two triangular
sublattices highlighted by blue and green carbon atoms. The primitive lattice vectors
are represented by a; and az. The unit cell is highlighted in the yellow area, and a is
the lattice constant (0.246 nm). (b) Hybridization of the s, px and p, orbitals to sp?
orbitals and the sp? orbitals of neighboring atoms overlap to form o bonds in graphene,
while the p; orbitals form 11 bonds. (c) Corresponding Brillouin-zone with marked high
symmetry points. The reciprocal lattice vectors are represented by b1 and ba.

In each carbon atom of graphene, one 2s orbital and two 2p orbitals (px and py)
hybridize to form three sp? hybrid orbitals oriented 120° to each other in one
plane. The two neighboring carbon atoms form an in-plane o-bond by head-on
overlapping of two sp? orbitals. The length of the o-bond is 0.142 nm.5% The
unhybridized p; orbital lies perpendicular to the planar structure and interacts

with the p; orbitals of adjacent carbon atom, forming an out-of-plane 1-bond
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and antibonding 1m*-bond (Figure 3b). These 11 (T1*) bonds permit free-moving
electrons which contribute to high electron mobility in graphene.l!
Furthermover, the 1T-bonds provide a weak van der Waals interaction between
adjacent graphene layers stacked together, which form bulk graphite with an

interlayer spacing of 0.335 nm. 5]

In graphene, the valence band formed by 11-bonds and conduction band formed
by m*-bonds meet at the Dirac points, which locate at the K and K’ points of the
Brillouin zone. At these Dirac points, the valence band and conduction band
exhibit linear dispersion (Figure 4a-b).l%? Thus, graphene is a semimetal or
referred to as a zero-gap semiconductor. In the undoped graphene, the Dirac
point is energetically identical to the Fermi level (EF). The position of the Ef
determines the majority charge carriers in graphene which can be altered by

doping (Figure 4c).
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Figure 4 (a) The 3D band structure of graphene. (b) Dispersion of the states of
graphene. (c) Approximation of the low energy band structure as two cones touching
at the Dirac point. The position of the Er determines the nature of the doping and the
transport carrier. Reproduced from ref.[52] with permission from the American
Chemical Society, Copyright 2010.

2.2.2 Dynamic Structure Model of Graphene Oxide
Graphene oxide (GO) is the oxidized form of graphene, containing oxygen
functional groups such as epoxides, alcohols, and carboxylic acids etc.[%3 Every

GO layer consists of a single atomic layer of carbon atoms with oxygen

functionalities extending out of the plane and decorating the carbon grid. These
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oxygen functionalities are attached to the carbon lattice from both sides. The
composition of functional groups in GO are influenced by reaction conditions,
including factors like preparation time, temperature, and processing methods.
In general, GO consists of approximately 45 wt% carbon.[®¥ Despite several
structural models that have been proposed, GO remains a polydisperse

material, making it difficult to precisely define its structure.

The most advanced structural model of GO is the dynamic structure model
(DSM), illustrated in Figure 5. % In the DSM, GO does not contain any
significant quantity of preexisting acidic functional groups, but gradually
generates them through interaction with water. In the GO fragment shown in
Figure 5, a hole is positioned at the boundary between a graphenic domain
(lower right corner) and an oxidized domain (upper left corner). Various
structural features are denoted by different numbers and colors. The main
functional groups on the basal planes are epoxides and tertiary alcohols. The
DSM suggests that in aqueous solutions GO constantly interacts with water.
Water molecular or hydroxide ions can attack the 1,2-dihydroxy moieties ends
up with the C-C bond cleavage and formation of carbonyl groups on the newly
formed edges. The hydroxide can further react with carbonyl group at edges of
defects and further cleave C-C bonds forming carboxylic acids, which may
decarboxylate forming CO2. Additionally, organic sulfates can be found in GO
samples prepared in a sulfuric acid medium by esterification.® The density of
organic sulfates depends on the washing procedures, which is about one
organic sulfate per 90 carbon atoms for thoroughly washed GO samples.
Although the DSM explains the dynamic transfer and acidity of GO in aqueous
solution, the local structure of GO, in particular at defect sites, remains

unclear.57]
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Figure 5 DSM of GO, accounting for defects in the carbon lattice.

2.2.3 Chemical Structure of Oxo-functionalized Graphene

In the preparation of GO, defects can easily form upon overoxidation, with the
release of CO2. The Eigler group achieved the almost complete avoidance of
defect formation by maintaining the entire preparation temperature below
10 °C.I58 This resulted in the synthesis of oxo-functionalized graphene (oxo-G),
a subclass of GO. Oxo-G preserves the complete carbon framework to a large
extent, with only minimal loss of carbon, leading to a residual defect density as
low as approximately 0.01%.P4 As shown in Figure 6, main oxo-functional
groups are hydroxyl and epoxy groups, which are located on both sides of the
carbon framework. The degree of oxidation for carbon atoms is estimated to
around 50%. what means that about every second carbon atom in oxo-G is

sp3-hybridized. %
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Figure 6 Schematic illustration of the chemical structure of oxo-G.

By chemical reduction of oxo-G (r-oxo-G), the majority of oxygen groups are
reductively removed, resulting in restoration of sp2-hybridized graphene
domains with lateral dimensions of up to 10 nm.!%%l However, few residual oxo-
groups persistently adhere to the edges and defect sites. It's imperative to note
that the decomposition and recombination of carbon atoms during the reduction
process bring various in-plane defects, including vacancies, holes, and non-six-
membered carbon rings with sp?® hybridization. High-resolution TEM image of
thermally reduced oxo-G at 300 °C is depicted in Figure 7.1571 Vacancy defects
with a few missing carbon atoms and hole defects are visible. It's important to
note that a vacancy defect doesn't always result in a hole, as functional groups
at the edges of the material can fill the space left by the missing carbon atoms.
However, multiple vacancy defects can collectively form a hole defect as
marked in the red area in Figure 7.1 These defects, serving as structural
motifs or active sites, exert significant influence over the electronic and surface
properties of r-oxo-G.["] The Eigler group investigated the relationship between
structural defects and transport capacities of single-layer r-oxo-G with defect
densities from 0.2 % to 1.5 %. The corresponding field-effect mobility values

ranged from 0.3 cm?V~'s™"to 33.2 cm? V-'s7", showing an inverse relationship
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to defect density.[®'@]

Figure 7 High-resolution TEM image of thermally reduced oxo-G at 300 °C, showing
holes, areas of stacked carbon layers, and grain boundaries. The striking features are
marked: holes (H), intact single-layer graphene (G), and double-layer carbon (D).
Reproduced from ref.[60] with permission from Wiley-VCH Verlag GmbH & Co,
Copyright 2020.

2.3 Preparation Methods of Graphene

One of the key challenges in graphene research and applications is the cost-
effective, large-scale production of graphene with controllable quality. Currently,
the main preparation methods for graphene are mechanical exfoliation,
chemical vapor deposition (CVD), chemical oxidation-reduction method,
pyrolysis of silicon carbide, and liquid phase exfoliation etc.[''2 621 |n this thesis,
mechanical exfoliation, CVD, and chemical oxidation-reduction method were
used to prepare graphene-based samples. The detailed methods are

introduced in the following sections 2.3.1-2.3.3.
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2.3.1 Synthesis of Graphene by Mechanical Exfoliation

Single-layer graphene

Figure 8 The procedure of the Scotch-tape based micromechanical cleavage of HOPG.
Reproduced from ref.[63] with permission from Royal Society of Chemistry, Copyright
2013.

Mechanical exfoliation is a conventional technique to isolate 2D flakes by
carefully separating layers from bulk crystals.[' 84 This process relies on
mechanical forces to disrupt the van der Waals forces between the neighboring
layers. A typical mechanical exfoliation procedure is shown in Figure 8, a bulk
graphite is initially attached to a strip of adhesive tape (Scotch tape from 3M).
Another piece of tape is then applied to the other side of the crystal and gently
pulled apart. This sequence is repeated several times to create thin flakes
suitable for transfer to a desired substrate, such as Si/SiO2 wafers. Afterward,
the Scotch tape is peeled off from the substrate. With the assistance of an
optical microscope, single or few-layer nanosheets like graphene can be
identified on the substrate by optical contrast. Finally, Raman spectroscopy is
used to prove the single layer nature of the material, which is discussed in

section 3.1.1.

In 2004, Novoselov Gaim and Andre Konstantin Geim et al. successfully used

mechanical exfoliation to prepare monolayer graphene from graphite.l'l Based
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on their work, this approach was used to prepare other 2D crystals from layered
bulk crystals, including h-BN, MoSz, niobium diselenide (NbSe2), and
Bi2Sr2CaCu20x.[43 Drawing inspiration from these results, researchers further
developed a variety of monolayer or few-layer nanosheets, including 2D

TMDCs, BP, and MOF.[64-6]

Graphene crystals obtained through mechanical exfoliation from graphite
maintain their crystal structure with high quality and minimal defects, making
them ideal candidates for investigating intrinsic properties and applications in
electronic devices. However, production yields are limited, and a supporting
substrate is always necessary. To fully harness the potential of this technology,
the key lies in improving the technique to enhance production efficiency. Lee
et al reported the largest exfoliated monolayer graphene ever reported with a
lateral size of a millimeter, which was exfoliated by layer-engineered exfoliation.
A 60 nm thick Au film was thermally evaporated onto the graphite flake to induce
tensile stress. Using spin-coated PMMA and thermal release tape as handling
layers, an external bending moment generated cracks formed at domain
boundaries within the graphite flake. These cracks propagated parallel to the
Au-graphene interface, resulting in large-area exfoliation. Moreover, large-area
graphene with a controlled number of layers was achieved by depositing metal
films (Pd, Ni, and Co) with higher interfacial toughness than Au.[8! In addition,
sonication, ball milling, and fluid dynamics methods also have been used for
the large-scale production of graphene.[®3 Coleman et al demonstrated a high-
shear mixing exfoliation method for producing graphene at rates exceeding 0.4
g h™", coupled with low defects (Raman Ip/lc below 0.65).7] The variations in
shear forces and mixing conditions lead to inconsistencies in layer thickness

and quality, making uniform exfoliation challenging.
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2.3.2 Synthesis of Graphene by Chemical Vapor Deposition

CVD is one of the most widely used material deposition techniques in the
semiconductor industry.®8 In a typical CVD process, the chosen substrate is
exposed to reactive precursor materials under high temperatures. These
precursor materials react and/or decompose on the surface of the substrate,

resulting in the formation of ultrathin 2D flakes or large-area ultrathin films.
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Figure 9 (a-b) Schematic of the CVD growth method of graphene based on the two
different growth mechanisms. Reproduced from ref.[69] with permission from the
American Chemical Society, Copyright 2009. (c) CVD graphene on different substrates.
Adapted from ref.[70] with permission from Wiley-VCH Verlag GmbH & Co, Copyright
2014.

The quality of the generated thin film can be regulated by controlling parameters
such as chamber pressure, reaction temperature, gas flow rates, gas
composition ratios, and deposition time. To date, this approach has been
successfully applied to produce a wide range of ultrathin 2D nanomaterials,
including graphene,l’1 TMDCs such as MoS2, WS2, MoSez2, tungsten diselenide
(WSe2), rhenium disulfide (ReS2), gallium sulfide (GaS2),’2 h-BN,"3
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topological insulators like indium(lll) selenide (In2Sesz) and bismuth selenide

(Bi2Ses),["* as well as metal oxides.["

The mechanism of graphene preparation by CVD method can be divided into
two categories: 1) the carbon diffusion and precipitation mechanism (Figure
9a), and 2) the surface growth mechanism (Figure 9b). Carbon diffusion and
precipitation mechanism primarily involves high-carbon-solubility metal
substrates such as nickel (Ni). During high temperatures, carbon atoms from
the carbon source, such as methane (CHa), diffuse into the metal substrate.
The carbon atoms precipitate from the metal with the subsequent cooling and
crystallize into graphene. The surface growth mechanism refers to the process
in which, at high temperatures, gaseous carbon sources decompose into
carbon atoms that adsorb onto metal surfaces with lower carbon solubility.
These carbon atoms autonomously grow into "graphene islands", which
gradually increase in number and size. When the entire substrate is covered,
the graphene islands stop growing, eventually forming a large-area monolayer
graphene. In 2009, the Ruoff group pioneered the use of low-carbon-solubility
copper (Cu) foils as substrates to successfully produce large-area, high-quality
graphene, mainly in monolayer form.!6% 761 This method yields graphene with
fewer layers, fewer defects, and larger sizes, making it suitable for applications
in high-quality electronic nanodevices. The CVD-grown graphene on the metal
substrates can be transferred to different substrates for various applications

(Figure 9c).

To further improve the quality of CVD graphene, continuous optimization and
improvement of CVD techniques are ongoing.[’'a 77l The large-scale synthetic
graphene films are typically polycrystalline, consisting of multiple single-
crystalline grains with inherent grain boundaries. The grain boundaries are

structural defects and degrade the electrical and mechanical properties of the
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resulting films.l”8 Centimeter-scale single-layer single-crystalline graphene
without grain boundaries have been achieved through proper substrate
engineering, including using substrates such as oxygen-rich Cu, Cu—Ni alloy,
single-crystal Cu(111), Ge(110) etc.[”®! In addition, to avoid the defects and
contaminations from the transfer process, graphene are directly synthesized on
insulators, such as SiO2, h-BN, quartz, and Al203.[8 This is achieved by
additionally introducing of a gaseous promotor that catalyzes the
decomposition of carbon feedstock on the surface of the insulating substrate.
Moreover, progress has also been reported on graphene growth at low-

temperature, with controlled thickness and stacking twist angles.
2.3.3 Synthesis of Graphene by Chemical Oxidation and Reduction

The chemical oxidation-reduction method stands out as the predominant
approach for macroscopic production of graphene. It enables the production of
graphene in large quantities suitable for applications in catalysis, energy

storage, etc.

In 1859, chemist Benjamin C. Brodie pioneered this method by successfully
creating graphite oxide from graphite using potassium chlorate and fuming nitric
acid. Several iterative oxidation steps yielded "paper-like foils" with a thickness
of 0.05 mm.[®2l In 1898, Staudenmaier improved the oxidation method by
introducing potassium chlorate in small portions and subsequently acidifying
the mixture with concentrated sulfuric acid (H2S04).8% In 1957, Hummers and
Offeman introduced the renowned "Hummers' method" as an improved
technique for producing GO.B Indeed, the credit for "Hummers' method"
should be given to Charpy. He had used the combination of potassium
permanganate (KMnO4) and H2SO4 and published a similar method in 1909.[85]
The Graphite was oxidized to graphite oxide by treating it with a water-free

mixture of concentrated H2SO4, sodium nitrate (NaNOs), and KMnOs4. The
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reaction was cooled in an ice-bath and the KMnO4 was gradually added in
portions to maintain the temperature below 20 °C. The ice-bath was then
removed. The temperature of the suspension was raised to 35°C and kept for
30 minutes. causing a temperature rise to 98°C. After 15 minutes, more water
was added to dilute the mixture, and the remaining permanganate was
neutralized with hydrogen peroxide. This method is extensively utilized, often
with some modifications, to synthesize GO due to its relative safety and
efficiency in exfoliating graphite into thin layered sheets.

(a)

graphite <10°C

graphite oxide

delamination
(b) Hummers' method

5 s
) 9 (&)

AN XD 81
:,‘\‘.“\)_‘ A YOO
e Y PO

> LAY NN Y ’f
os o feral JosgeR v LRSI
V\\»\‘) : 4 -". 3 P h),r“ﬂ
( t\f.“‘,c ‘,4‘ e i ® -{’\ 7 '/f' ,/"A.
"QEFILIOIR 23 ees, e
Y. N ~ IS
| 9 e ¥ :(‘ e e
x % ' PR
Sl X TR
o0 Oxo-G
reductionl reductionl
B > 3 | &2
graphene with defects i graphene without defects

Figure 10 Synthesis and reduction of (a) oxo-G and (b) GO. Adapted from ref.[59] with
permission from Wiley-VCH Verlag GmbH & Co, Copyright 2014.

The Eigler group modified this method by maintaining a reaction temperature
below 10 °C and extending the oxidation time to 16 h to minimize CO2 formation

during oxidation (Figure 10a).%4 The reaction was terminated by slowly adding
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cold water to avoid heating with concentrated H2SO4. Subsequent purification
and exfoliation remained consistent with Hummers' method, but with a
temperature threshold of less than 10 °C. The new form of GO, named oxo-G
(Figure 10a), obtained through this method exhibits very few defects and
demonstrates better stability against degradation compared to GO (Figure
10b). The temperature control is indispensable for preserving the carbon
framework, and is the crucial difference to Hummers’ method. The detailed

structures of GO and oxo-G are discussed in Section 2.2.2 and 2.2.3.

To convert GO to graphene, various reduction methods are employed, including
thermal annealing, electrochemical reduction, and chemical reduction with
reducing agents, such as borohydrides, hydrohalic acid, and hydrazine etc.¢®]
During reduction, oxygen-containing functional groups, such as hydroxyl, epoxy,
and carboxyl groups, are removed or chemically modified to form carbon-
carbon bonds, thereby reducing the oxygen content and restoring the sp?
carbon network characteristic of graphene. The quality of the reduced GO (r-
GO) can be controlled by adjusting reaction parameters such as temperature,
reaction time, choice of reducing agent, and also depending on the initial
degree of defect in GO.[#71 In contrast to GO, oxo-G has an almost intact carbon
framework and, therefore, can be chemically reduced to high-quality graphene

(defect density below 1%, as discussed in Section 2.2.3) (Figure 10).558]
2.4 Covalent Functionalization of Graphene
2.4.1 Covalent Functionalization Method

Pristine graphene is a zero-bandgap semimetal, as its conduction and valence
bands meet at the Dirac point, as discussed in Section 2.2.1.150a Covalent
functionalization of the graphene is to form covalent bonds between functional
groups and carbon atoms within the graphene lattice. This covalent bonding

process utilizes 1 electrons, thereby altering the charge carrier properties of
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graphene and leading to the opening of its bandgap (Figure 4c).[8
Consequently, graphene undergoes a transition from a semimetal to a
semiconductor.®? This is crucial for applying graphene in micro- and nano-

electronic devices.[%

Various approaches have been employed for the covalent modification of
graphene, which include the addition of free radicals to sp? carbon atoms, the
addition of dienophiles to carbon—carbon bonds, hydrogenation, and
fluorination of graphene etc (Figure 11).°" Among these methods, radical
reactions generating reactive species, such as nitrene, carbene, and aryl

intermediates, are most prominent in covalent functionalization of graphene.
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Figure 11 (a) Functionalization of graphene by (p-nitrophenyl) diazonium
tetrafluoroborate. Reproduced from ref.[92] with permission from the American
Chemical Society, Copyright 2009. (b) Functionalization of graphene by alkyl nitrenes.
Reproduced from ref.[91d] the Royal Society of Chemistry, Copyright 2011.

Aryl diazonium salt molecules with a range of functionalities have been
effectively used to modify graphene. For example, the Haddon group first used
diazonium salts ((p-nitrophenyl) diazonium tetrafluoroborate) to modify
graphene sheets (Figure 11a).1%2 The epitaxial graphene was functionalized
with nitrophenyl-groups, leading to an increase in electrical resistance. The

Yang group applied aryl diazonium salts with different types and quantities of
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reactive end groups (-Cl, -NOz2, or -NH2) to functionalize graphene nanosheets
by electrochemical methods. Depending on the types (charge states) of
reactive terminal groups and target analytes, selective and sensitive detections
of three inorganic ions (lead, nitrite, sulfite ions) have been realized.[*?! In
addition to the direct functionalization of monolayer graphene, Hirsch group
reported on a two-step covalent bulk functionalization of graphene. It started
with the reduction of graphite using alkaline metals in dimethoxyethane yielding
negatively charged graphenides, followed by the quenching it with diazonium
salts, iodonium salts, or alkyl halides leads to the covalently functionalized

graphene.[®4
2.4.2 Laser-induced Selective Functionalization Method

Through the aforementioned covalent modifications, the carbon lattice of
graphene undergoes a sp?-sp? transition. These initial studies constitute the
first stage of covalent modification of graphene chemistry, focusing on the
binding of functional groups, with less regard to the regioselectivity. [°°]
Moreover, most methods demand specific experimental conditions, including
long reaction times and harsh reaction temperatures. Laser-induced
functionalization achieves high regioselectivity for functionalization on
graphene surfaces, introducing functional groups primarily at irradiated
locations or structures. This method does not require direct contact with the
graphene surface, avoiding damage or contamination, and minimizing the
introduction of external impurities. By adjusting parameters such as laser power,
wavelength, and irradiation time, precise control over the modification process
can be achieved to obtain the desired modification structures and properties.
By introducing functional groups in specific surface regions, the chemical
properties, such as hydrophilicity, hydrophobicity and catalytic activity, °2 %l and

physical properties of graphene, such as electronic conductivity and
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bandgap,® °7 can be tailored.

Focused laser writing is an effective technique for selective functionalization of
graphene. As shown in Figure 12a, the procedure initiates with the deposition
of a photosensitizer onto the graphene surfaces. Subsequently, laser-induced
photolysis of the photosensitizer occurs, generating free radicals that react with
graphene. Notably, the radical reaction is confined to the region illuminated by
the laser. Related research started in 2009, Brus et al. reported the laser-
triggered photochemical reaction between graphene and benzoyl peroxide
(BPO), realizing the covalent modification of graphene.!®® Graphene on a Si
wafer was immersed in a BPO solution, and the reaction was initiated by
focusing an Ar-ion laser beam (A = 514.5 nm, 0.4 mW) onto the graphene flake
in the solution. As BPO is transparent at the laser wavelength, direct photolysis
is unlikely. However, the process can be initiated by photoexcited graphene,
which absorbs light and transfers an electron to BPO, leading to its
decomposition to phenyl radical and CO2. The phenyl radical then forms a
covalent bond with the unbonded free electron in graphene. In addition, the
phenyl radicals likely also react with phenyl groups that are already bound on
the graphene surface, resulting in the formation of polymeric dendritic
structures. Moreover, Hirsch et al controlled the covalent bonding of phenyl
groups on graphene with a designed 2D-pattern, which was guided by Raman
mapping techniques. The 2D-functionalized patterns on graphene can be

erased by de-functionalization through thermal treatment.[®
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Figure 12 (a) Schematic illustration of the reaction sequence for the laser-induced 2D-
functionalization of monolayer graphene. (b) Classify of reported photosensitizer.

In addition to BPO, the Hirsch group used hypervalent iodides as
photosensitizers, including 1-chloro-1,2-benziodoxol-3(1H)-one, 1,3-dihydro-1-
hydroxy-3,3-dimethyl-1,2-benziodoxole, 1-fluoro-3,3-dimethylbenziodoxole,
and 3,3-dimethyl-1-(trifluoromethyl)-1,2-benziodoxole to introduce various
functional groups to pattern graphene.l'® Recent studies have shown that
silver trifluoroacetate, a novel photosensitizer for laser writing on graphene, can
achieve extremely high degrees of functionalization.['°"! Moreover, a series of
silver carboxylates were used to bind 16 kinds of fluoroalkyl and alkyl groups to
graphene surface to achieve the p-doping and n-doping of graphene,
respectively (Figure 12b).['%21 The degrees of functionalization are above
1%.011%1 |n addition, the laser-induced covalent bonds can be broken by high-
temperature annealing treatments, and the functionalization of graphene is
reversible, which makes the graphene surface adjustable.[100-102.103] The |aser-
induced functionalization method provides us with a precise and controllable
way to modify the surface of 2D materials, which brings new ideas for designing

the chemical interfaces of the 2D heterostructures.
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2.5 Structures and Optical Properties of MoS2

2.5.1 Atomic and Electronic Band Structures of MoS:

IT
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Figure 13 Lattice structures of 2H, 3R, and 1T phase MoS,. Adapted from ref.[104] the
Royal Society of Chemistry, Copyright 2015.

MoS: is a typical TMDCs with a layered structure. A monolayer of MoS: is a
sandwich structure consisting of three atomic layers: a central layer of Mo
atoms sandwiched between two layers of S atoms. In each layer, Mo atoms
form covalent bonds with six S atoms.['%] However, Mo and S atoms cannot
form perfect bonds at the edges, leading to numerous dangling bonds,
consequently, resulting in high energy levels at the edges. Multilayer MoS: is
formed by stacking these "tri-atomic-layer sandwich" structures through
relatively weak van der Waals forces, with an interlayer spacing of 0.650 nm.[106]
Therefore, the intralayer forces within MoS2 are strong, while the interlayer

interactions are relatively weak.

Different atomic arrangements between S and Mo atom layers lead to different
MoS: structures, such as 2H phase, 3R phase, and 1T phase (Figure 13).['07]
The metallic phase 1T has a triangular S-atomic layer at the top and a 180°
rotated S-atomic layer at the bottom, forming a hexagonal arrangement of S

atoms.!'% |n the semiconductor 2H phase, each Mo atom extends six branches
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in two tetrahedra in the Z directions forming hexagonal symmetry. The 2H
phase have ABAB stacking between layers. The 3R phase is a rhombohedral

symmetric crystal system with ABCABC stacking between layers.
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Figure 14 Calculated band structures of (a) bulk MoS;, (b) four-layer MoS;, (c) bilayer
MoS;, and (d) monolayer MoS;. Reproduced from ref.[109] with permission from the
American Chemical Society, Copyright 2010.

Figure 14 is a schematic energy band diagram for the bandgap transitions of
bulk, four-layer, bilayer and monolayer MoSz, which is based on the density
functional theory (DFT).['%% The variation in the band structure with the number
of layers arises from quantum confinement and the resulting hybridization
changes between the p; orbitals on S atoms and the d orbitals on Mo atoms.[0%-
"0l DFT calculations indicate that the conduction band states at the K point
primarily originate from the localized d orbitals on Mo atoms in the S-Mo-S
region, which are relatively unaffected by interlayer coupling.[''l However, the
states near the I' point originate from the combination of the antibonding p:
orbitals on S atoms and the d orbitals on Mo atoms, exhibiting strong interlayer
coupling effects.l'%®l Consequently, as the number of layers decreases, the
direct excitonic states near the K point remain relatively stable, while the indirect
transitions near the I' point increases monotonically. As shown in Figure 14d,
the monolayer MoS2 changes into a direct bandgap semiconductor as the

positions of both valence band maximum and conduction band minimum shift
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to the K point. [11]
2.5.2 Photoluminescence of MoS:

The phenomenon of photoluminescence (PL) arises from the process of
excitation and recombination of non-equilibrium carriers in semiconductor
materials. The process begins when incident light illuminates the
semiconductor material with a higher energy than the band gap of the material.
In this case, electrons in the valence band vertically jump to the conduction
band after absorbing the photon energy, forming a pair of non-equilibrium
carriers with holes in the valence band. This excited state carrier pair is unstable
as it tends to return to the ground state by undergoing a recombination process.
The recombination of the carriers in the excited state leads to the release of

energy, which is emitted in the form of light, resulting in PL.

Wang et al.l'%l first proposed in 2010 that monolayer MoS: is a direct bandgap
material with strong PL. Nevertheless, bulk MoS:2 is an indirect bandgap
semiconductor with negligible PL. The PL quantum efficiency from such a direct
excitonic state in MoS2 can be approximated by NLum = krad/(Kkrad + Kdefect + Krelax),
where Krad, Kdefect, and krelax are, respectively, rates of radiative recombination,
defect trapping, and electron relaxation rate of intraband relaxation to band
minimum. In bulk MoSz, the krelax is extremely high. Therefore, PL from direct
excitonic transitions is usually not observable in bulk MoS2. With the increase
of the indirect bandgap in thinner MoSz, the intraband relaxation rate from the
excitonic states decreases. However, krad is not likely to change as the direct
excitonic transitions remain at the same energy, as discussed in section 2.5.1.
In the case of monolayer MoS2, a qualitative change into a direct bandgap
semiconductor renders krelax = 0. Therefore, the enhanced PL in monolayer has

to be attributed to a dramatically slower electronic relaxation Krelax.['%%
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Figure 15 (a) Simplified band structure of bulk MoS,. (b) Normalized PL spectra by the
intensity of peak A of 1-6 layers MoS,. Feature | for 4—6 layers are magnified for clarity.
(c) PL quantum yield of 1-6 layers MoS,. (d) Bandgap energy of thin layers of MoS,,
inferred from the energy of the PL feature | for 2-6 layers and from the energy of the
PL peak A for monolayer MoS,. The dashed line represents the indirect bandgap

energy of bulk MoS,. Adapted from ref.[110] with permission from the American
Physical Society, Copyright 2010.

Figure 15a shows the simplified band structure of MoSz2, where I" indicates the
Brillouin zone center, c¢1 is the conduction band, v1 and v2 are the two split
valence bands. A and B represent the direct-gap transitions with the energy split
from v1 and v2, and | represents indirect-gap transition from the conduction
band to the valence band, which corresponds to the A, B, and | peaks in the PL
spectra in Figure 15b. E’g is the indirect energy band gap, and Egq is the direct
band gap.[''% The PL intensity of suspended 1-6 layers MoS2 samples varies
significantly depending on the number of layers when excited at the same
energy of 2.33 eV (Figure 15¢). The PL quantum yields for 2-6 layers MoS:2 are

on the order of 10°-10%¢, while a value as high as 4x10® was observed in
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monolayer MoS2. The normalized PL spectra for suspended 1-6 layers MoS2
are shown in Figure 15b. The PL spectrum of monolayer MoS: exhibits a single
peak centered at 1.90 eV, which is attributed to direct-gap transition A. In
contrast, in few-layer samples, multiple emission peaks are observed, labeled
as A, B, and |. Peak A coincides with the monolayer emission peak but redshifts
and broadens slightly with an increasing number of layers. Peak B lies about
150 meV above peak A. The broad feature | lies below peak A and
systematically shifts to lower energies. It approaches the indirect-gap energy of
1.29 eV and becomes less prominent with an increasing number of layers

(Figure 15d).
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Figure 16 (a) Peak fittings using Lorentz functions of as-prepared and F4sTCNQ-doped
monolayer MoS,. (b) Schematic of relative potentials (vs SHE) of monolayer MoS- and
n- and p-type dopants. (c) PL spectra of monolayer MoS; before and after p-doping by
TCNQ and F4sTCNQ, respectively. (d) PL spectra of 1L-MoS; before and after n-doping
NADH. The PL spectra were measured at 532 nm excitation. Adapted from ref.[112]
with permission from the American Chemical Society, Copyright 2013.
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Most of the monolayer MoS2 obtained by mechanical exfoliation or CVD method
displays n-type behavior, which results in multiple peaks in the PL spectra. As
shown in Figure 16a, the PL emissions of monolayer MoS2 mainly stem from
neutral excitons (A°, one electron and one hole) and other excitonic complexes
such as trions (A, two electrons and one hole) and biexcitons (B, two electrons
and two holes). By controlling the electric field!''3l and chemical doping, the
concentration of electrons in MoS2 can be changed, leading to the modulation
of intrinsic behavior. This change enables the transition of different excitons

thus to adjust the PL behavior of M0S2.['"2]

Mouri et al. successfully achieved tunable PL of 1L-MoS:2 vis n-type and p-type
chemical doping, respectively.[''?l They utilized 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) as p-type dopants, leading to a notable enhancement in the PL of 1L-
MoS:2 (Figure 16c). Additionally, the introduction of n-type dopant, nicotinamide
adenine dinucleotide (NADH), resulted in PL quenching (Figure 16d).
Schematic of relative potentials (vs SHE) of monolayer MoS2 and dopants are
shown in Figure 16b. The flat band potential of few-layer MoS:z is —-0.13 eV (vs
SHE), which is smaller than the reduction potentials of 0.84 eV (vs SHE) for
F4TCNQ and 0.46 eV (vs SHE) for TCNQ, and larger than the low oxidation
potential of —0.32 eV (vs SHE) for NADH. Therefore, the FATCNQ and TCNQ
function as electron acceptors (p-type dopants) and the NADH functions as an
electron donor (n-type dopant) for monolayer MoS:. The difference in chemical
potential between monolayer MoS2 and p-type (n-type) dopants induces the
electron extraction (injection) in MoSz. As displayed in Figure 16a, the PL
spectral weight of the A~ at ~1.84 eV is greater than that of the A° peak at ~1.88
eV in the as-prepared monolayer MoS2. However, the PL spectra of F4sTCNQ-
doped MoS:2 are dominated by A° exciton peak at ~1.88 eV, which indicates

that the excitons can recombine from trions to neutral excitons due to the
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decrease in the number of excess carriers in MoS2 (Figure 16a).l''4] In addition
to surface doping, various approaches, including local surface plasmon
resonance,!''® strain engineering,['®! and defect engineering,[''] are used to

adjust the PL performance of MoSo..

2.6 Interfacial Charge Transfer and Optical Properties of Graphene-

based/MoS: Heterostructures
2.6.1 Research Status of Graphene/MoS:

Since the discovery of graphene in 2004, the properties of graphene have been
extensively studied, and many of its properties exceed those of any other
material: ultrahigh room-temperature electron mobility of 1.5 x 10*cm? V' s™
(10 times to Si);"l a Young’s modulus of 1 TPa and intrinsic strength of 130
GPa;®! very high thermal conductivity (above 3000 W mK™");["® complete
impermeability to any gases;' ability to sustain extremely high densities of
electric current (a million times higher than copper)['29. However, the absorption
of incident light by monolayer graphene is only 2.3%,['2" which is insufficient
for high-performance optoelectronic devices that require strong light absorption.
The zero bandgap of graphene leads to a short photocarrier lifetime, limiting
effective photocurrent generation.l'?? Consequently, the optical properties of

graphene greatly limit its applicability in optoelectronics.

Stacking graphene with other 2D materials to form van der Waals
heterostructures is one way to open the bandgap (about 2 meV) of graphene
besides chemical modification. Such heterostructures not only overcome the
limitations of individual materials but also introduce novel properties through
their effective combination.['??l Compared to the semimetal graphene,
monolayer MoS2 has a direct band gap of 1.9 eV with a high absorption
coefficient and efficient electron-hole pair generation under photoexcitation.['24

The G/MoS: integrate the superior light-matter interaction in MoS2 and high
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charge mobility in graphene, providing potential for high-performance
optoelectronic devices.l'?d! Zhang et al. fabricated MoS2/G photodetector by
transferring graphene onto a large continuous MoS2 monolayer film. They found
that the photogenerated electron-hole pairs in MoS2 could be separated across
the hetero-interlayers, and the photoelectrons were injected into graphene
rather than trapped in MoS2 due to the presence of a perpendicular effective
electric field. The MoS2/G photodetector exhibited an ultrahigh optical
responsivity of more than 107 A W - at room temperature and an optical gain
of ~108, whereas the highest photoresponsivity for the pristine monolayer MoS2
is only around 780 A W-.11261 Pala et al. reported that the photo-generated holes
traveled from graphene to MoS2 over the Schottky barrier under illumination.
The p-type MoS2 formed a Schottky junction with graphene with a barrier height
of 139 meV, which provided a broad spectral range of detection.['?”] Strano et
al. proposed that the junction in G/MoS2 was a Schottky barrier, whose height
was artificially controlled by gating or doping of graphene.['?8] Xu et al. made
one step further. They found that the insertion of CVD-grown monolayer h-BN
between G/MoS: efficiently blocked the interlayer coupling and therefore
restored its photovoltaic effect. The photocurrent of MoS2/h-BN/graphene
heterostructure increased by over three orders, demonstrating a responsivity of
0.36 A W' at 532 nm illumination and an ultra-high detectivity of 6.7 x 100

Jones.[129]

As discussed above, the current research focus of G/MoS:2 heterostructures is
on interface modulation.['3% In this thesis, we use chemical ways to construct
the interface for adjusting the Fermi level of graphene and regulating the charge
transfer at the interface, promoting the high optical performance of G/MoS:2

heterostructures in optoelectronic applications.
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2.6.2 Atomic and Electronic Band Structures of Graphene/MoS:
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Figure 17 Optimized structure of G/MoS. from (a) top view and (b) side view.

Figure 17 shows the atomic structure G/MoS:2 heterostructure with supercell
geometry of 5:4 (graphene: MoS2) obtained by DFT calculations. The DFT
based first principles calculations were carried out using the projector
augmented-wave (PAW) method as implemented in the VASP code. MoS:>
sheet was compressed by 0.3%, whereas the graphene sheet was stretched
by 1.16% from the optimized pristine cell parameters. Mo-S bond length is 2.38
A and C-C bond length is 1.44 A. The thickness of the MoS2 monolayer (the
vertical distance between S-S planes) is 3.13 A.I'3 The interlayer spacing
between graphene and MoS:2 sheets is 3.39 A, which is in good agreement with

the experimentally reported interlayer distance of 3.40 A. [132]

The calculated electronic band structures of the isolated MoS2 monolayer,
pristine graphene, and G/MoS: heterostructure are shown in Figure 18.1'33 The
electronic band structure of G/MoS:2 heterostructure appears to be a simple
sum of the electronic band structures of the graphene and MoS:2. The linear
dispersion bands of graphene appear in the large energy gap of MoS2, and the
electronic band structure features of pristine graphene seem to be preserved,
indicating that the van der Waals interaction between graphene and MoS: is

relatively weak. As displayed in the inset of Figure 18c, the linear bands at the
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Dirac point of graphene are slightly changed by the interactions between
graphene and MoS2, and a band gap of about 2 meV opens in G/MoS:2

interfaces.!134
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Figure 18 Electronic band structures of (a) MoS2 (b) graphene, and (c) G/MoS;
heterostructure. Inset of (c) shows the zoom in of the band structure near Fermi Energy.
The Fermi level is set to zero and marked by red dotted lines. Adapted from ref.[133]
the Royal Society of Chemistry, Copyright 2016.

One of the key parameters in the design of a heterostructure is the
determination of the band offset, which is the relative alignment of the energy
bands of heterostructure. Anderson's rule is used to construct energy band
diagrams for two semiconductor heterojunctions. The rule states that the
vacuum of the semiconductors on both sides of the heterojunction should be
equal when plotting the energy band diagram.['3%] Based on Anderson's rule
and the calculated electronic band structures (relative to vacuum Evac), the
schematic band alignment for graphene, MoS2, as well as the G/MoS:2
heterostructure are shown in Figure 19a. The band alignment diagram
demonstrates the emergence of interlayer excitons. For semiconductors, the Er
lies within the band gap. The position of EF depends on factors such as
temperature and doping level. At absolute zero temperature (0 K), Er is located

in the middle of the band gap for intrinsic (undoped) semiconductors. When the
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semiconductor is doped, Ef shifts toward the conduction band for n-type
(electron-doped) semiconductors or toward the valence band for p-type (hole-
doped) semiconductors. Due to the difference between the Er of MoS2 (EF1)
and graphene (Erz), the excited electrons migrate from graphene to MoS2, while
the holes move in the opposite direction. The charge difference of the G/MoS2
heterostructure was calculated. As expected, the charge redistribution occurs
mainly at the interface between the two layers, with electrons accumulating on

the MoS:2 layer and charges being depleted on the graphene layer (Figure 19b).
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Figure 19 (a) Schematic band alignment for monolayer MoS,, graphene, and G/MoS;
heterostructure.[136] (b) three dimensional isosurface of the charge density difference
of G/MoS; heterostructure (The yellow and blue areas represent electron accumulation
and depletion, respectively).

2.6.3 Effects of Interlayer Distance on Interfacial Charge Transfer of

Graphene/MoS:

Changing the interlayer distance is an effective way to modulate the electronic
properties of van der Waals heterostructures. The interlayer distance in van der
Waals heterostructures can be controlled experimentally by vacuum thermal
annealing, nanomechanical pressure, intercalation, diamond anvil units, and
chemical functionalization.!'3”] Therefore, it is necessary to consider the effect

of interlayer distance on the electronic properties of G/MoS2 heterostructures.
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Figure 20 Three dimensional isosurface of the charge density difference of G/MoS;
heterostructure at various interlayer distances. Reproduced from ref.[136] The Royal
Society of Chemistry, Copyright 2022.

Figure 20 illustrates that the fluctuation of the charge density difference curves
increases as the interlayer distance of the G/MoS:2 heterostructure decreases
from 3.755 A to 3.209 A, which indicates that the graphene layer is transferring
more charge to the MoS2 layer. When the interlayer distances were 3.209 A,
3.346 A, 3.482 A, and 3.755 A, 0.120 e, 0.107 e, 0.088 e-, and 0.062 e of
charge were transferred from the graphene layer to the MoS:z layer, respectively.
Due to the charge transfer to the MoS:2 layer, the Fermi level of graphene is
shifted downward, while the band structures of pristine graphene and MoS:
monolayers are preserved. The band gaps of the MoS:2 layer in the
heterostructure are 1.747 eV, 1.737 eV, 1.747 eV, and 1.757 eV, when the
interlayer distances are 3.209 A, 3.346 A, 3.482 A, and 3.755 A respectively.!'38]
All of these results indicate that the interlayer distance can effectively control

the charge transfer but plays a limited role in regulating the electronic structure.

2.6.4 Effect of Interfacial Charge Transfer on Photoluminescence of

Graphene/MoS2

When 2D materials are stacked to form van der Waals heterostructures, the

interfacial coupling between adjacent layers significantly influences their
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physical characteristics. Lattice vibrations and PL emissions offer valuable
insights into lattice structure, electronic band structure, and interlayer coupling.
Excitons in heterostructures exhibit diverse behaviors, which are influenced by

electron-electron interactions and charge transfer at the hetero-interface.['38
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Figure 21 (a) Microscope image and (b) PL spectra of MoS,/G heterostructures.

For pristine G/MoSz, the interactions between graphene and MoS: leads to the
band gap opens of graphene (Figure 18c). The upward shift of the Dirac point
of graphene with respect to the Fermi level indicates that holes are donated by
the MoS2 monolayer.['3% Specifically, due to the Schottky barrier at the interface,
the photogenerated holes are injected from the valence band of MoS: to
graphene, whereas the photogenerated electrons in the conductance band of
MoS:2 are prohibited to diffuse to graphene because of the built-in barrier formed
at the hetero-interface.['?% Therefore, the exciton recombination efficiency and
the resultant PL intensity of MoS2 in G/MoS: significantly decreased with the
increase in the spectral weight of the A~ trion peak (Figure 21). Zhen et al.
systematically investigated the PL characteristics of MoS2/G heterostructures
by electrochemical gate modulation.l'3 The results indicated that the PL
intensity of excitons can be adjusted by more than two orders of magnitude,
with an observed blue shift of the exciton peak up to 40 meV. Under negative

gate bias, the tunability of MoS:2 carrier density played a dominant role in focal
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adjustment, while under positive gate bias, exciton splitting driven by the built-
in electric field at the Schottky contact became the primary influence. They
further inserted different thicknesses of insulating self-assembled monolayers
(SAMs: octyltrichlorosilane C8-OTS, ca. 0.8 nm, and trichlorooctadecylsilane
C18-0TS, ca. 1.8 nm) at the MoS2/G interface. The insulating SAMs increased
the tunneling barrier between MoS2 and graphene, and further impeded the
splitting of excitons. Thus, the significant PL quenching was not observed at
positive gate biases, which verified the impact of heterostructure interfaces on
PL modulation in G/MoS2 systems. However, this modulation requires complex

device fabrication process and can only be applied in specific situations.
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Figure 22 Spatially resolved optical properties of 1L-MoS2/GO. (a) Confocal PL
intensity image of 1L-MoS2/GO. The inset is an optical image of 1L.-MoS2/GO used for
the measurements. (b) Local PL spectra obtained from points | and Il in (a). Adapted
from ref.[140] with permission from the American Chemical Society, Copyright 2016.

As we discussed in section 2.4, graphene can be functionalized with different
groups, which can offer various chemical interfaces when assembled with
monolayer MoSz. In this case, graphene can act as a flexible template, and
interfacial design with tunable charge transfer is possible. Jeong et al. reported
the tuning of the electronic properties of monolayer MoS2 by coating with
GO.['*0 The abundant electron-withdrawing characteristics from various

oxygen functional groups of GO sheets induce the p-doping effect of MoS:2
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(Figure 22). This process is simple and low-cost, and it allows large-scale
fabrication and modulation of the electronic properties. Depending on the needs
of monolayer MoSz in optoelectronic applications, a variety of functional groups
with different electron-accepting and electron-withdrawing capabilities are
required. However, the constitute and distribution of the functional groups in GO
vary depending on the synthesis method and processing conditions.
Consequently, GO may not provide the desired functional groups to meet the
specific requirements in fabrication heterointerface with monolayer MoS2. More
synthesis strategies are required to achieve the desired functional groups in

G/MoS:2 heterostructures.

Covalently bound functional G/MoS:2 heterostructures are fabricated beyond
van der Waals materials. Pérez et al. covalently link 2H-MoS:2 flakes with
graphene monolayers by a bifunctional molecule featuring a maleimide and a
diazonium functional group, which are known to connect to sulfide- and carbon-
based materials, respectively.l'*!] Electronic transport of the linked material was
measured in field-effect transistors. The electronic characteristics of the
functionalized devices are primarily influenced by the chemical interface.
Consequently, the devices exhibit p-doping owing to the electron-withdrawing
character of the diazonium linker. The extent of doping can be modulated by
increasing the degree of functionalization. However, the device prepared
without diazonium linkers indicates n-doping of graphene as a consequence of
the direct interactions with MoS2. They conducted preliminary photoresponsivity
experiments using an ultraviolet laser source (365nm) on the covalent
functionalized heterostructure. The initial results show a similar photoresponse
to the G/MoS:2 van der Waals heterostructures. Further studies are necessary
to understand the role of the linker in the photoresponsivity of the covalent
heterostructure. Chen et al. designed a covalently linked MoS2/G

heterostructure, inducing PL quenching in monolayer MoS2.['%2 |nitially, a layer
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of 4-bromophenyl functionalized MoS: is prepared on a Si/SiO2 substrate by
reacting negatively charged MoS2 with 4-bromobenzenediazonium
tetrafluoroborate. Subsequently, a graphene layer was transferred on top. The
graphene layer was covalently attached from the interior to the functionalized
MoS: through a laser-triggered free radical reaction of 4-bromophenyl groups.
The covalent heterostructure exhibited significant PL quenching, which was

similar to the PL performance of pristine G/MoSa.

Existing reports on the construction of G/MoS: interfaces are relatively scarce,
and the preparation processes of such structures are complex. The previous
examples inspire us to modulate the interface between graphene and MoS:2 by
chemical functionalization. The carrier densities and band structure changes in
both counterparts, which affect the PL properties of the heterostructures. It is
essential to recognize that 2D heterostructures with few atomic thicknesses are
not only sensitive to charge-transfer doping but also susceptible to van der
Waals interactions and interlayer distance,['*3! which play crucial roles in
studying the PL of G/MoS: heterostructures. In this thesis, graphene-
based/MoS2 heterostructures are fabricated including oxo-G/MoSz, r-oxo-
G/MoS2, porous oxo-G/MoS2, and selectively functionalized G/MoS2 with
different functional groups and interlayer distances. The effects of functional
groups and porous defects of graphene, and different interlayer distances on
the interlayer charge transfer, interlayer van der Waals interactions, and PL

properties of G/MoS:2 are investigated.
3 Analytical Methods
3.1 Raman Spectroscopy

Raman spectroscopy, a non-destructive analytical technique, can offer detailed
insights into the chemical structure, phases, crystallinity, defects or strain and

molecular interactions of 2D materials. It relies on light-matter interaction,
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through non-elastic scattering of photons, resulting in Raman scattering.
Utilizing a monochromatic light source, commonly derived from lasers in the
visible, near-infrared, or near-ultraviolet range, laser photons couple to
molecular vibrations or phonons in materials. This light-matter interaction
results in an upward or downward shift of scattered photons, providing valuable

information about the vibrational modes of the system.
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Figure 23 Energy-level diagrams of different states in Raman spectroscopy.

As shown in Figure 23, the Raman process can involve resonant or non-
resonant excitation. For non-resonant Raman excitation, a photon excites the
molecule from the ground state to a virtual energy state. If the excitation is
resonant, a real excited state is reached. The virtual or real excited state is not
stable and the photon is re-emitted almost immediately, as scattered light. Most
of the scattered light is at the same wavelength as the laser source and does
not provide useful information, which is called Rayleigh scattering. However, a
small amount of light (typically 0.0000001%) is scattered at different
wavelengths (Raman scattering), which is an inelastic scattering process with
a transfer of energy between the molecule and scattered photon. If the molecule

gains energy from the photon during the scattering, it is known as Stokes
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Raman scattering. Conversely, Anti-Stokes Raman scattering occurs when a
molecule loses energy by relaxing to a lower vibrational level. In most cases
the matter is in ground state and excitation in a virtual state occurs. The
interaction of light and molecular vibrations leads to Stokes scattering which is

normally interpreted.

3.1.1 Raman Spectra of Graphene
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Figure 24 (a) The Raman spectra of graphene measured at 514 nm excitation.
Reproduced from ref.[144] with permission from Springer Nature, Copyright 2013. (b)
Phonon dispersion of graphene. The phonons associated with important Raman bands
are highlighted. (c-d) Schematic diagram of phonon vibration in graphene. (e-g)
lllustrations of the excitation and emission in G band, D band, and 2D band. Adapted
from ref.[145] with permission from |OP Publishing, Copyright 2015.

The Raman spectrum of graphene was first measured in 2006.['461 The absence
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of a bandgap in graphene makes all wavelengths of incident radiation resonant.
Figure 24b-d depict the optical phonon dispersions and vibration in graphene,
which are relevant for interpreting the Raman spectra of graphene (Figure 24a).
The G-band (at ~1580 cm™) is associated with doubly-degenerate in-plane
stretching vibrations of C-C bonds, involving transverse optical (TO) and
longitudinal optical (LO) modes (Figure 24e). The G-band is sensitive to the
structural properties of graphene because it reflects the sp? hybridization of
carbon atoms in the graphene lattice. Any changes in the lattice structure, such
as strain or defects, can alter the vibrational characteristics of the C-C bonds,
leading to shifts or broadening of the G-band peak in the Raman spectrum. The
2D-band (at ~2700 cm™'), sensitive to the number of graphene layers, is ralated
to a second-order double resonance (DR) mode, activated by interval scattering
of an excited electron. The DR mode is particularly affected by the electronic
structure of graphene. As the number of layers changes, the electronic
properties of graphene, such as band structure and Fermi level, change
accordingly. These changes influence the scattering processes that give rise to
the 2D-band, making it sensitive to the number of graphene layers. The D-band
(at ~1350 cm™"), also involving a DR process, is triggered by defects like sp3-
defects, and its intensity serves as an estimate for the defect density in
graphene, as explained in section 3.1.2.'41 DR can also happen as an
intravalley process, that is, connecting two points belonging to the same cone
around K (or K'). This gives the D' peak (at ~1620 cm™") and 2D’ peak (at
~3250 cm) associated with the D peak and 2D peak, respectively (Figure 24f-
g). Their combination D+D’ peak at ~2950 cm" and D+D” peak at ~2450 cm™"
also appear. The D+D" band originates from intervalley scattering induced by
phonons, showing a negative curvature due to longitudinal acoustic (LA)

dispersion.
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3.1.2 Determinate the Degree of Functionalization of Graphene
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Figure 25 (a) The distance of point defects Lp, with a defect size marked in red and a
disturbance area marked in green. Reproduced from ref.[57] with permission from
Wiley-VCH Verlag GmbH & Co, Copyright 2018. (b) The Ip/lc data points of different
graphene samples as a function of the average distance Lp between defects.
Reproduced from ref.[148] with permission from Elsevier, Copyright 2010. (c) Raman
spectra of specially prepared r-GO with a variable of defects measured at an excitation
wavelength of 532 nm. For the D, G and 2D peak the FWHM values are given in italic
numbers. Reproduced from ref.[56] with permission from Wiley-VCH Verlag GmbH &
Co, Copyright 2016.

Raman spectroscopy is a well-established tool for determining the quality of
graphene. As discussed in Section 3.1.1, the main peaks observed in graphene
Raman spectra are the D (at ~1350 cm™"), G (at ~1580 cm'), and 2D (at ~2700
cm) peaks. D peak is only visible when active by a defect. These defects can
be structural nature, such as disorder within the carbon framework, missing

atoms, or even substituted atoms. The chemical functionalization of graphene
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leads to a sp2-to-sp3 rehybridization of lattice carbon atoms, which is another
possible reason for the evolution of a D peak. This process leads to creating -

conjugated domains with diverse shapes and sizes.['4°!

Although Raman spectroscopy cannot determine the type of defects, the origin
of the D peak can be estimated based on the starting material. The evolution of
Raman spectra was studied with Ar* ion bombardment on graphene that bears
originally no defects.['#8 As illustrated in Figure 25a, the distance between two
nearest point defects (Lp), can be determined by the ratio of the integrated area
or amplitude of the D and G peak (/o/l). The Ip/lg ratio is an important indicator
to estimate the defects density. Furthermore, the relationship between Ip/lg vs.
Lp can distinguish between high-degree regime (Lp < 3 nm) and low-degree
regime (Lp = 3 nm) (Figure 25b).l'48 1501 |n addition, the full width at half
maximum (FWHM) of D, G, and 2D peaks all broaden with the introduction of
defects. The FWHM of the peaks is taking into account to discriminate high
degree of defects and low degree of defects. A set of Raman spectra of r-GO
is depicted in Figure 25¢c. FWHM values of D peak between 21 and 57 cm-’
are found in an Ip/lg ratio range between 1 over about 4 and down to about 2
again. The FWHM values of G peak are between 12 and 51 cm™' and FWHM
values of 2D are between 31 and 107 cm™'. The density of defects between

0.03% and 1% can be estimated.!%!

The interpretation limit for the Ip/lg ratio is confined to defect distances smaller
than 1 nm or defect densities out of 1-3%. Therefore, for graphene that the
defect density exceeding this threshold, such as GO, it is necessary to use the
amplitude or integrated area of the D and G peaks to determine the density of
surface-functionalized defects and in-plane vacancy defects.l%”- 151 As depicted
in Figure 26, a new model is offered to identify the density of defects (6) with
ratio of the Raman modes, Ip/lc. Moreover, 6 can also be determined in a wide

range up to 50-60%, which is relevant for graphene oxide, by utilizing non-
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linear regression and the formulas provided in Figure 26.
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Figure 26 Dependence of the density of defects (6) on the intensity of Raman peaks
(Do, Go, ko, ks, Yo, Yc depend on the experimental setup). (a) Ib vs. 6 and (b) I vs. 6.
Reproduced from ref.[149] with permission from Springer Nature, Copyright 2017.

3.1.3 Raman Spectra of MoS2
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Figure 27 Raman spectra of monolayer, bilayer, and trilayer of MoS, measured at 532
nm excitation. Adapted from ref.[112] with permission from the American Chemical
Society, Copyright 2013.

For MoS2 Raman spectra, two typical phonon modes of MoS2, E'2g due to in-
plane vibrations (at ~385 cm™') and A1g due to out-of-plane vibrations (at ~404
cm), exhibit a strong dependence on the number of MoS:2 layers. Specifically,
the phonon frequency of E'2g decreases with an increasing number of layers,
while the phonon frequency of A1g increases with an increasing number of

layers. As displayed in Figure 27, the distance between E'2q and A1g is about
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19.2 cm™ for monolayer MoSz, which increases to 22.3 cm™ and 24.4 cm™" for
bilayer and trilayer MoSz2, respectively. The different trends in the phonon
frequencies of E'2g and A1g with the number of layers can serve as a reliable
method for checking the number of layers in MoS2. This contributes to further
researches on the optical properties of both single-layer and multilayer MoS2

thin films.
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Figure 28 (a) Raman spectra of monolayer MoS; at different top-gate voltages. Open
circles are experimental data points, the gray (red) lines are Lorentzian fits to the total
spectrum, and the black lines are the Lorentzian fit to individual peak. Change in the
(b) phonon frequency w and FWHM of A4 and E'>g modes as a function of top-gate
voltages. Raman spectra were recorded with 514 nm laser excitation. Reproduced
from ref.[152] with permission from American Physical Society, Copyright 2012. (c)
Evolution of the Raman spectrum as a device is strained from 0 to 1.6% measured at
a 532 nm laser excitation. (d) The peak location of the E” and E~ Raman modes,
extracted by fitting the peaks to a Lorentzian, as their degeneracy is broken by straining
MoS,. Reproduced from ref.[5d] with permission from American Chemical Society,
Copyright 2013.

In addition, it is reported that the E'>g mode is sensitive to strain and the A1q is
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sensitive to doping in MoS2.['5% Sood et al. reported an in situ Raman study of
a top-gated single-layer MoS: transistor. As displayed in Figure 28a, the A1g
mode showed a strong doping dependence. The phonon frequency decreased
by 4 cm™ and the line width broadened by 6 cm™ for a maximum electron
doping of 1.8 x10'3 cm. The phonon frequency of the E'2g mode decreased
by only ~0.6 cm™' and the linewidth of it showed no appreciable change.l'%]
Bolotin et al. investigate the influence of uniaxial tensile strain from 0% to 2.2%
on the Raman spectra of monolayer MoS2 by employing a four point bending
apparatus (Figure 28b).54 With increased strain, the Aig mode showed no
measurable shift in position and maintained its intensity, while the degenerate
E'2g peak split into two subpeaks (label as E'* and E- ), as strain breaks the
symmetry of the crystal. The E~ peak shifted by 4.5 £ 0.3 cm~'/% strain, while
the E™* peak shifts by 1.0 + 1 cm~"/% strain.
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Figure 29 Raman spectra of monolayer MoS; with varying defect distances Lp. The
spectra were measured at 532 nm excitation and normalized to the intensity of the A1q
peak. Reproduced from ref.[154] with permission from American Physical Society,
Copyright 2015.

The introduction of structural disorder results in the observation of specific
Raman signatures. Figure 29 shows the development of representative Raman

spectra of monolayer MoS: flakes, bombarded with Mn*, for an increasing
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density of defects.l'® The Raman spectrum gradually evolves as a function of
Lp. The E'2g and Aig Raman modes show changes in both their widths and
positions. The E'2g peak and the A1y peak broaden upon increasing the defect
density, which is accompanied by a downshift of the position of the E'2g peak
and an upshift of the position of the A1g peak. Moreover, the introduced disorder
activates new Raman modes in the spectral region ~140-420 cm~'. Among
these, the most prominent is the LA(M) peak at ~227cm™ and its intensity is
found to be proportional to the density of defects.['%4 The Raman spectroscopy

allows a fast and practical quantification of defects in monolayer MoSa.

3.1.4 Interfacial Coupling of Graphene/MoS:2 Heterostructures
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Figure 30 Raman spectra of (a)MoS. and (b) graphene in MoS,/G (1-3 layers)
heterostructures. Reproduced from ref.[125] with permission from Springer Nature,
Copyright 2021. Raman spectra of MoS; in (c) pristine G/MoS,, oxo-G/MoS;, r-oxo-
G/MoS; and (d) oligophenyl-functionalized G/MoS; (F-G/MoSz). The Raman spectra
were measured using a 532 nm laser.
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The interfacial coupling between neighboring layers of van der Waals
heterostructures greatly affects their physical properties and device
performance. Owing to the weak van der Waals interlayer coupling of G/MoSa,
it is difficult to directly detect interfacial coupling between neighboring layers of
graphene and MoS:2 using scanning electron microscopy or transmission
electron microscopy. The effects of interfacial coupling in G/MoS2 can be
determined by the shift of Raman and PL peaks, as well as the changes in the
peak intensities. The effects of interfacial charge transfer on MoS:2 PL spectra
are discussed in Section 2.6.5. As the A1ig modes of MoS: are sensitive to carrier
transfers (discussed in Section 3.1.3),'% the shift of A1g modes in G/MoS:2
heterostructures is normally detected owing to the interlayer charge transfer.
Figure 30a displays the Raman spectra of MoS2/G heterostructures prepared
by transferring 1-3 layers of graphene onto monolayer MoS2. A upshift of A1g
mode from 402.2 cm™" (pristine MoS2) to 403.9 cm™ is observed for all the
Raman spectra of MoS2/G heterostructures but there is no apparent shift
exhibited in all of the E'2g modes.l'* Figure 30b shows the G mode and 2D
mode of pristine 1-3 layers graphene and corresponding graphene in MoS2/G
heterostructures. There is a upshift by about 15 cm' observed for 2D mode in
MoS2/monolayer graphene (MoS2/SLG), but no noticeable shift for G mode.
However, for multilayer graphene heterostructures, there is no changes for G
mode and 2D mode. This means the 2D bands in multilayer graphene were
less sensitive to the interfacial coupling due to their band structures different
from SLG.I'?5] As depicted in Figure 30c, when MoS: is stacked on graphene
(G/MoSz2), the A1g frequency of MoS2 shifts downward by ~2 cm™ with
increasing electron density generated by charge transfer from MoS:2 to
graphene, which exhibits the opposite shift direction to that of the MoS2/G
heterostructure shown in Figure 30a. The Raman shift for functionalized

G/MoS:2 heterostructures are also investigated. There is an upshift of A1g
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frequency of MoS2 in oxo-G/MoS2 and r-oxo-G/MoS2 owing to the electron-
withdrawing groups in oxo-G and the defects in r-oxo-G. The E'2g mode of MoS2
is more related to the external strains or lattice distortions.['> For the Raman
spectrum of oligophenyl-functionalized G/MoSz, there is a slight downshift of
E'2s due to strain generated by the large oligophenyl-groups, resulting in
decreased distance between E'2g mode to Aig by 2.2 cm™ (Figure 30d). As
discussed above, the changes in Raman spectra can provide information of
interlayer coupling. However, there are still debates regarding the shift of
Raman modes and exciton peaks in G/MoS2 due to the numerous possibilities
in creating van der Waals heterostructures with varying thickness, stacking

sequence, and interface engineering.[12% 156l
3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is an influential surface analysis technique to
probe surfaces and gain information about the surface morphology, surface
roughness, and thickness etc. The key component of AFM is a microscopic
cantilever with a sharp probe on its head that scans the surface of the sample.
This cantilever is tens to hundreds of microns in size and the radius of curvature
of the tip of the probe is on the nanometer scale. The lateral resolution of the
AFM image can be as small as the tip radius (typically 5-15 nm), and the vertical
resolution can be on the order of angstroms. The vertical resolution is typically
better than 1 nm. When the probe is placed near the sample surface, the probe
head on the cantilever will bend and deflect according to Hooke's law due to
the force on the sample surface. Under different circumstances, the force
measured by AFM may be mechanical contact force, van der Waals force, hair
attraction force, chemical bond, orientation force, electrostatic force, magnetic
force, Casimir effect force, solvent force, etc. Typically, deflection is measured
by reflecting a laser beam on a microcantilever to a photodiode array. Thin

cantilever surfaces are often coated with a reflective material (such as
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aluminum) to enhance its reflection. Other methods include optical interference,
capacitance and piezoelectric effect methods. These probes are usually made
from deformation gauges that use the piezoelectric effect. Through the
Wheatstone bridge, the deformation of the probe can be measured, but this
method is not as sensitive as the laser reflection method or the interference

method.
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Figure 31 (a) AFM measurement with tapping mode. (b) AFM image of functionalized
G/MoS; heterostructure.

AFM can operate in different modes. These modes can be divided into static
mode (also called contact mode), or a series of other dynamic modes (such as
non-contact mode, tapping mode, lateral force mode). Among those modes,
tapping mode (also called AC mode) has become the most widely used AFM
working mode today because it effectively avoids lateral friction and reduces
the abrasion of probe and samples. In tapping mode, the cantilever vibrates up
and down through tiny piezoelectric elements loaded on the probe (Figure 31a).
The frequency is near its resonance frequency, but the amplitude is much larger
than 10 nm, probably between 100 and 200 nm. As the probe gets closer to the
sample surface, the van der Waals force, dipole-dipole interaction and
electrostatic force between the probe and the sample surface will cause the
amplitude to become smaller and smaller. The electronic automatic servo

controls the distance between the cantilever and the probe through a
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piezoelectric actuator. When the cantilever scans the sample surface, the servo
machine adjusts the distance between the probe and the sample to maintain
the preset amplitude of the cantilever, while the imaging interaction force
obtains the AFM tapping mode image. For a single layer of exfoliated graphene,
the average thickness varies from 0.4 nm to 0.9 nm.['*"] In comparison, the
thickness of chemically derived graphene (such as GO) is approximately 0.8-
1.2 nm due to the presence of oxo-functional groups on the carbon plane.
Figure 31b exhibits a height difference of 8 nm of oligophenyl-functionalized

G/MoS: heterostructure to the pristine G/MoSa2.

3.3 Scanning Near-field Optical Microscopy
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Figure 32 (a) Schematic illustration of SNOM measurement. (b) S-SNOM images
together with (c) AFM topography of oligophenyl-functionalized G/MoS;
heterostructure. The scale bars in (a—f) are 5 ym.

Optical spectroscopy offers great versatility, but typically has diffraction-limited
spatial resolution. However, when it is combined with localized optical excitation
or detection with a scanning probe tip, the diffraction limit (about 300 nm) can

be exceeded. Scanning near-field optical microscopy (SNOM) utilizes a
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standard metal-coated AFM probe and illuminates it with laser light. As shown
in Figure 32, the illuminated probe forms a nanoscale focus at its tip, serving
as a very small light source, and is then employed to locally scan the sample.
Optical imaging is achieved by recording the scattered light formed by the probe
during the sample surface scan. The probe tip of an AFM serves as a scattering
source to enhance the localized electric field between the tip and the sample.
Topography, near-field light field intensity, and phase images can be
simultaneously recorded at multiple wavelengths through technologies such as
heterodyne interference, probe modulation, and optical path design. This
technology can be used to detect the optical properties of nanomaterials and
changes in electromagnetic fields caused by nanostructures with nanometer-
scale, which makes a significant contribution to the studies of 2D materials. As
indicated in Figure 32b-c, the identified features (such as wrinkles and bubbles)
in AFM image can be identified in the s-SNOM images. Despite the influence
of wrinkles and bubbles on the s-SNOM images, there is a distinct and uniform
contrast from the oligophenyl-functionalized G/MoS: (F-G/MoSz2) to pristine
G/MoS2 (non-F-G/Mo0S2) heterostructures. The functionalization leads to

doping and thus to an increase in the dielectric function.

3.4 Kelvin Probe Force Microscopy
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Figure 33 (a) Energy level diagram of two materials with different work function
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representing the tip ®; and sample ®s. (b) KPFM image of functionalized G/MoS;
heterostructure.

Kelvin probe force microscopy (KPFM) is a surface-sensitive technique based
on AFM. Its operating principle involves using a non-contact probe for
vibrational scanning over the surface of a sample. When the probe approaches
regions with charge distribution or potential differences, electrostatic
interactions cause changes in the probe's vibrational frequency. The KPFM
system can infer the potential distribution on the sample surface, generating
high-resolution surface potential images. The work function (WF) of the
samples (®Psampie) is defined by the following formula: ®sample = € Vcpp + Prip,
where Vcrp is the contact potential difference measured by the KPFM, ®ip is
the work function of the tip, and e is the elementary charge (Figure 33a).
Figure 33b shows a surface potential increase of 0.3 eV of G/MoS2
heterostructure after surface functionalization. The potential profile is measured
by maintaining a constant distance of 50 nm between the tip and the sample
surface. The KPFM is widely applicable in studying the electrical properties of
materials, nano-electronic devices, and biological samples, providing a
powerful tool for revealing charge distribution, surface charge states, and

charge transport, among other phenomena.

3.5 Langmuir-Blodgett Technique

The Langmuir-Blodgett (LB) technique is a process that deposits molecular
layers from a liquid surface onto a solid substrate at the air-water interface. This
technique enables the self-assembly of highly ordered films, and is named after
the two inventors, Irvine Langmuir and Katharine Burr Blodgett. Due to the
amphiphilic nature and surface chemistry of oxo-G, it can be deposited onto a
solid substrate in a controlled way by LB technique. To use this technique, the
substrate is fully immersed in a water-filled sink, and then the oxo-G dispersion

is deposited onto the water surface (Figure 34a). The compression of the
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barrier at the edges of the trough reduces the distance between surface oxo-G,
which changes the surface tension of water and creates a dense floating film.
The condition of the assembled film can be controlled by parameters such as
surface pressure and the pH value of the solution. By slowly lifting the surface
under a surface pressure ranging from 3-6 mN m!, nearly closed arrays of oxo-
G films are formed, which can be used as supporting layers for heterostructure
assembling with other 2D materials. Figure 34b shows an optical image of

deposited oxo-G flakes on a Si/SiO2 wafer by LB process.

‘? (b)

—> 00 00 00 O 0 00 000 «—

Substrate

10 m.

Figure 34 (a) Schematic illustration of LB device. The inset shows the deposition
process after compression proceeded in a simplified way. (b) Optical image of
deposited oxo-G flakes on a Si/SiO, wafer by LB process.

3.6 Transfer Technique for Assembling Graphene-based/MoS:

In this thesis, a dry transfer system is used for the precise alignment and
stacking of a polydimethylsiloxane (PDMS) stamp with target materials onto a
substrate. The dry transfer method using a PDMS stamp was first reported by
Rogers et al. in 2005. As depicted in Figure 35a, the integrated system
comprises an optical microscope equipped with a series of objectives (5x, 10x,
20x, and 100x), a mechanical stage with high resolution micromanipulators and
a heater. The transfer stage is capable of movement along the X, Y, and Z
directions, facilitating the accurate alignment of flakes during the construction
of 2D-based heterostructures. Different heterostructures have been fabricated,

such as oxo-G/MoSz2, r-oxo-G/MoS2, G/MoS2, porous G/MoS2, h-BN/G/MoS2,
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h-BN/F-G/MoS2, and MoS2/F-G. Here, the transfer process of G/MoS: is

explained as an example.

(a)

Microscope

XYZ-transfer stage

Graphene

Substrate pi

Figure 35 (a) Setup of the 2D-dry transfer system. (b) Optical microscope image of the
G/MoS:; heterostructure.

Firstly, the graphene G flake is mechanically exfoliated on one side of a thin
polydimethylsiloxane (PDMS, X4, Gelpak) film. The other free side of the PDMS
was stacked onto a thick PDMS layer on a glass slide, which is called transfer
slide. The transfer slide is holed above the fixed Si/SiO2 substrate and slowly
approaches until contact. The stacked wafer and the glass slide are heated at
50 °C for around 5 minutes. Afterwards, the transfer slide is slowly lifted up until
it is away from the wafer. The same process is used for transferring the second
layer. The transfer slide with a monolayer of MoS2 is assembled on top of the
pre-transferred graphene. The positions of the MoS2 onto the graphene flake
are corrected repeatedly under the optical microscope to make sure the two
flakes overlap. By screwing the Z-axis of the transfer stage, the glass slide
contacts the graphene flake. After heating at 50 °C for 5 minutes, the PDMS is
picked up with the glass slide and the MoS2 deposits to form G/MoS:2
heterostructure on the wafer. The heterostructure is annealed at 100-200 °C in
a vacuum for 2 hours to remove impurities from the transfer process. Figure
35b shows an optical microscope image of the G/MoS2 heterostructure

fabricated by dry transfer in air.
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Direct transfer of 2D heterojunctions onto a substrate often leads to unstable
materials that are highly susceptible to be washed off from the substrate during
solvent treatment, such as isopropanol cleaning and subsequent liquid-phase
functionalization. Therefore, in heterostructure or nano-device fabrication, few-
layered h-BN is utilized as a substrate to effectively shield transferred 2D
materials from environmental influences. h-BN exhibits chemical inertness and
no dangling bonds or surface charge traps due to the strong in-plane ionic
bonding within its planar hexagonal lattice structure. It was reported that the
atomically planar surface of h-BN serves as a flat and stable substrate to
suppress graphene corrugation.l'®® As a result, h-BN is preferred over
commonly used substrates like SiO2, which can overcome various limitations
such as substrate surface roughness, charge traps, surface optical phonons,
and inhomogeneity.[1582. 159 |n addition, h-BN, as an insulator with a band gap
of 5.97 eVI['%% and a minimum lattice mismatch of 1.7% with graphite,l'"l can
preserve the energy band structure of graphene near the Dirac point, which

significantly enhances the mobility of graphene devices.!%2. 123, 159, 162]
4 Synopsis of Results

For most MoS2 monolayers, intrinsic structural defects, such as sulfur
vacancies, can cause unsaturated electrons in the surrounding Mo atoms and
act as electron donors, which make the MoS2 n-doped. However, the existence
of defective states acting as nonradiative traps deteriorates the PL efficiency.[6]
Thus far, several strategies, including electrical gating,['®* chemical doping,[%
defect engineering,[''”: 1991 covalent functionalization,''”] and plasma
treatment,!'%6] have been exploited to modulate the PL emissions of monolayer
MoS2. However, these approaches either require complicated methods, are
sensitive to chemical contamination, or cause structural damage to the

structure.
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Stacking MoS:2 layers onto different 2D materials, such as h-BN, graphene, or
other TMDCs, have inspired new approaches for modulating the PL
performance.['®7 As discussed in Section 2.6.2, semi-metallic graphene has a
highly symmetric band structure and an adjustable Dirac point lying within the
bandgap of MoSz2, making it an ideal electron—hole acceptor. Unfortunately, PL
quenching occurs in G/MoS2 heterostructures as a result of charge transfer
from graphene to MoSz2. The carrier densities of both counterparts and the band

alignment in the heterostructures determine the PL properties.

In this thesis, different G-based/MoS: heterostructures are fabricated to
modulate the PL properties of MoS2. The research focus is the effect of
heterointerface on the PL properties of MoS2. Factors including the functional
groups and defects of graphene, the interlayer charge transfer, and the
interlayer distance are investigated. There are three publications covering these
topics showing in this section. For the publication in section 4.1.1, | have a major
contribution (50%). | prepared all the samples used in the manuscript, did the
Raman and PL measurement, and participated in writing of the manuscript. For
the publications in section 4.1.2, my contribution is minor (15%). | used the
porous graphene prepared by Yiging Wang to assemble the porous-
graphene/MoS:2 heterostructures and did the PL measurements. For the
publication in section 4.2, | have a major contribution (80%). | participated the
generation of the concept, prepared all the samples used in the manuscript, did
the characterization (except for SNOM), and wrote the manuscript. The detailed
contributions are displayed in Section 5.1, 5.2 and 6.1. In Section 4.1.1,
interlayer electron modulation in van der Waals heterostructures assembled by
stacking monolayer MoS2 onto oxo-G/MoS2, r-oxo-G/MoS2 and pristine
graphene are studied. It was confirmed that the functional-groups of oxo-G and
the defects on r-oxo-G withdrew electrons from MoSz2, which facilitated the

switch from trion to neutral exciton recombination and thus significantly
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increase the PL intensity of MoSz. In Section 4.1.2, porous graphene prepared
by wet-chemical method using oxo-G as a starting material were assembled
with monolayer MoSa. It was found that porous graphene as a novel highly
temperature-stable electron-accepting 2D material enhanced the PL of MoS2
by 10-times. In Section 4.2, the regioselective oligophenyl-functionalized
graphene were prepared by the laser-induced radical reaction to investigate the
G/MoS: interface with only one specific functional-group. It was found that the
oligophenyl-groups not only have a p-doping effect on MoS:2 but also largely
prevent electron donation from the graphene basal plane with an enlarged
interlayer distance of 8 nm. The detailed results are discussed in Section 4.1

and 4.2.

4.1 Interfacial Modulation of MoS:2 with Oxo-functionalized Graphene and

Its Derivatives

4.1.1 Oxo-functionalized graphene/MoS:2 and Reduced Oxo-functionalized

Graphene/MoS:2 Heterostructures

Z. Wang," Q. Cao," K. Sotthewes, Y. Hu, H. Shin, and S. Eigler 5.1
Interlayer electron modulation in van der Waals heterostructures
assembled by stacking monolayer MoS2 onto monolayer graphene with
different electron transfer ability

Nanoscale, 2021,13, 15464-15470

1Z. Wang and Q. Cao contribute equally to this work.

As explained in Section 2.2.3, oxo-G is a graphene derivative decorated with
oxygen species on the edges and the plane. Electron-withdrawing groups, such
as hydroxyl, epoxy, and organosulfates, make oxo-G an electron acceptor,
resulting a p-doping of material.['%8] Therefore, oxo-G can work as an electron
extraction layer for tuning the carrier concentration of MoS2. The r-oxo-G
prepared by removing oxygen groups through chemical reduction results in the

recovery of sp2-hybridized graphene domains with a lateral size of up to 10
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nm.[%0 However, few residual oxo-groups, such as electron-withdrawing
carbonyl groups, remain firmly attached at the edges and defect sites.l57- 6% |t is
important to note that during the reduction process of oxo-G, various in-plane
defects such as vacancies, holes, and non-six-membered carbon rings with sp3
hybridization are formed.5”l These defects act as structural motifs or active sites,

and significantly impact the electronic and surface properties of r-oxo-G.[6"]
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Figure 36 Energy-level diagrams of MoS, on the pristine graphene, oxo-G, and r-oxo-
G layers, and interfacial interaction mechanism in the three heterostructures.

To investigated the effect of oxo-functional groups and defects on the interfacial
properties, monolayer MoS2 were stacked on oxo-G and r-oxo-G, and
compared with mechanically exfoliated graphene. Raman and PL spectroscopy
combined with KPFM measurements were carried out to study the
optoelectronic properties and mechanism of interface interaction. The work
function (WF) of the three heterostructures were measured by KPFM. As
displayed in Figure 36, oxo-G (a high amount of oxygen of 60%) with a WF of
5.67 eV and its lowly oxidized reduction product (r-oxo-G, a defect density of
0.1%), with a WF of 5.85 eV act as electron extraction layers by withdrawing
electrons from MoS2, which facilitate the switch from trion to exciton

recombination and thus significantly increase the PL intensity of MoSa.
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Conversely, pristine graphene with a WF of 5.02 eV results in PL quenching of
MoS:2. The p-doping to MoS:2 leads to the increased WF of oxo-G/MoS:2 (5.40
eV) and r-oxo-G/MoS2 (5.47 eV) heterostructures. In addition, r-oxo-
G/MoS:2 exhibits a higher increase (5-fold) in PL than oxo-G/MoS:2 (3-fold)
owing to the defects with effective electron-accepting abilities on r-oxo-G. Our
research provides a controllable approach to tune the optoelectronic properties
of atomically thin TMDCs, which have promising applications in optoelectronic

devices.

4.1.2 Porous-graphene/MoS:

Y. Wang, C. Neumann, M. Hulmann, Q. Cao, Y. Hu, O. Garrity, P. | 6.1
Kusch, A. Turchanin, and S. Eigler

Synthesis of wet-chemically prepared porous-graphene single layers
on Si/SiO2 substrate increasing the photoluminescence of MoS:2 in
heterostructures

Adv. Mater. Interfaces 2021, 8, 2100783

Section 4.1.1 has shown that defects in r-oxo-G can affect the electron transfer
between graphene and MoS:2 and thus enhance the PL of MoSa. In this chapter,
porous-graphene with large lattice defects was prepared by Y. Wang. | prepared
the porous-graphene/MoS:2 heterostructure to investigate the interfacial charge

transfer and PL performance.

Wet-chemical generation of pores in graphene is a challenging synthetic task.
GO was used as a precursor for etching pores.['%®] However, due to the
excessive lattice defect sites existing in GO, which are the origin of the etched
pores, the produced pores are not uniform in size and are limited to a few
nanometers. Thus, the formation of larger pores is not possible since flakes
start to disintegrate.l'’ Oxo-G with a low density of initial vacancy defects
(0.8%, as determined by Raman spectroscopy) was used as a precursor to etch

pores assisted by a Mn-species at 400 °C in Ar atmosphere. By controlling the
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reaction conditions, it is possible to gain a certain control over the formation of
pores with diameters between 100—-200 nm in majority. The porous-graphene

(Pr-oxo-G) are highly temperature stable since they are synthesized at 400 °C.
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Figure 37 a) lllustration and b) optical microscopy image of the oxoG/MoS,
heterostructure. c) lllustration and (d) optical microscopy image of the realized Pr-
oxoG12n/MoS; heterostructure. €) PL spectra and (f) Raman spectra of monolayer
MoS: on SiO2, oxoG/MoS:, and Pr-oxoG12n/MoSa.

The as-prepared porous graphene has good stability and no wrinkles, which
was further used as a bottom material to prepare heterostructures with MoSo..
The PL of MoS:2 on SiOz2, oxo-G, Pr-oxo-Geh (etching time of 6 h), and Pr-oxo-
Gi12n (etching time of 12 h) were studied. As shown in Figure 37, the amplitudes
of the PL are increased for oxo-G/MoS: (4 times), Pr-oxo-Gsn/MoSz2 (3 times),
and Pr-oxo-G12n/MoS2 (10 times), compared to the PL of the pristine MoS:2
monolayer. Overall, the highest PL enhancement is achieved by using Pr-oxo-

G12n. The Raman spectroscopy detects that the A1g mode of MoS:2 is blue-
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shifted from 404.4 cm™ to 405.6 cm™" for MoS2 on Pr-oxo-G12n, which indicates
the p-doping of MoS2. Moreover, Pr-oxo-G12n reflects a p-doped material, as
indicated by Raman shifts of the G and 2D peaks. Furthermore, the Pr-oxo-
Gsn/M0S2 showed slightly lower PL intensity than oxo-G/MoS:. It is supposed
that the Mn-impurities limit the increase of the PL of MoS:2 in the Pr-oxo-
Gen/MoS2 heterostructure, and the interaction of Mn-species with carbonyl

groups may be responsible.

4.2 Interfacial Modulation of Laser-induced Functionalized

Graphene/MoS:2 Heterostructures

Oligophenyl-functionalized Graphene/MoS:2

Q. Cao, M. Kreldler, M. HuBmann, Y. Hu, P. Kusch, and S. Eigler 5.2
Photoluminescence modulation of graphene/MoS:2 heterostructures
separated by laser-induced functionalization

Chem. Mat., 2024, 36, 3267-3276

As discussed in section 4.1, derivatives of graphene, such as GO, oxo-G, r-
0xo-G, and porous graphene, have been used to enhance the PL intensity of
1L-MoS2. However, the binding of covalent additives without controllability of
the precise binding positions. To achieve regioselective functionalization with
defined structures is of great significance for the further development of
covalent modification of graphene and the interfaces construction of G/MoS:2
heterostructures. In addition, 2D materials are not only sensitive to charge-
transfer doping but also susceptible to interlayer interactions as they are

atomically thin.[133. 136, 143]

Monotopic oligophenyl-functionalized graphene was prepared by a laser-
induced reaction between mechanically exfoliated graphene and
photosensitizer BPO. The functionalization of graphene is regioselective with

the assistance of the mapping function of the scanning Raman instrument. The
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Figure 38 Sketch illustrating the interfacial interaction mechanism in the four
heterostructures: (a) F-G/MoS,, (b) MoS2/F-G, (c) G/MoSz, and (d) MoS.. (e) Peak
fittings using Lorentz functions for the four structures.

areas that were irradiated by laser were functionalized (F-G), while the non-
irradiated areas remained as pristine structures of graphene (non-F-G). The
oligophenyl-functionalized graphene was stacked with MoS2 on top to form a
heterostructure ((non-)F-G/MoS2). Through Raman, PL, s-SNOM, and KPFM,
the boundaries and the distinct characteristics of the F-G and the non-F-G were
identified on the heterostructure. In (non-)F-G/MoSz, the functionalized area of
graphene (F-G/MoS2) exhibits a 5-fold enhancement in the PL intensity of MoS2
compared to the non-functionalized area of graphene. As depicted in Figure
38, more importantly, the layer stacking sequence of F-G and 1L-MoS:2 brings
different interface structures in perpendicular orientation, resulting in a
significant difference in the PL enhancement. The reverse stacked MoS2/F-G
heterostructure was fabricated by in situ functionalizing MoS2/G/BPO through
photochemical reaction and only shows a 1.8 times PL increase compared to
pristine G/MoS2. Accordingly, the results indicate that the oligophenyl-groups
in F-G/MoS:2 not only have a p-doping effect on MoS:2 but also largely prevent
electron donation from the graphene basal plane with an enlarged interlayer
distance of 8 nm. Consequently, the PL enhancement was restored with the
thermal de-functionalization of F-G. Thus, we conclude that the functional
groups can be considered as separate molecular components with the vertical

arrangement in the functionalized heterostructure system.
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ABSTRACT: Tuning the optoelectronic properties of monolayer
MoS, (1L-MoS,) is highly desired for optoelectronic applications.
Gaining profound insights into the fundamental mechanisms that
govern optoelectronic properties is of utmost significance. Here, we
demonstrate that the photoluminescence (PL) of 1L-MoS, can be
modulated by photochemically functionalized graphene (F-G),
which is covalently modified by oligophenyl groups. More
importantly, the layer stacking sequence of F-G and 1L-MoS,
brings different interface structures, resulting in a significant
difference in the PL enhancement. Mo$S, supported by F-G (F-G/
MoS,) has a 5-fold PL enhancement, while it only shows a 1.8-fold
PL enhancement if stacked underneath F-G (MoS,/F-G).
Accordingly, the results indicate that the oligophenyl groups in
F-G/MoS, not only have a p-doping effect on MoS, but also largely prevent electron donation from the graphene basal plane with an
enlarged interlayer distance of 8 nm. Consequently, the PL enhancement is lost with the thermal defunctionalization of F-G. Thus,
we conclude that the functional groups can be considered as separate molecular components with the vertical arrangement in the
functionalized heterostructure system. The photoactive graphene acts as a template for perpendicular molecular alignment in the
heterointerface construction. The F-G/MoS, heterostructures bring new perspectives to the design and investigation of

optoelectronic devices.

Two-dimensional transition-metal dichalcogenides (2DTMDs)
monolayers have attracted massive research attention over the
past decade due to their unique electronic, optical, and
mechanical properties, which remarkably differ from the
properties of their respective bulk materials.' ™ As a
prototypical 2DTMD, monolayer molybdenum disulfide (1L-
MoS,) transforms from an indirect band gap (1.2 eV)
semiconductor in its bulk form to a direct band gap (1.8
eV) semiconductor, owing to which photoluminescence (PL)
emerges in 1L-MoS, with sensitive photo response.”” Optically
generated electron—hole pairs in 1L-MoS, form stable
excitonic states due to large Coulomb interactions in
atomically thin layers.” Many-body bound states, such as
charged exciton (trion), can be formed through the interplay
between an exciton and a charge carrier by tuning the electron
densities in 1L-MoS,, thereby enabling variable PL properties
to meet different optoelectronic applications, such as photo-
detectors, photovoltaics, sensors, and light emitters.” Various
approaches, including electrical gating,® chemical doping,’
defect engineering,” covalent functionalization,'”"" and plasma
treatment,'” have been employed to realize the PL enhance-
ment or quenching of 1L-MoS,. Nevertheless, these
approaches either require complicated methods, are sensitive
to chemical contamination, or cause structural damage to the
structure.”

© 2024 The Authors. Published by
American Chemical Society
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Stacking of 1L-MoS, with different 2D materials, such as
graphene, hBN, or other TMDs by van der Waals forces, also
makes the excitonic states of MoS, adjustable through
quantum coupling.'”"* Among which, graphene is a semimetal
composed of sp*-hybridized carbon atoms in a honeycomb
lattice array, exhibiting outstanding properties such as high
carrier mobility up to 10° cm® V™' s™' at room temperature,
quantum electronic transport, high optical transparency
(~97.7%), and large tunability of the Fermi level.*™"” These
superiorities make it an ideal heterogeneous layer to change
the excitonic states in MoS, via interlayer charge transfer. It is
reported that the PL of 1L-MoS, becomes quenched when
stacked with pristine graphene."®'” Due to the Schottky barrier
at the interface, the photogenerated holes are injected from the
valence band of MoS, to graphene, while the photogenerated
electrons in the conductance band of MoS, are not allowed to
diffuse to graphene.'””’ Derivatives of graphene, such as
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Scheme 1. Schematic Illustration of the Laser-Induced Functionalization Process for Fabricating hBN/(non-)F-G/MoS,
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Figure 1. (a) Optical microscopy images of the hBN/G heterostructure. (b) Laser-exposed area on hBN/G/BPO as marked in the red box. (c) Ip/
I Raman mapping of hBN/G after functionalization. (d) Average Raman spectra of pristine hBN/G, hBN/non-F-G, and hBN/F-G. hBN/ (non-
)F-G/MoS, heterostructure. (e) Optical microscopy image, insert of (e) schematic structure of hBN/F-G/MoS,, (f) MoS, Raman intensity
mapping, (g) MoS, Raman spectra, (h) MoS, PL intensity mapping, and (i) PL spectra.

graphene oxides (GO),”" oxo-functionalized graphene (oxo-
G),”” reduced oxo-functionalized graphene (r-oxo-G),”” and
porous graphene,”” have been used to enhance the PL intensity
of 1L-MoS,. Owing to the rich electron-withdrawing groups in
GO and oxo-G, such as hydroxyl, epoxy, and organosulfates, or
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the defective sites in r-oxo-G and porous graphene, a p-doping
effect with a PL enhancement of the neutral exciton is
observed in 1L-MoS,.”' ™ In addition to the noncovalent
heterostructures, Chen et al. fabricate a covalently linked
MoS,/graphene heterostructure generating PL changes in 1L-
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MoS,."" First, a 4-bromophenyl functionalized MoS, layer is
prepared on a Si/SiO, substrate by reacting the generated
negatively charged MoS, with 4-bromobenzenediazonium
tetrafluoroborate. Subsequently, a graphene layer is transferred
on top. Through the laser-triggered free radical reaction of 4-
bromophenyl groups, the overlaying graphene is covalently
attached from underneath to functionalized MoS,. However,
the covalent heterostructure shows remarkable PL quenching,
which is due to the efficient charge transfer at the covalently
bonded interface. Structures like those require complex
preparation processes, and the PL changes are considered as
a result of charge transfer. However, 2D materials are not only
sensitive to charge-transfer doping but also susceptible to
interlayer interactions as they are atomically thin.”* Interlayer
van der Waals interactions and interlayer distance are very
important factors but are rarely considered in studying the PL
of graphene/MoS, heterostructures (G/MoS,).

Herein, we report on the effect of functional groups
interacting with MoS, in the perpendicular orientation. PL
modulation of 1L-MoS, is realized via the monotopic covalent
photochemical functionalization of graphene in G/MoS,
heterostructures. Through Raman, PL, dual scanning near-
field optical microscopy (dual s-SNOM), and Kelvin probe
force microscopy (KPFM), we identify the boundaries and the
distinct characteristics of the selectively functionalized regions
and the pristine regions on the heterostructures. In G/MoS,,
the functionalized area of graphene (F-G/MoS,) exhibits a 5-
fold enhancement in the PL intensity of MoS, compared to the
nonfunctionalized area of graphene. Furthermore, the reverse
stacked MoS,/F-G heterostructure is fabricated by in situ
functionalizing MoS,/G/benzoyl peroxide (BPO) through
photochemical reaction and only shows a 1.8-fold PL increase
compared to pristine G/MoS,. This observation demonstrates
the role of monotopic functionalization in differentiating
surfaces of 2D materials. We conclude on the flexible role of F-
G in the PL modulation of 1L-MoS,.

B RESULTS AND DISCUSSION

Fabrication and Characterization of the hBN/(non-)F-
G/MoS, Heterostructure. To keep the explanation of
heterostructures concise, herein, we define the vertical stacking
order of the heterojunction layers as (substrate/)bottom layer/
upper layer. As shown schematically in Scheme la and Figure
1a, few-layer hBN with a thickness of 6 nm (Figure S1) was
exfoliated and transferred to a Si/SiO, (300 nm) wafer
substrate. Then, a monolayer of graphene exfoliated from
HOPG was transferred to the hBN flake (hBN/G). The hBN/
G structure was subsequently annealed in vacuum at 150 °C
for 2 h to remove water and organic residues originating from
the transfer process.”> The utilization of the hBN layer is to
stabilize the flat structure of the graphene flake during repeated
solution treatments because hBN has a superior flatness
compared to Si/ SiOz.26 Then, a thin film of BPO was formed
by dip-coating hBN/G to yield hBN/G/BPO (Scheme 1b).
The photochemical functionalization of graphene was carried
out by a 532 nm Raman laser treatment at a power of 1 mW.
Under laser irradiation, the BPO decomposes to phenyl
radicals and CO, by accepting a hot electron from photo-
excited graphene. The phenyl radicals subsec71uently attack the
basal plane of graphene (Scheme 1c).”” Following the
establishment of phenyl-functional sites on the basal plane,
the phenyl radicals are likely to attack the bound phenyl
groups, resulting in the formation of polymerized dendritic
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structures (Scheme 1d).”’ ™ To exclude any damaging effect
from the laser energy input or in combination with solvent
residues, we conducted reference experiments for pristine
graphene and graphene treated with acetone. Therefore, the
reference structures were treated for accumulated laser
irradiation times from 1 to 300 s. According to the Raman
spectra of nondefective graphene displayed in Figure S2, the
graphene is stable under the used laser irradiation conditions
and acetone treatment. For hBN/G/BPO, we find that the
degree of functionalization of graphene is radiation time-
dependent. Accordingly, with accumulated laser acquisition
time from 1 to 50 s, the maximum functionalization density
was indicated by the Raman spectra (Figure S3). Thus, for
further experiments, we used 50 s irradiation time for the
monotopic functionalization of hBN/G. By using the mapping
function of the scanning Raman instrument, regioselective laser
irradiation can be performed to illuminate only half of the
graphene sheet, as marked by the green area in Scheme 1c and
the red box in Figure 1b. After laser-induced functionalization,
the residual BPO film was washed with acetone (Scheme 1le).
The readout process of Raman spectra of the as-functionalized
hBN/G was accomplished at a lower laser power of 0.5 mW
and 1 s irradiation time. As can be seen in the I,/I; Raman
intensity mapping in Figure lc, the illuminated region can be
clearly distinguished as a result of functionalization (F-G),
unlike the rest of the graphene flake (non-F-G). The average
Raman spectra of pristine hBN/G before functionalization,
hBN/F-G, and hBN/non-F-G are depicted in Figure 1d,
respectively. There are two dominant peaks in the Raman
spectra of pristine hBN/G and hBN/non-F-G: G-band (at
1580 cm™!) and 2D-band (at 2680 cm™"). The absence of a D-
band (at 1340 cm™) indicates the defect-free graphene in
hBN/G and hBN/non-F-G. For F-G, the D and D’ peaks
appear in the Raman spectra. A uniform functionalization with
an average Ip/I; of 2.2 is indicated, representing that the
functionalization degree is around 1%.*

After functionalization of hBN/G, mechanically exfoliated
1L-MoS, was directly transferred on top of the hBN/G to form
the areas of hBN/F-G/MoS, and hBN/non-F-G/MoS,
(Scheme 1f and Figure le). Afterward, hBN/(non-)F-G/
MoS, was annealed in vacuum at 200 °C for 2 h to enhance
the interlayer contact since low-weight molecular contaminants
are known to be eliminated from the interior.>’ As shown in
Figure 1f, the Raman intensity of MoS, on hBN/(non-)F-G is
uniform, although the MoS, Raman signal on hBN (hBN/
MoS,), as marked in region I, is slightly increased owing to the
electric neutral characteristic of hBN.>* The Raman spectra of
heterojunction areas display the typical vibration modes of 1L-
MoS, and 1L-graphene, which indicates the effective formation
of the heterostructure (Figure S4). The magnified Raman
spectra of MoS, in the range of 300—500 cm™" are shown in
Figure 1g. Two peaks, the in-plane Eig (385.4 cm™) and the
out-of-plane A;; (404.1 cm™") appear in the Raman spectrum
of the hBN/MoS, layer. The frequency difference between E%g
and A, is 18.7 cm ™!, confirming the monolayer characteristic
of the MoS, flake. It has been reported that the A, mode is
sensitive to charge-doping and the E%g mode is sensitive to
lattice distortions or strain in MoS,.””

The frequency difference between Eig and Ay, in hBN/non-
F-G/MoS, is 20.9 cm™!, which is 2.2 cm™" higher than the
value of hBN/MoS, due to the electron donation from
graphene to MoSz.g’3 However, after the functionalization, the
Eig and A;; modes in hBN/F-G/MoS, with a difference of 18.7
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Figure 2. MoS,/(non-)F-G heterostructure: (a—c) schematic illustration of the process for fabrication. (d) Optical microscopy image and
schematic structure, (e) I,/I; Raman intensity mapping, (f) MoS, PL intensity mapping, (g) Raman spectra, and (h) PL spectra.

cm ™! have no obvious shift compared to the hBN/MoS,. We
deduce that there are two possible reasons: on the one hand,
the weak electron-withdrawing effect from the oligophenyl
groups cannot generate a large shift of the A;; Raman mode of
MoS,. On the other hand, the oligophenyl functional groups
effectively separate the graphene basal plane and MoS,
interface with an increased interlayer distance, which impairs
the electron transfer from the carbon plane to MoS,. The
MoS, in hBN/F-G/MoS, is mainly supported by the phenyl
groups instead of the graphene surface, resulting in partly free-
standing MoS,. Figure 1h depicts the MoS, PL intensity
mapping of the hBN/(non-)F-G/MoS, heterostructure. The
F-G with a high I'5,/I; shows an enhanced PL intensity of MoS,
(region III), which is S times and 3 times increased compared
to hBN/non-F-G/MoS, (region II) and hBN/MoS, (region I),
respectively. The PL maximum of the hBN/F-G/MoS,
structure (1.89 eV) is red-shifted by 0.01 eV compared to
hBN/non-F-G/MoS, and hBN/MoS, (1.88 eV), respectively,
due to the p-doping effect of the phenyl groups (Figure 1i). In
addition, laser-induced effects can be excluded, since the laser
radiation did not generate PL changes for pristine MoS, and
MoS,/G, respectively (Figures SSa and S6). Moreover, the
potential BPO residues on the surface cannot vary the PL
properties of MoS, under the operational laser energy, as
reference experiments revealed (Figure SSb). The profile maps
corresponding to Figure 1¢,fh are displayed in Figure S7. The
frequency distribution centers are consistent with the different

intervals on the relevant mapping images. In addition, since the
PL intensity of MoS, is sensitive to the variations in samples,
such as bubbles, strain, contamination, and measurement
environment, several (hBN)/(non-)F-G/MoS, samples have
been prepared, as shown in Figure S8, demonstrating the
reproducibility of fabrication and measured properties. Based
on the results, it is confirmed that the F-G layer significantly
enhances the PL of MoS,.

Fabrication and Characterization of the MoS,/(non-
JF-G Heterostructure. Compared to the electron-with-
drawing groups in GO, such as hydroxyl, epoxy, and
organosulfates,”*> the phenyl groups have a very weak
electron-withdrawing effect. Nevertheless, the F-G/MoS,
shows comparable PL enhancement for MoS, to that of
GO/MoS,, as we reported in previous works,”"** demonstrat-
ing that the electronic effect of the functional groups is not the
only factor in the PL enhancement of MoS,. To elucidate
further effects, a reversely stacked MoS,/F-G heterostructure
was fabricated. The F-G placed on top of MoS, can keep the
electron-withdrawing effect induced by the oligophenyl groups,
but it has better interlayer contact with the graphene lattice
compared to the F-G/MoS,. Figure 2a—c illustrates the
fabrication process of the MoS,/F-G heterostructure. First, a
mechanically exfoliated 1L-MoS, was transferred onto a Si/
$iO, (300 nm) wafer. Then, a monolayer of graphene was
transferred to the 1L-MoS, to form a MoS,/G heterostructure.
The MoS,/G heterostructure was annealed in vacuum at 200
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Figure 3. (a,b) AFM topography together with (c,d) KPFM images and (e,f) s-SNOM images at the same sample area for (non-)F-G/MoS, and

MoS,/(non-)F-G, respectively. The scale bars in (a—f) are S pm.

°C for 2 h, and then a thin layer of BPO was deposited on the
graphene surface of the heterostructure by dip-coating (5 mM,
in acetone) to fabricate MoS,/G/BPO. The laser functional-
ization process is identical to the previously described
procedure for the functionalization of hBN/G/BPO (Scheme
1b—e). However, here, in situ functionalization is directly
carried out on the surface of the MoS,/G heterostructure
without further transfer process compared to F-G/MoS,. The
laser irradiation area on MoS,/G is marked by the green area
in Figure 2b and the red box (region III), as shown in the
optical microscopy image (Figure 2d). After SO s of laser
exposure and acetone washing, the functionalized area on
MoS,/G (MoS,/F-G) marked as region III shows a high I,/I
intensity of around 2.2 (Figure 2e) with a slight increase in the
PL intensity of MoS, (Figure 2f). In contrast, the non-
functionalized area of MoS,/G (MoS,/non-F-G) marked as
region II shows PL quenching of MoS,. In Figure 2g, the
average Raman spectra of MoS,/F-G (region IIT), MoS,/non-
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F-G (region II), and isolated MoS, (region I) from the three
different areas on the MoS,/G heterostructure are shown. The
E}, (385.4 cm™) and A, (404.1 cm™) peaks in the Raman
spectrum of the isolated 1L-MoS, layer confirm the monolayer
characteristic of the MoS, flake. Vibrational modes of both 1L-
MoS, and 1L-graphene appear in the Raman spectra of the
MoS,/F-G and MoS,/non-E-G regions, indicating the
formation of heterostructures. The D peak appears in MoS,/
F-G after functionalization with the attenuation of the 2D
peak, and the degree of functionalization is around 1%, which
is consistent with that of hBN/F-G/MoS, (Figure lc).
However, as the PL spectra in Figure 2h reveal, the PL
intensity of MoS, only increases marginally by 1.1 and 1.8
times in comparison with isolated MoS, and MoS,/non-F-G,
respectively. Owing to the p-doping effect induced by F-G, the
PL maximum of MoS,/F-G shows a redshift compared with
the pristine MoS,, however, the MoS,/F-G displays much
lower PL enhancement than hBN/F-G/MoS,.
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Figure 4. Sketch illustrating the interfacial interaction mechanism in the four heterostructures: (a) F-G/MoS,, (b) MoS,/F-G, (c) G/MoS,, and

(d) MoS,. (e) Peak fittings using Lorentz functions for the four structures.

Effect of Functionalization on the Dielectric Function
and Surface Potential. One way to accurately describe the
electrical and optical features of nanoscale materials is to
analyze their complex dielectric function, which is a measure of
the transmission and absorption of light through a material as a
function of frequency.”® By employing Raman/PL spectrosco-
py, we investigated the effect of the functionalized groups on
the photoelectric characteristics of G/MoS, heterostructures.
However, the spatial resolution of these techniques is bound
by the diffraction limit of light and does not provide
information on the homogeneity of the prepared samples on
the nanometer scale. Here, we use the dual s-SNOM as an
advanced tool for nanoimaging that combines near-field optical
microscopy, KPFM, Raman, and PL spectroscopy, enabling to
spatially resolve the variation of the dielectric function and the
surface work function with nanometer-scale resolution. In
detail, to begin with, we measured the KPFM of the (non-)F-
G/MoS, and MoS,/(non-)F-G. In KPEM, we determine a
topography image by the AFM together with the surface work
function as a function of tip position that varies, for example,
with doping levels. Consequently, the sample height, surface
roughness, boundaries, and charge transfer influence on the
surface work function can be characterized. As depicted in the
AFM images in Figure 3a,b, F-G regions on both (non-)F-G/
MoS, and MoS,/(non-)F-G exhibit an 8 nm height difference
compared with the non-F-G regions. The thickness is induced
by the functional component, which further proves our
speculation described in Scheme 1 that photochemical
functionalization leads to the formation of polymerized or
oligomerized phenyl chain structures. In addition, the
functionalized areas display flatter surfaces with fewer wrinkles
and bubbles compared to the nonfunctionalized areas of the
heterostructures, which proves the homogeneity of the
functionalization. We suppose that the dendritic functional
structures support the surface of the sample away from the
bubbles and contaminations introduced by the transfer
process. Consistent with the AFM images, on both
heterostructures, the functionalized region exhibits darker
KPFM contrast (lower surface potential) than the non-
functionalized region (Figure 3c,d), which can be ascribed to
the anchoring of electron-withdrawing phenyl groups.””** The
detection of functionalization on the surface of MoS,/F-G is
more feasible using KPFM, as it is a surface-sensitive method
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that exclusively probes the surface and near-surface areas.
There is a significant variation of 0.3 V in surface potential
between MoS,/F-G and MoS,/non-F-G. The KPFM images
are in perfect agreement with our input selective functionaliza-
tion patterns as well as the respective MoS, PL mappings, as
shown in Figure S9 [(non-)F-G/MoS,] and Figure 2d—f
[MoS,/(non-)F-G].

To support the data, we take near-field images by s-SNOM.
The detected signal is related to the tip—sample distance and
the dielectric function. In the s-SNOM, the tip—sample
distance is kept the same during the scan. Indeed, wrinkles
and bubbles may influence and vary slightly the tip—sample
distance; however, on flat areas, it is around held at 1 nm.
Thus, strong changes in the near-field contrast are a result of
changing dielectric function due to doping, straining, and
defects. We find that the s-SNOM images are in excellent
agreement with the KPFM. As indicated in Figure 3e,f, all the
previously identified features can be identified in the s-SNOM
images. Despite the influence of wrinkles and bubbles on the s-
SNOM images, there is a distinct and uniform contrast from
the F-G to non-F-G heterostructures for both (non-)F-G/
MoS, and MoS,/(non-)F-G. The functionalization leads to
doping and thus to an increase in the dielectric function. In
addition, s-SNOM images of the pristine MoS, and G/MoS,
structures are shown in Figure S10. Monolayer and bilayer
MoS,, as well as different regions of G/MoS,, show clear near-
field contrast arising from variations in the local dielectric
value. Therefore, based on the KPFM and s-SNOM findings,
we prove that the PL enhancements of MoS, are attributed to
the photofunctionalization of graphene rather than any
external factors like contaminants or bubbles.

Electron Transfer in Heterostructures. The differ-
entiated PL characteristics of F-G/MoS, and MoS,/F-G
prove that the structural disparity notably affects the PL of
MoS,. Normalized average PL spectra extracted from the four
different structures of F-G/MoS,, MoS,/F-G, G/MoS,, and
pristine 1L-MoS, on Si/SiO, were compared (Figure S11).
Corresponding statistics of PL map profiles and mapping are
listed in Figure S12. To gain a better understanding of the
spectral changes, peaks were fitted using Lorentzian functions.
Corresponding to the three typical excitonic states of neutral
exciton (A% 1.89 eV), negatively charged trion (A7, 1.85 eV),
and B exciton (2.02 eV), the PL spectra of F-G/MoS,, MoS,/
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Figure S. Defunctionalization of the hBN/(non-)F-G/MoS, heterostructure. (a) Schematic illustration of the defunctionalization process. (b)
Raman spectra of F-G/MoS, and de-F-G/MoS,, (c) MoS, PL mapping image of the de-F-G/MoS, heterostructure, and (d) normalized PL spectra

of de-F-G/MoS,, F-G/MoS,, and pristine MoS,.

F-G, G/MoS,, and MoS, were fitted by three Lorentzian
functions (Figure 4e). Detailed parameters of fitted PL peaks
by Lorentz functions are summarized in Table SI. In pristine
1L-MoS,, the PL spectrum is dominated by the trion state,
which arises from reduced dielectric screening in gapped 2D
crystals and the relatively heavy particle band masses
associated with the Mo d-manifolds.® In contrast to pristine
MoS,, the A~ peak increases in G/MoS, and the A° peak is
obviously weakened. Conversely, the A° excitons are the
dominant contributors in the PL emission, with a 1.8-fold
enhancement in MoS,/F-G and a 5-fold enhancement in F-G/
MoS, compared to isolated MoS,, which indicates charge
transfer from Mo$S, to F-G. The A° exciton peak intensity in F-
G/MoS, is 11 times higher than that in G/MoS,. The
additional peak at 2.0 eV in the PL spectrum of G/MoS,
corresponds to the sharp 2D peak of monolayer graphene,
which vanished in the PL spectra of F-G/MoS, and MoS,/F-G
because of the functionalization of graphene. Figure 4a—c
illustrates the electron transfer from MoS, to F-G for F-G/
MoS, and MoS,/F-G. For G/MoS,, pristine graphene donates
electrons to MoS,. Even though F-G shows electron-with-
drawing ability, there is a significant difference in the effect on
enhancing the PL of MoS, whether it is placed on top or under
MoS,. This result indicates that the p-doping is not the only
reason for the PL increase of MoS,. In F-G/MoS,, the MoS, is
supported directly by the oligophenyl groups due to the high
functionalization degree on the graphene surface, which
increases the interlayer distance and decreases the van der
Waals interaction between the graphene basal plane and MoS,.
Compared to G/MoS,, there is no interlayer contact possible
between MoS, and the graphene basal plane of F-G/MoS,,
hindering also the electron transfer from the carbon plane to
MoS, and consequently enhancing the PL intensity.
Thermal Defunctionalization of the hBN/(non-)F-G/
MoS, Heterostructure. Moreover, the reversibility of the
functionalization effect on the PL enhancement of MoS, is
investigated. The hBN/(non-)F-G/MoS, heterostructure was
annealed at 300 °C for 2 h in a vacuum to break the C-Aryl
bond for restoring graphene (Figure Sa). As shown in the
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Raman spectra in Figure Sb, the Raman signal of de-F-G
recovers the narrow and most intense 2D peak. The sharp D
peak vanishes, although a broad peak remains, most likely
resulting from trapped dissociated polyphenyl or oligophenyl
groups between graphene and MoS,. The 8 nm height
resulting from the oligophenyl structures (Figure 3a) is largely
reduced to about 0.8 nm after annealing, as depicted in Figure
S13.

Accordingly, the PL enhancement from F-G also disappears
after defunctionalization (Figure Sc,d). The PL intensity of de-
F-G/MoS, is slightly lower than that of the isolated MoS, area
because of the interlayer Schottky barrier. Compared to the
vanished 2D peak of F-G/MoS,, the appearance of the 2D
peak after annealing indicates the defunctionalization and
restoration of graphene. However, the maximum of the PL
peak of de-F-G/MoS, is red-shifted on account of the
decoupled phenyl groups (Figure Sc). The absence of
LA(M) peak at 227 cm™" in the MoS, Raman spectra (Figure
S14) indicates that the annealing process in vacuum (1 X 1073
mbar) does not generate defects to MoS,. The loss of PL
enhancement is mainly because of the annealing process, which
breaks the covalent bonds of the oligophenyl groups oriented
perpendicular to the graphene plane, leading to the free
orientation of the dissociated oligophenyl groups.

B CONCLUSIONS

The PL of 1L-MoS, is demonstrated to be tunable by laser-
induced oligophenyl-functionalized graphene. The s-SNOM,
combined with AFM, KPFM, and Raman, allows us to
characterize and understand the fabricated heterostructures.
The monotopic functionalized graphene stacked on top or
bottom of MoS, differentiates the heterointerface between
graphene and MoS,, thus generating varied PL modulation. In
addition, the MoS, supported on top of F-G results in
significant increases of dominant A” excitons compared to the
MoS, with direct interlayer interaction to the graphene basal
plane (pristine G/MoS, and MoS,/F-G). The results indicate
that the enlarged interlayer distance by the oligophenyl groups
hinders the electron transfer from the graphene carbon plane
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to MoS,. Moreover, the PL enhancement of MoS, is lost by
thermally induced defunctionalization with the restoration of
interlayer distances. Our findings prove that the interface
designed by functional components and the accompanied
tailoring of the interlayer distance of heterostructures provide
major effects on the PL modulations. The graphene carbon
plane acts as an active reaction template for the covalent
attachment of perpendicular molecules, thus opening more
possibilities for the fabrication of heterointerfaces. With that
knowledge in mind, we change our way of thinking about
functionalized 2D heterostructures.

B EXPERIMENTAL SECTION/METHODS

Materials. Si wafers with a 300 nm thick SiO, layer were
purchased from the Fraunhofer Institut fiir Integrierte Systeme und
Bauelementetechnologie IISB in Erlangen. BPO and acetone (HPLC)
were purchased from Sigma-Aldrich Co. (Germany) and used without
further treatment. Polydimethylsiloxane (PDMS) was purchased from
Gel-Pack.

Characterization. Optical imaging and transfer processes were
performed using a Nikon LVI0OND microscope equipped with a self-
built transfer stage.’’ Raman and PL characterizations were
conducted using a confocal Raman microscope (Horiba Explorer,
532 nm excitation wavelength, 0.7 ym laser spot, 1200/2400 gratings,
0.5 and 1 mW, 100X objectives) in air. The 1 mW laser power was
used for the functionalization process. The 2400 gratings were used
for precise Raman characterization of MoS,. The general readout of
Raman and PL maps was carried out by 1200 gratings and 0.5 mW
power. AFM images were recorded on a JPK Nanowizard 4 equipped
with NSG10/Au probes using a Tap300-G AFM probe, and
intermittent contact mode was chosen. Annealing of the samples
was carried out using a tube furnace (Nabertherm GmbH, 30—3000
°C).

For the s-SNOM and KPFM, we used the neaSNOM from
neaSPEC, which is coupled to a fully tunable visible laser (Hiibner).
The neaSNOM provides near-field imaging, KPFM, and AFM. In s-
SNOM, a metallic tip is illuminated by light, and plasmons are
generated that promote a near-field between the tip and sample. The
near-field enhances both the incoming and backscattered light by a
factor f and is detected by a single-line CCD. The enhancement factor
fis given by the tip—sample distance and the dielectric function of the
sample. By scanning the tip across the sample and measuring the near-
field signal as a function of it, the optical properties of the sample can
be studied qualitatively. To achieve background suppression, the tip
was oscillated with an amplitude of 50 nm and a frequency Q of
approximately 250 kHz. The resulting signal was demodulated using
the higher harmonics of the tip frequency n €. To further reduce
noise, a pseudoheterodyne interferometer was employed, which
utilized a reference mirror oscillating at a much lower frequency M <
Q. This caused the length of the reference beam path to change,
leading to interference with the scattered signal. As a result, sidebands
were generated around the fundamental harmonics at frequencies
equal to plus or minus an integer multiplied by the reference
frequency f = n Q + m M. In this detection method, both the
amplitude and phase information were recorded from the sample,
resulting in near-field amplitude and phase images at different
sidebands of the fundamental harmonic. Increasing the sideband
index, (m), contributed to a reduction in noise present in the s-
SNOM images. The dual s-SNOM technique was used to characterize
the sample, employing a commercial s-SNOM (NeaSNOM from
Neaspec GmbH, Germany). The platinum—iridium-coated AFM tips
(23 nm coating thickness) from NanoWorld were used, featuring a tip
apex radius of less than 25 nm. To excite the sample, a wavelength-
tunable cw laser (Hiibner C-Wave, 450—650 nm wavelength) was
used, and it was guided through a beam expander onto a parabolic
mirror with a high NA of 0.7. The parabolic mirror collects the
backscattered light, and the laser light is focused onto the AFM tip,
which then acts as a near-field probe in the visible spectral range. The
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laser power used for all s-SNOM image measurements was
approximately 1 mW at the tip, with an integration time of 16 ms.
The tip amplitude was 53.5 nm, with a tapping frequency of 243 kHz.
The neaSNOM also can measure the surface potential by KPEM. For
KPFM, we used the Pt—Ir-coated Si tips (ACCESS-EFM probes,
AppNano, k = 27 N m™'). AM-KPFM was operated, which is
sensitive to electrostatic force. The work function of the samples
(@gympte) is defined by the following formula, @, = g Vepp + Py
where Vcpp is the contact potential difference measured by the
KPEM, @y, is the work function of the tip, and g is the elementary
charge. The potential profile is measured by maintaining a constant
distance of S0 nm between the tip and the sample surface.

Fabrication of Heterostructures. Preparation of the hBN/G
Heterostructure. Few-layer hBN was mechanically exfoliated from
bulk hBN via PDMS and transferred onto a Si/SiO, wafer. Monolayer
graphene was mechanically exfoliated from HOPG via PDMS and
transferred to the few-layer hBN flake. According to the transfer
method reported previously, the transfer process was carried out
under a microscope equipped with a self-built transfer stage.”” The
thicknesses of the exfoliated hBN and graphene were determined by
optical contrast, Raman spectroscopy, and AFM. After every transfer
step, the sample was mildly annealed in vacuum (107> mbar) at 150
°C for 2 h to remove water and residuals stemming from the transfer
process.

Photochemical Reaction of BPO on the hBN/G Heterostructure.
First, a S mM BPO solution in acetone was prepared. The wafer with
the hBN/G sample was vertically held by a clean tweezer and slowly
dipped in the BPO solution for 2 s and then carefully moved out and
deposited on a glass slide. Within S min, the acetone evaporated
under ambient conditions, and an optically uniform thin film of BPO
formed on top of the hBN/G structure. A photochemical reaction was
initiated by the 532 nm green Raman laser with a spot size of 0.7 ym
and 1 mW energy. The selective functionalization on hBN/G was
realized using the point-by-point mapping function of the scanning
Raman instrument with incremental steps of 0.7 ym. The irradiation
time of every point was calculated accumulatively. The laser
illuminated the bottom half part of the graphene flake by defining a
rectangular map of 20 ym X 15 pm. The illumination time at every
step was 10 s, and the mapping was repeated five times so that the
total illumination time accumulated to 50 s. After laser functionaliza-
tion, the residual BPO molecule film was removed by acetone
washing. The Raman spectra of the whole hBN/G structure were
measured by a mapping function using an increment of 0.7 ym at 532
nm laser excitation with 1 s irradiation time at a lower energy of 0.5
mW, and other parameters remained the same.

Preparation of the hBN/(non-)F-G/MoS, Heterostructure. Mono-
layers of MoS, were mechanically exfoliated, and a single-layer flake
was selected (identified by optical contrast and Raman spectroscopy,
18.7 cm™! wavenumber difference of A1g—E71.g) and transferred to the
as-prepared hBN/G via PDMS, covering both the functionalized area
(F-G) and the nonfunctionalized area of graphene (non-F-G). The
heterostructure was annealed at 200 °C for 2 h in vacuum (1073
mbar) to enhance the interlayer contact between MoS, and hBN/G.
The PL and Raman measurements were performed afterward. F-G/
MoS, heterostructure was also fabricated directly on a Si/SiO, wafer
without hBN for comparison studies. For determining the Raman
shifts of MoS,, the 2400 grating was used.

Preparation of the MoS,/F-G Heterostructure. Exfoliated 1L-
MoS, was transferred onto a Si/SiO, wafer, followed by a monolayer
of graphene (MoS,/G). Then, the whole wafer with the MoS,/G
heterostructure was dip-coated with a thin BPO layer (compare
section “Photochemical Reaction of BPO on the hBN/G Hetero-
structure”). The laser-induced functionalization was carried out on
the top of the upper graphene layer using the same parameters as for
the preparation of F-G/MoS,.

Defunctionalization Studies. The heterostructures were annealed
in a vacuum (107 mbar) at 300 °C for 2 h with a heating rate of 2
°C/min. The total processing time, including cooling to ambient, was

9 h.
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Figure S1. AFM image of hBN/G heterostructure. Height profile of (b) the monolayer graphene

along line 1 and (c) the few layer hBN flake along line 2 shown in (a).
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with acetone after accumulated laser (532 nm, 1 mW) irradiation-time from 1 s to 300 s.
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Figure S3. The read-out Raman spectra of functionalized G with benzoyl-peroxide (BPO) after

accumulated laser (532 nm, 1 mW) irradiation-time from 1 s to 300 s (FWHM: full-width at half-

maximum).
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Figure S4. Raman spectra of hBN/(non-)F-G/MoS, heterostructure.
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Figure S5. The read-out PL spectra (acquisition time 1s) of pristine MoS, and MoS, with BPO

after accumulated laser (532 nm, 1 mW) irradiation-time ranging from 1 s to 300 s.
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Figure S6. The read-out PL spectra (acquisition time 1s) of G/MoS, pristine heterostructure after

accumulated laser (532 nm, 1 mW) irradiation-time ranging from 1 s to 300 s.
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Figure S7. Raman, PL map profiles, and corresponding intensity frequency distribution over the
entire hBN/(non-)F-G/MoS, heterostructures: (a-b) Raman statistics of hBN/(non-)F-G, (c-d)

Raman statistics of MoS,, and (e-f) PL statistics, which correspond to the mapping images shown
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Figure S8. The microscope images, /»//; Raman mapping, and MoS, PL intensity of four

different (hBN)/(non-)F-G/MoS, heterostructures.
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Figure S9. (a) Optical microscopy image of hBN/G heterostructure. Laser exposed area on
hBN/G as marked in the red box. (b) /57 Raman mapping of hBN/G after functionalization. (c)

Optical microscopy image and (d) MoS, Raman intensity mapping of hBN/(non-)F-G/MoS,.
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Figure S10. Optical microscopy images (a) and (d), AFM images (b) and (e), and s-SNOM

images (c) and (f) of Si/Si0,/MoS, and G/MoS, heterostructures, respectively.
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Figure S11. PL spectra of different structures on Si/SiO,: F-G/MoS,, MoS,/F-G, G/MoS,, and

MOSz.
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Figure S12. PL map profile and mapping of the four heterostructures on Si/SiO, wafers: (a-b)
G/MoS, and MoS,, (b) MoS,/F-G, and (c) F-G/MoS,. The normalized PL intensity shown in

Figure 4e and S11 are extracted from the relevant marked rectangles.
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Figure S13. (a) AFM image, (b) height profile, and (c) MoS, PL intensity mapping of hBN/(non-

)F-G/MoS, after annealing at 300 °C for 2 h (the characterizations of the sample before

annealing are shown in Figure 3 and Figure S9).
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Figure S14. (a) Raman map and (b) average Raman map of MoS, over the de-F-G/MoS,

heterostructure.

Table S1. Parameters about fitted PL peaks in Figure 4e by the Lorentz function.
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Area ratio of AYA-
Intensity | Area | Intensity | Area | Intensity | Area
F-G/MoS, | 34406.4 | 2271.3 | 5629.7 | 511.5 424.4 70.3 4.4
MoS,/F-G | 12522.7 | 1198.1 | 4913.6 | 568.9 812.9 79.7 2.1
G/MoS, 3122.6 | 359.3 | 8627.2 | 1198.8 | 2391.3 | 362.5 0.3
MoS, 6321.6 | 794.1 7244.0 | 848.0 | 2224.2 |302.7 0.9
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Emerging field of few-layered intercalated 2D
materialsy

Qing Cao, ® Fabian Grote, © Marleen HuBmann@ and Siegfried Eigler@*

The chemistry and physics of intercalated layered 2D materials (2DMs) are the focus of this review article.
Special attention is given to intercalated bilayer and few-layer systems. Thereby, intercalated few-layers of
graphene and transition metal dichalcogenides play the major role; however, also other intercalated 2DMs
develop fascinating properties with thinning down. Here, we briefly introduce the historical background of
intercalation and explain concepts, which become relevent with intercalating few-layers. Then, we describe
various synthetic methods to yield intercalated 2DMs and focus next on current research directions, which
are superconductivity, band gap tuning, magnetism, optical properties, energy storage and chemical
reactions. We focus on major breakthroughs in all introduced sections and give an outlook to this

rsc.li/nanoscale-advances emerging field of research.

1 Introduction

Our mobile and rechargeable world is based on intercalation
chemistry. Thus, it is not surprising that the Nobel Prize in
Chemistry 2019 was given to the pioneers of the Li-ion battery,
Goodenough, Whittingham, and Yoshino." The pioneering
work of Whittingham was the report on the reversible interca-
lation of layered TiS, by Li-ions. The work of Goodenough led to
the discovery of layered cobalt oxide as cathode material and the
work of Yoshino explored graphite as anode material. Now,
energy can be stored by collecting photons from the sun or
collecting kinetic energy from wind or water and used at will.

Institute of Chemistry and Biochemistry, Freie Universitdt Berlin, TakustrafBe 3, 14195
Berlin, Germany. E-mail: siegfried.eigler@fu-berlin.de
T Dedicated to Professor Andreas Hirsch on the occasion of his 60th birthday.
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dong University of Science and
Technology in 2016. She is
currently a doctoral candidate
in the research group of Prof.
Siegfried Eigler at Freie Uni-
versitit Berlin. Her research
mainly focuses on intercalation
and functionalization of 2D

materials.

With the discovery of graphene by Geim and Novoselov,
which was awarded with a Nobel Prize in 2010 it was revealed
that properties of materials change with thinning down to the
single layer.> Thus, novel materials emerged and were studied
by physicists. In addition, the chemistry of 2D materials (2DMs)
came into the focus of research and new functionalization
principles were developed, both of covalent and non-covalent
nature.*® Surface physics and surface chemistry, both acceler-
ated in recent years and thus, researchers realized that 2DMs
properties can be tailored by surface modification, such as the
deposition of metal particles or organic donor and acceptor type
molecules, respectively.®” In general, countless investigations
are being made into the chemistry and physics of 2DMs and
a practically infinite variety is emerging. Thereby, transition
metal dichalcogenides (TMDCs) or 2D allotropes of Si, Bi, P and
others possess different band structures. Thus, 2DMs are
insulators, topological insulators, semiconductors, conductors,
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semimetals or semiconductors with direct or indirect bandgap.®
In recent years, research on the fabrication of heterostructures
is targeted by artificially assembling those 2DMs with
combining and extending physical properties.’

Historically, the term intercalation and intercalation chem-
istry was coined by Riidorff and Hoffmann in 1938, although
intercalation in the form of swelling was already observed in
1841 by Schathaeutl.™ Key-results of graphite intercalation
compounds (GICs) are summarized and explained by M. S.
Dresselhaus and G. Dresselhaus.”” Thereby, intercalation is
performed in bulk materials and various GICs are described,
which are divided into acceptor and donor type GICs, respec-
tively. Examples are graphite sulfate and potassium graphite,
which are the best studied materials so far.*?

However, in light of recent developments, it is more obvious
than ever that the intercalation of stacks of 2DMs is of particular
interest. While a single layer of a 2DM cannot be intercalated,
bilayers (2Ls) and few-layers can already be intercalated, as
summarized in this review. As known from the experience of
graphene physics compared to graphite physics, the properties
of single- and few-layered 2DMs differ from the bulk e.g. due to
confinement of charge carriers.”®> Because of the ease of
language, the expression “intercalation of 2DMs” is used in this
article for the intercalation of any few-layered 2DMs. In addi-
tion, we propose to expand the terminology of intercalation,
which should not be limited to the traditional process in which
atoms or ions penetrate the galleries of layered compounds. In
this review we use the term “intercalated” to describe the final
product, which can be regarded as an intercalated layered
system. Accordingly, a 2DM may be intercalated between
molecular layers of e.g. organic molecules. In this example
surface science and intercalation mix. A single layer of a 2DM
may be intercalated between other 2DMs, such as graphene
encapsulated between hBN layers, e.g. by artificial assembly,
a structure which can also be termed as van der Waals (vdW)
structure.™ With this expanded view of intercalation, a huge
research area can be identified and summarized.
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T
supply

hole

bilayer graphene

contacts

Fig.1 Illustration of in situ transmission electron microscopy of the Li-
intercalation process in suspended 2L graphene, triggered in a device.
(A) Illustration of the device on a SizN4-covered Si substrate. (B) from
left to right: side-views of expected ‘conventional’ CgLiCg configura-
tion and of the experiment matching structures with 2L Li crystal and
3L Li crystal.®®

As a motivating and fascinating recent example, we want to
highlight the intercalation of 2L graphene by Li, a process
which is related to the anode process of a Li-ion battery.> A 2L
of graphene was mounted on a grid in the SALVE microscope
(sub-Angstrom-low-voltage-electron microscope) and the inter-
calation was triggered by a 5 V potential (Fig. 1A). As depicted in
Fig. 1, the process of intercalation can be followed microscop-
ically with atomic resolution. The growth of the Li crystal
between 2L graphene was conducted and filtering the structure
of the 2L graphene led to the conclusion that the Li crystal
differs from the expected packing for C¢LiCq (Fig. 1B), but can
be explained by the formation of a 2L and a trilayer (3L) of Li.
Thus, those results differ from bulk lithium graphite with the
formular LiCe, since more Li atoms can be intercalated between
two layers compared to the bulk.

Other review articles and books are available, however
summarizing primarily the intercalation of bulk materials. In
particular the review by Stark et al. summarizes intercalation
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processes not only on bulk, but also 2D level.*>***° Thus, here
we keep history and bulk information short, since it is covered
in the above mentioned articles. Further, we introduce impor-
tant principles relevant for few-layer, trilayer (3L), bilayer (2L)
and monolayer (1L) intercalation. Moreover, we highlight the
recent advances. More specifically, we will focus on concepts,
the synthetic access to intercalated 2DMs and introduce
common methods, such as vapor transport, solvent based or
electrochemical methods and artificial assembly. Next, we
highlight recent results and properties of intercalated 2DM
systems.

2 Concept of staging

Here, we introduce concepts and definitions relevant for 2DMs
intercalation, which are derived from definitions introduced for
GICs. We note that the historical background and intercalation
concepts for bulk materials are summarized in the excellent
perspective article of Lerf.?” In particular, staging and charge
transfer are of importance to describe the structure and prop-
erties of intercalation compounds. With thinning down the
bulk to the 1L additional considerations become important,
which are bridging intercalation and surface science.

2.1 Staging in bulk materials

As depicted in Fig. 2A surface functionalization differs from
intercalation. The most important concept for describing
intercalated materials is staging, which is used to describe the
structure of layered materials with guest atoms, ions or mole-
cules. This concept is best studied for GICs. Accordingly, stage n
was defined with n as number of layers. Thus, if we define A as
materials layer and B as intercalant layer, stage 1 possesses an
ABABAB sequence (Fig. 2B), stage 2 AABAABAAB sequence
(Fig. 2C), stage 3 AAABAAAB sequence etc.

However, also mixed systems are possible with e.g. partially-
filled layers, in particular occurring for natural systems, as
a consequence of the kinetic control of intercalation (Fig. 2D). It
is obvious that a small intercalant must enter the galleries of
a layered bulk material from the side and intercalation starts
from all rims at the same time. However, for the example of
a stage 2 compound the hypothetical left rim intercalant does

bulk
(surface)

bulk
(stage 1)

bulk
(stage 2)

bulk
(stage 2 irregular)

Fig. 2 Concept of bulk surface functionalization/intercalation. (A)
Layered bulk material with surface functionalization; the interior is not
influenced; (B) stage 1 intercalation compound; (C) stage 2 intercala-
tion compound; (D) irregular, ill-defined stage 2 intercalation
compound.
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A) B) C) D) E)
few-layer few-layer few-layer trilayer trilayer
(2 surfaces) (2 surfaces, (1 surface, (stage 2, (stage 2',
on substrate) on substrate) on substrate)  on substrate)

Fig. 3 Concept of few-layer surface functionalization/intercalation.
(A) Surface functionalized few-layer material, here the interior 2L differ
from the outer layers; (B) as in (A), but with substrate influence leading
to Janus-type properties; (C) few-layered material with intercalation
only on the top; (D) and (E) illustration of stage 2 and stage 2’ inter-
calation for 3L materials.

not know at which layer the intercalant on the right rim starts.
Such a mismatch cannot be corrected and will consequently
lead to a mixed layer sequence. For a 2L material there is only
one gallery to be intercalated. With the given examples, the
difference between surface manipulation, by interacting mole-
cules or atoms, and intercalation becomes clear, since with
intercalation layers, the bulk can be influenced from inside.
With thinning the layered materials, the surface becomes more
important for manipulating materials properties and thus,
interesting effects emerge as outlined in the next chapters.

2.2 From bulk to few-layers of intercalated 2D materials

Few-layered 2DMs are obtained at first sight with thinning
down from bulk.*® However, the concept of staging loses its
validity with reaching 1L, instead surface science describes the
systems. Here, we introduce some of the possible structures for
few-layered systems, followed by three, two and one layers of
2DMs (Fig. 3 and 4).

As shown in Fig. 3A the four layers (4L) are an example of
a few-layered material with the surface influenced by molecules
or atoms. In that example with 4L the orange marked layers can
be distinguished from the inner black marked layers and there
is consequently a junction between orange and black layers.
However, for more than roughly six layers surface functionali-
zation does not play a crucial role for the interior layers, since
the proportion of surface layers to the interior layers becomes
minor.

A) B) C) D) E)

7 m T @ @ @ T mm T @ ® @
trilayer bilayer bilayer monolayer monolayer
(stage 2', (2 surfaces, (1+1 surfaces, (2 surfaces, (1 surfaces,
suspended) suspended) suspended) suspended) suspended)

Fig. 4 Suspended 3L, 2L and 1L materials with surface functionaliza-
tion/intercalation. (A) 3L stage 2’ intercalated and bottom surface
functionalization; (B) surface functionalized suspended 2L; (C) Janus-
type surface functionalized 2L; (D) 1L material intercalated between
molecular layers; (E) Janus-type suspended 1L material; (D) and (E)
could be considered as 2D 1L intercalated between molecular layers.
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A) B)

hBN/G/hBN hBN/Li/G/Li/hBN  hBN/G/G/hBN hBN/Li/G/Li/G/Li/hBN

Fig. 5 Study of device-based electrochemical intercalation of Li in
heterostructures of (A) graphene (G) artificially intercalated in hBN and
(B) 2L graphene artificially intercalated in hBN.

Even for the example of 4Ls the substrate plays an important
role. As illustrated in Fig. 3B and C, with considering
a substrate, Janus-type functionalization (different functional-
ities on two sides) is realized no matter whether atoms or
molecules are placed between the substrate and the 2DM or not.
For the 3L examples in Fig. 3D and E the concept of staging is
adopted, here, with stage 2 as an example. Starting with a 3L on
a substrate and an intercalant preferring stage 2 formation, two
different configurations can be considered, and thus, either
a 1L or 2L is on the substrate. Here, we introduce stage 2 and
stage 2/, respectively, to differentiate between those two cases.
The example in Fig. 3D starts from the top like a stage 2
compound. Thus, we assign stage 2’ to the example in Fig. 3E.

In Fig. 4A a stage 2’ structure is shown, however, in contrast
to Fig. 3E the structure is suspended, which can be realized by
placing the structure on top of a hole in the substrate. A similar
structure is shown in Fig. 1A for a 2L of graphene. In general,
with suspending few-layered 2DMs transmission is possible,
however, also surface manipulation, such as doping becomes
possible accounting for different surfaces. This is the point
where surface science plays the decisive role in manipulating
2DMs. For a 2L both surfaces can be accessed by molecules or
atoms, which are the same (Fig. 4B) or different ones (Fig. 4C);
the latter leading to Janus-type functionalization. Taking the
concept of staging into account a stage 2 configuration can be
realized for a 2L, although no intercalation occurs. For a 1L
similar surface functionalization is possible, as shown in
Fig. 4D and E. In those examples, the 1L is however intercalated
between molecular layers and thus, surface science and inter-
calation chemistry merge.

In a recent study, intercalation of vdW heterostructures of
graphene and 2L graphene, respectively, was studied in an
electrochemical device (as outlined in chapter 3).>* The struc-
tures prepared are illustrated in Fig. 5A and B. As shown in
Fig. 5A intercalation proceeds at the interface between hBN and
graphene, on both sides. However, the properties differ from
pure surface functionalization or a stage 1 bulk intercalation
compound, due to the interaction of Li and hBN (about 30L on
each side). The authors conclude that Li is randomly distrib-
uted, and the amount of Li atoms is significantly lower
compared to the bulk with carrier densities of about 7 x 10"
cm 2, corresponding to a stoichiometry of LiCqp.

In contrast, a 2L of graphene intercalated in hBN, as shown
in Fig. 5B, behaves differently because intercalation of the 2L
allows a much higher loading compared to the graphene/hBN
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interface. Here, the carrier density was determined to 5.5 X
10" cm™2, with a contribution of 4.6 x 10 ecm™? for the
graphene/graphene interface.

2.3 Considerations on geometry and charge carrier densities

When approaching a 1L of a 2DM, or by stacking few-layers of
2DMs on top of each other or by intercalating materials, atomic-
scale illustrations become important to imagine the dimen-
sions. In this regard, structures are often evaluated by transport
measurements in devices. As a result, the mobility of charge
carriers is determined, either in field effect transistors or in
magnetic fields by Hall-bar measurements. Finally, taking the
dimensions of the device into account a charge carrier density is
derived with the unit cm™? for 2DMs. However, for an atomic
imagination the unit cell dimensions are important to take into
account. For graphene, the unit cell contains two carbon atoms,
with two equal lattice vectors. The calculated area for one
carbon atom is 0.026195 nm” or 0.026195 x 10~ ** em” (order of
magnitude comparable to typical charge carrier densities),
respectively.? This means that there are 38 x 10'* C-atoms per
cm”. For the example illustrated in Fig. 5, this consideration
means that there is one charge on about 14 C-atoms, taking the
2L structure and interaction of all intercalated Li-atoms into
account.

For MoS, the area of the unit cell is 0.088 nm? including one
Mo and two S atoms, of which one points up and one down.
Accordingly, there are 11 x 10'* Mo-atoms per cm” and 22 x
10" S-atoms per cm?® In another example the intercalated
heterostructure MoS,/Li/graphene was analyzed by density
functional theory calculations,* with a charge carrier density of
3.6 x 10" em~? for graphene and 6.0 x 10'* cm™> for MoS,.
According to the considerations above those value relate to one
charge carrier on about 10.6 C-atoms and 3.7 S-atoms,
respectively.

AT, T; =K
Graphite Intercalant

Fig. 6 Two-zone thermal transport for potassium into graphite and
stage control by temperature difference. Reproduced from ref. 16 with
permission from Wiley-VCH Verlag GmbH & Co, Copyright 2019.
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3 Synthetic access to intercalated 2D
materials

3.1 Intercalation by vapor-transport

The vapor transport method usually proceeds under vacuum or
an inert gas atmosphere in a sealed two-zone cell (Fig. 6A)."> The
intercalants and host materials are placed in separate zones,
which are heated under different or same temperatures,
respectively. The success of intercalation depends on control-
ling the temperature of the host zone and intercalant zone. Also,
the stage of the intercalation compounds can be controlled by
temperature adjustments. The temperature of the two zones can
be different or isotherm, depending on the chemical and
physical properties of the intercalant and the host material.”®
For example, the stage of the prototype intercalation compound
K-GICs is controlled by the temperature difference T, — T; (Ty:
temperature of graphite; 7i: temperature of intercalant) as
shown in Fig. 6B.*° The higher stages are formed at a smaller T,
—T.

In the case of halogen intercalation, typical preparation
temperatures are around 20 °C to 60 °C for T,. Owing to the high
threshold vapor pressure of the halogens, such as Br,,>” IBr and
ICl, T; is set from —30 °C to 60 °C to control the pressure in the
reaction cell.?® Other parameters, including heating time, the

C)

A) B)
g/ intercalation M / post-processing '/
— —— = — _

D) ‘ device
1

Ry
;_f%/
St

Intensity (a.u.)

1600 1620
Raman Shift (cm™)

1560 1580

Fig. 7 Fabrication of an FeCls intercalated 2L graphene device. (A)
Pristine and (B) after FeCls intercalation of 2L graphene deposited on
Si/SiO, substrate. (A') The sealed tube is placed in the furnace. (B')
Sufficient washing with acetone (C) removes the adsorbed molecules
from the surface. (D) Deposition of electrodes using standard lithog-
raphy fabrication techniques. (E) Gradual downshifts of the Raman G
peaks is observed (after intercalation without air exposure; blue) and
after washing in acetone for 0, 0.16, 0.5, 1 (black), and 12 h (red).
Adapted from ref. 47 with permission from the American Chemical
Society, Copyright 2011.
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size of host materials, the amount of intercalant, and the
volume and shape of ampoule also affect the homogeneity and
in general the quality of the final compound.*>**3°

Vapor transport intercalation is the most widely applied
method for the intercalation of bulk materials, because it works
for most of the possible hosts, such as graphite,* fullerenes,*
single-walled carbon nanotubes,*> hBN** and TMDCs (MoS,,
TaS,, WS, and WSe,)**® and a variety of intercalants, such as
alkali metal (K, Rb and Cs)***”*® or their alloys,*>** halogens
(Br)*”” or interhalogens (IBr and ICI),***' metal halides (FeCl;,
AlICl;, SbCl; and AsF;)*™* and organic molecules (pyridine,
cyclopropylamine).*® This method is already well developed for
bulk intercalation. Thus, it can be easily and directly applied to
2D host materials using the same equipment (two-zone cell)
and similar experimental conditions (temperature). The 2D
host is normally deposited on a substrate or a manufactured
device that can be directly inserted into the reaction cell, as
depicted in Fig. 7A-D, illustrating FeCl; intercalation.” With
reduced lateral dimensions, the intercalation rate of few-layered
materials is much faster compared to the bulk. The synthesis of
stage 1 alkali metal (K, Rb) GICs usually takes more than 12 h,*
while only 5 min are needed for the intercalation of 1-15L of
graphene.”

Over the past decade, progress has been made in few-layered
2DMs intercalation by the vapor transport method. The 2DM
intercalation compounds were studied and some showed
similarities to their bulk intercalation compound, such as the
formed stage,*>*® which offers good references for the investi-
gation and characterization of few-layered 2DMs intercalation.

Intensity (a.u.)

1590 1620 1650

Raman Shift (cm™)

Intensity (a.u.)

1580 1600 1620

Raman Shift (cm™)

1560

Fig. 8 Raman spectra of few layer graphene materials exposed to (A)
Br, and (B) I, and the derived intercalation models. Adapted from ref.
50 with permission from the American Chemical Society, Copyright
20009.

117

© 2021 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2021, 3, 963-982 | 967


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00987c

Open Access Article. Published on 15 January 2021. Downloaded on 5/15/2024 7:03:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

For few-layered 2DMs the effect of surface adsorption of inter-
calants becomes non-negligible as discussed in chapter 2. For
example, Br, and I, have been attempted to intercalate in
mechanically exfoliated 1-4L of graphene on a p-type Si/SiO,
wafer.*>** The wafer with host materials was placed in one zone
of a glass cell, while liquid halogen was placed in another zone
at a temperature of 10 °C to keep a constant vapor pressure in
the cell. To avoid any impurities, the tube cell was initially
evacuated to 2.7 x 10> mbar and the liquid halogen was frozen
and thawed several times to remove dissolved gases. After 1 h of
Br, exposure, Br, was successfully intercalated into 3L and 4L of
graphene, respectively. In contrast, for 2L and 1L graphene, Br,
was symmetrically adsorbed on the top and bottom surfaces.
Those results are consistent with the observations made for the
Br,-GIC, with stage 2 as the lowest reported stage.>” Accordingly,
the model as shown in Fig. 8A is concluded from Raman spectra
of the intercalation compounds. A single G peak near 1612 cm ™"
is found for 2L and 4L graphene, which are symmetrically
intercalated and doped, similar to the bulk Br,-GIC reference.
However, the 1L showed an upshift of the G peak to 1614 cm ™",
which relates to a higher charge carrier concentration for the
single graphene layer. For intercalated 3L graphene, two G
peaks are detected, which indicates two different types of
inequivalent graphene layers as a result of asymmetric
intercalation.

Few-layer graphene was also exposed to I,. Raman spectra for
3L and more layers treated with I, showed two G peaks (Fig. 8B).
This means I, adsorbs only on the top and the bottom of few-
layer graphene without intercalation, possibly because the
longer I, bond length does not allow an intercalation struc-
ture.* Similar to bulk intercalation, Br, is also the only diatomic
nonpolar halogen molecule that can be easily intercalated into
graphite. However, iodine in interhalogen compounds such as
ICI and IBr can be intercalated.>

Compared to alkali metal intercalation compounds, it is re-
ported that FeCl; intercalation compounds are relatively stable
at ambient conditions.* Those materials can be safely removed

= FeCl,
3
s
2 3L
[}
c
2
£
2L
1575 1675 2550 2650 2750 2850) 1L

Raman Shift (cm™)

Fig.9 (A) G peak, (B) 2D peak and (C) schematic illustrations of stage 1
for 1L, 2L and 3L graphene—FeCls intercalation compounds. Adapted
from ref. 56 with permission from the American Chemical Society,
Copyright 2011.
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from their encapsulating ampoules for short periods of time,
and therefore, provide prototype materials for the measure-
ments to determine properties and further exploratory investi-
gations. Due to that, FeCl; intercalation was investigated on the
2D level.*”*>*® Accordingly, 1-4L graphene flakes were interca-
lated by FeCl; to a stage 1 intercalation compound (FeCl;-few-
layered graphene (FLGs), Fig. 9).*¢ Owing to the highly hygro-
scopic property of FeCls, it was heated at 393 K for more than
90 min to remove any residual water. Next, FeCl; and the host
were sealed in an ampoule and inserted in an oven at a reaction
temperature of 613 K for 6 h. The Raman spectra for 1L, 2L and
3L graphene display an upshift of the G peak and a change of
the 2D peak from a multi- to a single-peak structure. This is an
indication of electronic decoupling of the layers by the inter-
calant for 2L and 3L graphene intercalated by FeCl;. The single
G peak also indicates uniform adsorption and intercalation of
layers by FeCl; (Fig. 9A). For 1L graphene both surfaces adsorb
FeCl; and the highest upshift of the G peak is observed at
1627 cm™ ', compared to 1623 cm "' for FeCl; intercalated 2L
and FeCl; intercalated 3L, respectively. However, multiple G
peaks also have been reported in the Raman spectra of stage 1
FeCl;-FLGs.***® There are two explanations for this observation:
(1) FeCl; molecules only intercalate between interlayers without
adsorbing on the surface layers of graphene. The lower G; peak
is a signature of a graphene sheet with only one adjacent FeCl;
layer, whereas the higher shift G, peak characterizes a graphene
sheet sandwiched between two FeCl; layers.* (2) The additional
G peak is caused by nonuniform intercalation, due to desorp-
tion of FeCl; during cooling down in vacuum. To prove the
hypotheses, FeCl;-FLGs were exposed to air by two ways. In the
first approach, FeCl;-FLGs were immediately removed from the
hot glass tube. In the second approach, the glass tube was first
air-cooled to room temperature while still sealed and then the
samples were removed. The samples obtained from the first
method exhibited a single G peak and a higher doping level,
which was stable up to one month in air.*® Moreover, as shown

A)18M H,SO, B) 1L Graphene
G\ 2D

C) 2L Graphene | D)
=H,SO,

\_iL

pristine

10M-doped,

G
T

1580 1610 1640 2540 2620 2700 1570 1600 1630
Raman Shift (cm™)
Fig. 10 (A) In situ Raman spectra of the G peak of 1-4L graphene

samples dipped into 18 M sulfuric acid. (B) The 2D peak of pristine 1L
graphene and that doped by 10 M sulfuric acids. (C) In situ Raman
spectra of the G peak of the 2L graphene doped by different sulfuric
acid concentrations of 18 M, 14 M, 10 M, and 6 M and a pristine BLG as
areference. (D) Structural model of 2L graphene structures doped with
sulfuric acid derived from Raman spectra in (C). Adapted from ref. 62
with permission from the American Physical Society, Copyright 2010.
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Fig. 11 Intercalation of (A and B) single and multiple (C) zero-valent
metal atoms into Bi,Ses. Adapted from ref. 66 with permission from
the American Chemical Society, Copyright 2015. (D) Schematic illus-
tration of seamlessly integrated n-type SnS,, p-type Cu-SnS, and
metallic Co—-SnS, within a single nanosheet. (E) Schematics of the
spatially controlled intercalation process for 2L SnS,.%”

in Fig. 7B and C, adsorbed FeCl; on graphene surface can be
simply removed by washing in acetone. According to the Raman
spectrum, the G peak shifts down continuously with increased
washing time. Finally, a 1L is recovered with a normal G peak
position, which decreased to ~1580 cm™ ', while the G peak of
2L graphene did not shift back to the undoped value (Fig. 7E).
This difference indicates that the intercalated molecules are
more stable owing to the protection between graphene layers,
but would be eventually deintercalated by more extensive
rinsing in acetone or other solvents such as hydrochloric acid.*”

Through vapor transport intercalation, a lot of intercalant
and host pairs have been fabricated on the bulk level (as
mentioned above), but only few are reported for few-layered
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2DMs. As the vapor transport method can directly be applied
for few-layered 2DMs intercalation, more intercalants and host
materials can be investigated in the future. However, the
instability of the intercalation compounds hampers the real-
time characterization and thus, also limits further
investigations.

3.2 Solvent-based intercalation

Nonelectrochemical solvent-based intercalation is easy to apply,
compared to other methods, since no special equipment or
reaction conditions are necessary. Typically, the host material is
soaked in a solution of the intercalant. The intercalation
process is often accompanied by chemical reactions, enabling
intercalation or post reactions. The most representative
example is the synthesis of graphite oxide by Hummers
method.* In the first step, graphite is dispersed in sulfuric acid
with an oxidant to form graphite sulfate, an intercalation
compound with the stoichiometry [C,,"HSO, -2H,S0,],.1%*
During this process the oxidant p-dopes graphite enabling
intercalation of hydrogensulfate counterions and sulfuric acid
molecules.®® With adding more oxidant, such as potassium
permanganate further chemical modifications occur on both
sides of the interlayers and finally covalent C-O bonds are
formed. In this way, graphite oxide is formed, which can be
delaminated to graphene oxide.?

Nevertheless, in the absence of oxidizing agents, this reac-
tion works differently for 1-4L of graphene hosts, for which
sulfuric acid molecules are found to be only physically adsorbed
on the top and bottom layers without intercalation.®” The G
peaks of 1-4L of graphene in 18 M sulfuric acid show similar
Raman spectra as observed for graphene few-layers with
adsorbed I,, although the chemical doping of I, vapours on
graphene is quite different (Fig. 8B and 10A). The 2D peak of 1L
graphene upshifts by about 10 cm™* after dipping into 10 M
sulfuric acid, as shown in Fig. 10B, which is a typical charac-
teristic of hole doping in graphene layers.®® As shown in Fig. 10C
and D, the doping level of the top and bottom graphene layers
can be asymmetric by adjusting the concentration of sulfuric
acid to 6 M and 10 M, respectively. At a low concentration of
sulfuric acid, the molecules are not completely adsorbed on the

Table 1 Summary of reactions to generate zerovalent species, and precursor chemistry. Adapted with permission from ref. 64 from the

American Chemical Society, Copyright 2012¢

Intercalant Precursor(s) Reaction

Copper Tetrakis (acetonitrile) copper(i) hexafluorophosphate 2CU(ag) = CUag’’ + Cu(0)

Silver Silver nitrate; 0.1 g 5,5,7,12,12,14-hexamethyl-1,4,8,11- 2Ag" + L — AgL” + Ag(0)
tetraazocyclotetradecane

Tin Stannous chloride; 0.1 g tartaric acid 2sn** — sn** + Sn(0)

Gold Gold(1) chloride or chlorotristriphenylphosphine gold(i) 3AUGg) T — AU’ + 2Au(0)

Indium Indium() chloride 3InCl < InCl; + 2In(0)

Cobalt Dicobalt octacarbonyl Co,(CO)g — 8CO + 2Co(0)

Iron Iron pentacarbonyl Fe(CO)s — 5CO + Fe (0)

Nickel Nickel(u) nitrate pentahydrate; hydrazine hydrate 2Ni*" + N,H, + 40H — 2Ni(0) + N, + 4H,0

@ 'L = tetraazocyclic amine ligand.
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two surface layers, which causes the splitting of the G peak,
indicating two graphene layers of different doping degree.
Another advantage of the solvent-based intercalation is that
zero-valent metal intercalation in 2D host materials can be
realized, which is difficult to achieve with other intercalation
methods. As illustrated in Fig. 11A a variety of zero-valent metal
atoms, including Ag, Au, Co, Cu, Fe, In, Ni, and Sn, were
intercalated into 2D layered Bi,Se; nanoribbons (50 nm thick).**
The zerovalent guest species were generated by a dispropor-
tionation redox reaction in solution or by carbonyl decompo-
sition (Table 1) in a refluxing solution, and then intercalated
into the layered Bi,Se; structure. The atom% of intercalant is
controlled by either the concentration or the reaction time.
Among all the metal atoms, Cu showed the highest intercala-
tion concentration up to 60 atom%, which is much larger than
concentrations of compounds synthesized by heating or elec-
trochemical insertion (below ~3 atom%).** The Cu-intercalated
nanoribbons appeared reddish, close to the colour of Cu metal,
suggesting high concentrations of zero-valent copper. Addi-
tionally, 30 different ordered multiple pairs of zero-valent
atomic species (Cu, Sn, Ni, Co, In and Fe) were also interca-
lated into Bi,Se; nanoribbons by a stepwise combination of
different solvent-based intercalation processes to form 2D
alloys inside the host lattice (Fig. 11A and B). Depending on the
type of intercalant and their intercalating order, the intercalant
exhibits a variety of ordered and disordered structures
(including superlattices and charge density waves). In most
cases, the intercalant remains at zero valence.®® Furthermore,
chemical vapor deposition (CVD) grown n-type semiconducting
2L SnS,, which was intercalated with Cu and Co atoms, is
transformed into a p-type semiconductor and a highly
conductive metal.”” Combining this method with lithography,
spatially controlled intercalation can be realized to seamlessly
integrate n-type and p-type semiconductors and metals in
2DMs, which is difficult to achieve with mechanical transfer or
other methods (Fig. 11D and E).*” These methods have been
further extended to intercalate various TMDCs (MoS,, MoSe,,
NbSe,, WS,, Sb,Tes, In,Se;, GaSe)*** and non-TMDs, such as
MoO3,” as well as incorporating dual metal elements into those
materials. As apparent from the reported results it seems that
the solvent-based method to intercalate zero-valent metals in
2DMs is universal, although more investigations are necessary.
Solution-phase intercalation has also been applied to
MXenes,”*” a new family of 2D layered materials discovered in
2011.”* Organic molecules’”® and alkali metal ions™”® have
been investigated for the intercalation of solid MXene nano-
sheets. For example, hydrazine monohydrate, hydrazine mon-
ohydrate dissolved in N,N-dimethylformamide (DMF), urea and
dimethyl sulfoxide (DMSO) were successfully intercalated into
hydrofluoric acid (HF) modified 2D MXene f-Ti;C, (TizCy(-
OH),O,F,).”> To prove the universality of this method rather
than the exclusive property of {-Ti;C,, other MXenes Ti;CN and
TiNbC were also intercalated by hydrazine monohydrate. The
intercalation process can be reversed by heating the interca-
lated material above the boiling point of the intercalated species
leading to a recovery of the c-lattice parameter. DMSO-
intercalated f-Ti;C, can be exfoliated due to its hygroscopic
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character by sonication in water affording a stable colloidal
solution of separate sheets, from which a Ti;C, film can be
prepared on an Al membrane. Although there are many studies
on bulk MXenes intercalation,”*”® investigations conducted on
few-layered MXenes remains a field of research which is in
progress.

Solvent-based intercalation can be applied easily to few-
layered 2DMs by immersing the substrate with the 2D host
adsorbed on the surface into the solution of the intercalant.®>”®
Unlike electrochemical intercalation, solvent-based intercala-
tion can intercalate insulating host materials, such as hBN.*
The concentration of intercalants is adjustable by the concen-
tration of solutions, however precise control is hard to achieve.
It is reported that these intercalation compounds are more
stable than those formed by the vapor-transport method, and
can thus be easily characterized.”"” In addition, the intercala-
tion may lead to exfoliation of the layered material or is
reversible. These properties can be exploited either for
preparing few-layered 2DMs, 2D intercalated materials or
exploited in applications.

3.3 Electrochemical intercalation

Electrochemical intercalation allows to reversibly intercalate
cations or anions into a layered host material driven by an
external bias. For bulk intercalation, this is typically carried out
in a three-electrode setup as depicted in Fig. 12. The host
material serves as the working electrode (WE); therefore, it must
be electrically conductive. The counter electrode (CE) is typically
made of an inert metal plate or wire, e.g. Pt. A reference elec-
trode (RE) provides a known potential (e.g. Ag/AgCl or calomel)
that is used to reference the relative potentials of the WE and CE
during the experiment. The electrodes are placed in an aqueous,
non-aqueous or solid-state electrolyte containing a salt for ion
conductivity and the intercalant.

A direct or alternating current between the WE and CE is
applied by an external power supply. The applied voltage is
measured versus the potential between the RE and the WE. The
intercalant enters the galleries of the host either via the vdW
gaps or through defects of the top layer.*” The intercalation
process can be followed in situ by the response of the current to
the applied voltage. By further increasing the voltage, the

Power supply
Anode Cathode
» Electron donor » Electron acceptor
CE
» Oxidation » Reduction
WE » Intercalants: » Intercalants:
(anode/
cathode) | SO, OH", Li*, Na*, K*,
Cl, Br, I, TMA*, TPA*,
Electrolyte NOy, PO, TBA*, THA*,
CIOy, BFy, PFg, BMP*,

and other anions.

and other cations.

Fig. 12 Configuration of an electrochemical cell for bulk intercalation
and typical reactions as well as typical intercalants. Reproduced from
ref. 81 with permission from Wiley-VCH Verlag GmbH & Co, Copyright
2020.
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Fig. 13 Schematics showing the fabrication steps of an electro-
chemical device for in situ monitoring of Li intercalation into nano-
sheets of MoS,. (A) Mechanically exfoliated MoS; flakes are deposited
onto a Si/SiO,-wafer. (B and C) Metal electrodes are deposited via e-
beam lithography and shadow mask evaporation. (D) The electrolyte is
applied on top of the electrodes and a cover glass is used to sandwich
the device that is sealed by epoxy resin to avoid oxidation. (E)
Photograph of the as-prepared electrochemical intercalation device.
Adapted from ref. 84 with permission from the American Chemical
Society, Copyright 2015.

electrochemical intercalation can be used to functionalize or
exfoliate few-layered 2DMs from a bulk sample. In aqueous
solutions, e.g. GICs can be further oxidized to graphite oxide,
which is subsequently delaminated to yield graphene oxide.*
This approach is not limited to graphite but can be applied to
a wide variety of 2DMs such as black phosphorous, TMDCs and
transition metal carbides, as recently reviewed elsewhere.*

Moving from the bulk to few-layered materials, the size of the
experimental setup decreases accordingly. Microfabrication
techniques are therefore required to fabricate electrochemical
devices from few-layered 2DMs. The electrodes must be con-
nected to a voltage source meter, either by placing on
a conductive substrate or by contacting the flakes directly from
the top by metal electrodes deposited onto the 2DM. In both
cases the sample can lose electrical contact during the experi-
ment due to swelling of the sample or deformation of the
electrodes. The disadvantageous effect of swelling on the elec-
trode contact may depend on the 2DMs thickness and should
therefore be the smallest for a 2L device.

As an example, in Fig. 13 the fabrication of a microscopic
electrochemical intercalation device is depicted. The device
enabled investigating the process of intercalation of Li into 2—
50 nm thin MoS,. Such a typical device is fabricated starting by
mechanical exfoliation of the 2DM. It is then dry-transferred
onto a suitable substrate such as a Si/SiO, wafer (Fig. 13A).
The 2DM can be subsequently etched into any desired shape to
allow for example the in situ measurement of the Hall effect. The
metal electrodes are then deposited by electron-beam lithog-
raphy and physical vapor deposition (Fig. 13B and C). In the last
fabrication step, the electrolyte solution containing the inter-
calant is applied onto the device (Fig. 13D and E). Measuring the
small currents of the micrometer sized devices is challenging,
however, possible.
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In the case of few-layer intercalation of black phosphorous,
the measured currents are in the range of tens of nano-
ampere.** Zhao et al. encapsulated single and few-layers of
graphene between hBN layers for shielding from the environ-
ment and to avoid parasitic currents originating from reactions
in the electrolyte.” The gold contacts used to contact the gra-
phene layer were sealed using SU-8 resist to suppress any
corrosion reactions at higher voltages.

The electrochemical intercalation between vdW hetero-
structures of different 2DMs is a huge new field of intercalation
research. Zhao et al. not only used hBN to encapsule graphene
layers and to avoid side reactions, but also studied the inter-
calation of Li ions at the interface of a single layer of graphene
covered on both sides by hBN.?” Other vdW heterostructures of
graphene and MoS, were studied by Oakes et al. showing a large
influence of strain at the interface of the two materials due to
the lattice mismatch on the intercalation process.*® In another
study Bediako et al. investigated Li intercalation at the interface
of heterostructures of hBN, graphene, MoS, and MoSe,.*” This
growing new field of research is also reviewed elsewhere.?®

Despite the possibility to electrochemical intercalation of
a wide range of both anions, such as sulfates,* nitrates® and
hexafluorophosphates® and cations into bulk materials, most
of the recent reports on the intercalation of few-layered mate-
rials are focused on the intercalation by alkali metals, while
examples of anion intercalation are scarce.®” The intercalation
of Li is by far the most studied process, which is motivated by
the impact of its large-scale use in Li-ion battery technology.
The intercalation of Li into few-layered 2DMs may help to better
understand the underlying processes and guide further
improvements of the technology.*»*** As shown in the intro-
ductory example (Fig. 1), Kihne et al showed superdense
ordering of Li in 2L graphene.” They conclude that a 2L of
graphene may spread more easily upon intercalation compared
to its bulk counterpart, showcasing the differences between few-
layer and bulk materials. In another study, they further showed
very fast Li diffusion into 2L graphene with a diffusion coeffi-
cient as high as 7 x 107> em® s~ *.% Aside from energy storage
applications, electrochemical intercalation of charged organic
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"3 A 90000
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s M\ 00000
Fig. 14 (A) Illustration of the chemical structure of the cetyl-

trimethylammonium cation. (B) Schematic illustration of black phos-
phorous. (C) Schematic illustration of the stage 1 intercalation
compound.®®
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molecules is used to fabricate well defined organic/vdW-hybrid
heterostructures.*>** By applying a potential of —3 V, Wang et al.
intercalated multi-layered black phosphorous nanosheets with
cetyltrimethylammonium cations (Fig. 14A). The intercalation
could be followed by the response of the electrochemical gate
current measured versus the applied voltage. The interlayer
distance increased from 5.24 A to 11.21 A as illustrated in
Fig. 14B and C. Thereby, superlattices of alternating molecule
and 2DM layers were formed in which the individual phos-
phorene layers are electronically decoupled from each other.
The decoupling of the phosphorene layers leads to an increased
optical bandgap, as observed by in situ photoluminescence
measurements.®

Recently, He et al. performed the electrochemical intercala-
tion of the neutral organic semiconductor molecule perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA) into few-layered
MoS, demonstrating a powerful design scheme for the fabri-
cation of well-defined organic devices.”” This may bridge the gap
from the research of 2DMs and vdW heterostructures and
organic semiconductor research. Electrochemical intercalation
of 2DMs enables a high control over the intercalation process by
controlling the applied external bias. However, the 2DM must
be conductive, excluding insulating materials such as hBN.
Moreover, electrochemical intercalation requires the fabrica-
tion of microscale devices which increases the techniques
complexity.

3.4 Artificial assembly

Artificial assembly, as sketched in the introduction, provides
the opportunity to access distinct heterostructures to previously
introduced conventional intercalation methods. The structures
to be fabricated are not limited to certain ions or small mole-
cules, which tend to intercalate specific hosts. Thus, the artifi-
cial assembly serves chances to integrate novel building blocks
for the fabrication of few-layered intercalation compounds.
However, the increasing freedom of parameters leads to
complexity and thus a process, which is less controllable. For
example, the integrity of the lattice of 1Ls may be harmed

A) B)
[ 1 tape
layers of
monolayer
PDMS substrate 77zFITIITITIITITIIIIT

C) D) E)

T TITTTTITTTTTTTITIT TITTTTTTTTITTTTITT
Fig. 15 Dry transfer with viscoelastic stamp of PDMS. (A) Tape exfo-
liation of bulk 2DM, (B) exfoliated 1L on PDMS, upside down attached
to a glass slide, that PDMS and the target substrate can be aligned by
a micromanipulator, (C) contacting PDMS/1L and substrate, (D) lift off
of PDMS leaving the 1L on the substrate due to their stronger inter-
action, (E) transferred 1L on new substrate.
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during exfoliation and transfer. Thereby cracks or folds may be
formed. Furthermore, each process may introduce contami-
nants. Moreover, controlling the respective orientations in
stacked lattices, twisted layers can be formed in which however
unique properties emerge from lattice mismatch.***® Further-
more, the orientation of ions/molecules or the number of layers
are other degrees of freedom to be considered. However, with
overcoming those issues, extraordinary structures with
outstanding properties are created, as outlined in chapter 4.

The mechanical transfer of 2DMs is based on overcoming
vdW forces of stacked layers. It is a method to design structures
of twisted layers,””® containing molecules,****** or of various
2DMs, such as graphene, hBN, TMDCs, black phosphorous or
silicene. The yielded structures are also termed as hetero-
structures or vdW heterostructures.'*>***

The most common transfer method for flakes is a dry stamp
technique using polydimethylsiloxane (PDMS) as illustrated in
Fig. 15. It is an easily handled, clean, fast and reliable technique
compared to others, like vdW pick up, usage of a sacrificial layer
or wedging method. Those methods have been extensively
compared by Frisenda et al.'®®

With a PDMS stamp a 1L of bulk 2DMs can also be delami-
nated, a process, which is similar to the first invented scotch
tape method (Fig. 15A). For the transfer, the flake is picked-up
by the PDMS stamp, which is attached to a glass slide. The
glass slide is fixed to a micromanipulator. Due to the trans-
parency of PDMS, the alignment to an underlying flake or
substrate can be traced under an optical microscope (Fig. 15B).
After bringing PDMS and substrate in contact, PDMS can be
slowly peeled off leaving the flake behind on the substrate
(Fig. 15C-E).

The means of choice for large flake sizes, as can be produced
by CVD, is a polymethylmethacrylate (PMMA)-supported etch
transfer method (Fig. 16)."*® Therefore, PMMA is dropped on
a large 1L, spin casted and dried to stabilize the intact lattice
(Fig. 16B). In the case of CVDgrown graphene the underlying
substrate is a Cu foil, which is e.g. etched by a Fe(NO;); solution
and washed with water. For a Si/SiO, substrate the removal of

A) B) C)

Cu substrate
D) E)
PMMA
monolayer —_— —_—
Si substrate TIIITTTTITITTITTIIIT TIITTTTITTITTTTTT

Fig. 16 PMMA supported etching transfer commonly used for large
areas of CVD grown materials. (A) 1L on CVD supporting substrate (e.g.
copper for CVD graphene). (B) Spin casting of PMMA on top of the 1L.
(C) Removal of the substrate by etching. (D) Wet or dry transfer onto
new substrate; wet transfer: after etching, PMMA/IL is washed in
a water bath. By decreasing the water level, the 2DM can be transferred
on a new substrate, which is placed at the bottom of the bath; dry
transfer: an additional layer of PDMS is fixed on PMMA to handle
PMMA/IL without the stabilizing interface of water. (E) PMMA is

removed by acetone leaving the CVD 1L on new substrate.
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the substrate can be achieved by intercalation of water between
the hydrophobic polymer/flake and hydrophilic substrate
(named wedging transfer method; Fig. 16C). In both cases
a subsequent wet-transfer may be performed by decreasing the
water level. However, also a dry transfer is possible (Fig. 16D).'"”
Finally, PMMA is dissolved in acetone, rinsed and dried, leaving
an intact lattice on the desired substrate (Fig. 16E).

Further methods are reported,**>****** which are specific for
materials, such as oxo-functionalized graphene,"> TMDCs'** or
requirements due to the shape of the substrate."**

4 Directions of research of
intercalated few-layer 2D materials

With thinning down the z-direction of layered 2DMs, properties
changes, as introduced in the introduction. In this section, we
highlight some research directions reported for intercalated
few-layered 2DMs. In particular, we will focus on supercon-
ductivity, band-gap tuning, magnetic properties, optical prop-
erties, energy storage and chemical reactions.

4.1 Superconductivity

Superconductivity is a general research direction to find mate-
rials, which transport charge carriers at room temperature
without resistance. The search for new superconductive mate-
rials is ongoing. In 1987 the Nobel prize in Physics was awarded
to J. Georg Bednorz and K. Alex Miiller “for their important
break-through in the discovery of superconductivity in ceramic
materials”."*® Thereby, the research is based on the preparation
of oxo-cuprates. Currently, Hg;,Tl;Bas,Caz,Cu,501,; holds the
world record for superconductivity at ambient pressure at 138
K."*® Superhydrides, which possess structures of solid atomic
metallic hydrogen, such as LaH;, (ref. 117) show a transition
temperature of astonishing 259 K, however, at 170 GPa.'*® The
current world record holding superconductive materials are
brittle and making km-long wires is not in reach. Thus, super-
conductivity in few-layered 2DMs would be the next superlative.
Superconductivity is well-known for carbon materials, such as
fullerenes,"*® carbon nanotubes™ and diamond.*** For gra-
phene and doped graphene, superconductivity was predicted,'**
and for bulk CaCg, synthesized from graphite and Li-Ca alloy,
superconductivity was reported below 11.5 K. A surprising
discovery in this field was reported in 2018 for twisted 2L

A) Top view B) Sectional view

3x3
R30°-Ca SiC/Buffer layer/G/ /G
Fig. 17 Illustration of the structure of superconductive Ca-interca-

lated 2L graphene. (A) Top view with graphene lattice in grey and
position of Ca atoms in yellow. (B) Sectional view illustrating the
layered structure.t?*
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graphene with a twisting angle of 1.1°. At this “magic-angle”
superconductivity is occurring at 1.7 K.*”**®* In 2016 Ca inter-
calated 2L graphene (C¢CaCe) was reported to be supercon-
ductive at 4 K.*** The structure was prepared from epitaxial 2L
graphene. First Li atoms were intercalated and then exchanged
by Ca (Fig. 17). Although this temperature is lower compared to
the bulk, the experiment demonstrates that superconductive
properties remain in 2L. Also other intercalated 2DMs are pre-
dicted to be superconductive, such as 2L borophene (B,MgB,)
below 23 K.**

4.2 Band gap tuning

In this section, we highlight the possibilities to tune the elec-
tronic properties of 2L and 3L graphene by intercalation. Since
graphene lacks a band gap, conventional transistors with Io,/Iog
ratios >10° are by far not possible.”*?® Thus, opening a band
gap is necessary to generate a transistor behaviour with
reasonable I,,/I¢ ratios. Breaking the inversion symmetry in 2L
graphene is one way to induce a band gap.'” It was reported
that dual gating of 2L graphene can open a band gap, reaching
even an insulating state.”® With tuning the voltages of the top
and bottom gate, tuning of the band gap of 2L graphene was
demonstrated with values up to 250 eV." Instead of dual-gating
also intercalation/surface chemistry can induce a band gap.
Using density functional theory with vdW density functional,
it was predicted that 2L graphene can be intercalated between K
on the bottom and FeCl; on top to open a band gap in 2L gra-
phene with application relevant 0.4 eV coming into reach.'*?
Experimentally, a 2L of graphene was grown on Ru and

A)
s T
Ru/G/IG Ru/SiIGIG
mm . oot ®%0ege,,
NM Depositing
Silicon
m |
Annealing
at 900 K
B)
= FeCly

G/G/IG

FeCl,

1-hour
2-Zone
method

Electric-field

Fig. 18 (A) Illustration of the formation of the structure of Ru/Si/G/G
with silicene intercalated between Ru and 2L graphene in which sili-
cene induces a band gap. Adapted from ref. 130 with permission from
the American Chemical Society, Copyright 2020. (B) Illustration of the
intercalation of 3L graphene by FeCls. Reproduced with from ref. 131
with permission from Wiley-VCH Verlag GmbH & Co, Copyright 2020.
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subsequently intercalated by silicene (Fig. 18A). It is reported
that the layer of silicene, which is intercalated between Ru and
the 2L of graphene induces a band gap of about 0.2 eV.™** In
another approach 3L graphene, prepared by mechanical
cleavage, was intercalated by FeCl; by the two-zone method
(Fig. 18B). Under the experimental conditions a stage 2 inter-
calation product is obtained, as evidenced by a splited G peak in
the Raman spectrum. A band gap of 0.13 eV was calculated for
the experimentally obtained structure. In addition, the authors
report that the intercalation compound is stable in ambient
conditions.” In general, the decomposition of FeCl; interca-
lated graphite is kinetically hindered, since water must diffuse
into the interlayers. It is described that [FeCl,(OH,),]" and 4 CI~
are initially formed by the reaction of 4 H,O and [FeCl¢]>~.
Subsequently, [FeCl,]” ions are formed, which are less densely
packed.**

4.3 Magnetism

Among many important properties of 2DMs, the active
magnetic response or magnetism has been studied for the
development of various applications, including spill oil
recovery, targeted drug delivery, and antibacterial inter-
faces.®* ™7 Few-layered hosts with magnetic intercalants are
unique systems to study magnetism in the 2D limit of mate-
rials.*”*”13 FeCl; has been intercalated into macroscopic scale
(1 em?®) epitaxial 3L graphene grown on 4H-SiC to a stage 1
compound (Fig. 19A).”” The measured magnetoconductance
shows a strong weak localization (WL) feature at cryogenic
temperatures (<25 K, Fig. 19C). We note that similar WL in
resistance have been reported in bulk magnetic-acceptor GICs
(FeCls, CoCl,),"***** where the abrupt change of resistance has
been connected with its magnetic transition.*

As shown in Fig. 19B, a detailed study of the temperature
dependence of the longitudinal magnetoresistance shows that
the WL peak is heavily suppressed when the temperature
increases. These findings demonstrate that the intercalation of
FeCl; originates from single layer-like hole gases in the stacking
with a phase coherence length (L¢) as large as 1.17 £ 0.08 pm at
280 mK. The temperature dependence of L¢ shows a steep
decrease for temperatures higher than ~30 K (compatible with
the 2D magnetic correlations in the plane of FeCl;), while L¢
tends to saturate at temperatures lower than ~4 K (compatible
with 3D antiferromagnetic coupling between planes of FeCl;).>”
For temperatures higher than 30 K, a sharper decrease of L¢ is
observed in FeCl;-FLG, as compared to pristine graphene indi-
cating that randomly oriented magnetic moments in the inter-
calated FLG are driving excessive dephasing (Fig. 19D).
Ferromagnetism and superconductivity are two antagonistic
phenomena since ferromagnetic exchange fields tend to destroy
singlet Cooper pairs.

The coordination of these two competing phases has been
achieved by alternative stacking of superconductor and ferro-
magnetic layers in vertical heterostructures.'**'** However, an
interlayer-space-confined chemical design (ICCD) is reported to
integrate these two phases in one single-atom-doped TaS, layer,
whereby ferromagnetism is observed in the superconducting

View Article Online

Review
A) ® =FeCl, B) 45
0.28 40 80
Q ’ . O Q ALM\/
-_— (&)
00000 - \/
43
4H SIC/G/FeCl/GIFeCL/G - = . 4
B(T)
©) 66 , M— =
— . '“.\N\
S est 1 T \'\,\
x £ 4
Q>f 2 ——S1 \ /\
641 1l _® [—=—s2 b >\
—4—CVD-grown graphene “\
0.1 |~ Epitaxial graphene on SiC \ J
63 " g —=a— Epitaxial graphene on SiC %
0 50 100 —=—Natural graphene
0.01 0.1 1 10 100
T (K) T ()

' m}: Interlayered <
D —
T Modification

Fig. 19 (A) Scheme of FeCls intercalated 3L graphene. (B) The
temperature dependence of the longitudinal resistivity. (C) Magneto
resistance at various temperatures (see color-coded legend). (D) The
temperature dependence of L¢ for pristine graphene prepared by
different methods. The values are compared to other works (original
works are referenced in the cited publication) to the estimated values
of FeCls-3L graphene. Adapted from ref. 57 with permission from the
American Chemical Society, Copyright 2014. (E) Illustration of the
interlayer-space-confined chemical design toward the synthesis of
TaS, inorganic/organic molecular superlattice with the super-
conducting regions and ferromagnetic regions in single atomic layers.
Reproduced from ref. 141 with permission from Wiley-VCH Verlag
GmbH & Co, Copyright 2020.

Tas, layers."** The intercalation of bulky 2H-TaS, crystal with
tetrabutylammonium chloride molecules expands its gap
between layers, now suitable for single-atom doping via co-
intercalated Co ions, resulting in the formation of quasi-1L
Co-doped TaS, superlattices (Fig. 19E). Furthermore, Co-
doped TaS, is exfoliated into ultrathin flakes (20 nm) under
ultrasonication and dispersed in DMF, by which their magnetic
properties were investigated. Isolated Co atoms are decorated in
the basal plane of the TaS, via replacing the Ta atom or
anchoring at a hollow site, wherein the orbital-selected p-
d hybridization between Co and adjacent Ta and S atoms
induces local magnetic moments with strong ferromagnetic
coupling. This ICCD approach can be applied to intercalate
various metal ions, enabling the synthesis of a series of crystal-
size TaS, molecular superlattices.
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4.4 Optical properties

4.4.1 Transparency. The combination of transparency and
electrical conductivity of materials is the basis for touchscreen
applications or organic light emitting devices. Most touch
panels use indium tin oxide and the surface resistance is
between 5-100 Q sq~ . Thereby, the transmittance at 550 nm is
about 85%. Reaching such values using 2DMs as single or
multilayer is difficult. Graphene, as thinnest material absorbs
2.3% of light per layer and after chemical doping by e.g. TFSA
((CF380,),NH) the resistance dropped to 129 Q sq '.*** With
stacking four layers of graphene and doping by AuCl; the sheet
resistance can be reduced to 34 Q sq~'.*** However, intercala-
tion of few-layer graphene, such as 4L or 5L was demonstrated
to reduce the sheet resistance keeping the transparency high.*®
Thus, exfoliated few-layers, such as 5L graphene, were interca-
lated by FeCl; at 360 °C using the two-zone method. The real-
ized sheet resistance for intercalated 5L graphene was
determined to 8.8 Q sq~ " at an optical transmittance of about
84%.%® Large area graphene films (11 x 11 cm?) were fabricated
by artificial layer-by-layer transfer of AuCl; doped graphene. The
sheet resistance of layer-by-layer AuCl; doped 4L graphene was
54 Qsq~ " at 85% transmittance. This method offers not only an
improvement of sheet resistance and uniformity but also better
environmental stability compared to topmost layer doping.**

Metallization of graphite and few-layer graphene, respec-
tively, is possible by intercalation with Li, K or Cs as inter-
calant.*®*® With intercalation the Fermi level is shifted to higher
energy. Accordingly, interband optical transitions are sup-
pressed, which can be explained by Pauli blocking. Thus, the
transmittance is increased and reaches the visible at high
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Fig. 20 (A) Plots of transmittance vs. wavelength for few- and muilti-

layers of graphene and intercalated materials. (B) Plot of the sheet
resistance vs. number of layers of intercalated materials. (C) Plot of
transmittance vs. sheet resistance for intercalated materials and other
reference materials. Reprinted from ref. 148 with permission from
Macmillan Publishers Ltd: Nature Communications, Copyright 2014.
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charge-carrier densities."” Since those optical transitions are no
longer possible, as those states are filled by the heavy n-doping.

With n-doping of graphene the charge carrier density
increases to about 6 x 10" cm ™2 and therefore the conductivity.
The Fermi energy increases to about 1.5 eV."** This concept was
studied in situ for few- and multilayer graphene."*® As depicted
in Fig. 20, a maximum in transmittance is reached at 500 nm for
multi-layers of graphene, such as 19L with transmission of
91.7%. The results of e.g. few-layer graphene (8L) are also shown
in Fig. 20.

4.4.2 Optoelectronic properties. Few-layered 2DMs and
their heterostructures have shown great promise for new opto-
electronic applications,”** such as high-speed optical
communications*>*** and wide-optical-bandwidth photodetec-
tors.’®*'% Graphene has attracted intense research due to its
atomic layer thickness, ultrahigh strength and free carrier
mobility. Nevertheless, the weak light absorption and zero
bandgap of graphene largely limited its application in the
optoelectronic field. Thus, graphene-based intercalated struc-
tures have been proposed to improve the low optical absorption
and quantum efficiency of graphene. Fano-resonant Au plas-
monic clusters have been sandwiched between 2L graphene
producing a photodetector, where two graphene layers perform
as two carrier channels. The photocurrent of the device was
enhanced 8 times, which is owing to the hot electrons transfer
generated in antenna structure and direct plasmon-enhanced
excitation of intrinsic graphene electrons. The internal
quantum efficiency for the device achieved up to 20% in the
visible and near-infrared regions of the spectrum.™® As a low-
cost and easy-accessible alternative, rhodamine 6G (R6G) dye
with only 1L thickness (0.85 nm) was deposited by a simple dip-
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Fig. 21 (A) Structure of graphene/PbS/graphene hybrid structures.
The channel length between source and drain is 50 um. AFM image of
graphene wrapped on PbS QDs (B) before and (C) after laser shock
fabrication. Molecular dynamics simulation results demonstrate gra-
phene wrapping on 3D feature surface (D) before and (E) after the laser
shock process. (F) I vs. t curve of graphene/PbS/graphene hybrid
photosensor before and after the laser shock process at the gate
voltage of 20 V and (G) magnified image of (F). Adapted from ref. 158
with permission from the American Chemical Society, Copyright 2017.
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Fig. 22 A schematic and simplified illustration of the temporal
evolution of lithium intercalation into 2L graphene as evaluated by
transmission electron microscopy. Crystal grains are color-coded by
their in-plane orientation in green and light green. More details can be
found in the original figure.*®

coating method to build a graphene-dye-graphene (G-R-G)
sandwich photodetector.”” The strong m— interaction force in
the G-R-G structure reduced the intermolecular distance,
which accelerated the photoexcited charge transfer from the top
and bottom graphene to the R6G 1L. The photocurrent and
responsivity of the G-R-G device was found to be ~40 times
better than R6G-attached single-graphene device."” However,
traditional transfer methods restrict the contact between the
top layer of graphene and the underlying intercalant (especially
for 0D and 3D intercalant) to grid-space contact, resulting in
a weaker transmission in the structure and inevitable artificial
scattering. To solve the problem, a graphene/PbS-quantum dots
(PbS-QDs)/graphene sandwich structure with seamless 2D/0D
contact was fabricated by laser shock imprinting, which opto-
mechanically tunes the morphology of 2DMs to perfectly wrap
on 0D materials and efficiently collect carriers from the PbS-
QDs (Fig. 21A-E). This seamless integrated 2D/0D/2D struc-
ture significantly enhanced the carrier transmission, double
increase of photoresponse, 20-fold response time and 13-fold
photoresponse speed (Fig. 21F and G).**®

The valley degree of freedom in 2D-crystals recently emerged
as a novel information carrier in addition to spin and charge
applications.'” TMDC-1Ls feature a coupled spin-valley degree
of freedom and have emerged as an exciting spin/valleytronic
platform. However, the intralayer exciton spin/valley lifetime
in 1L TMDCs is limited to tens of nanoseconds due to the
unique spin-valley locking behaviour. Achieving long-lived
population and polarization lifetimes in TMDC materials is of
central importance for their optoelectronic, photonic, and spin/
valleytronic applications.

Type II heterostructures, such as WSe,/MoSe, have been
fabricated to reach long valley polarization times, but precise
control of the exciton transformation process (including intra-
layer to interlayer exciton transition and recombination) and
a valley polarization process via structural tuning is more
challenging. An intermediate layer of hBN was transferred
between a WSe,/WS, heterostructure. The increased spatial
separation with hBN intercalation weakens the electron-hole
Coulomb interaction and significantly prolongs the interlayer
exciton population and valley relaxation lifetime in vdW heter-
ostructures.'®® Therefore, WSe,/WS, heterostructures with 1L
hBN intercalation exhibit a hole valley polarization lifetime of
~60 ps at room temperature, which is approximately threefold
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and 3 orders of magnitude longer than that in WSe,/WS, hetero-
2L without hBN and WSe,-1L, respectively."*

4.5 Energy storage

The intercalation of Li ions into the galleries of a graphite anode
is the key step of electrical energy storage in Li-ion batteries that
are the major energy storage technology from electric cars to
mobile devices. The ideal energy storage device must combine
a high energy and power density with a long cycling lifetime.
The energy density depends on the amount of charge that can
be stored in the material. The power density depends on how
fast the intercalant can diffuse into and out of the layered
material. These two factors should be combined with a high
cycling life time, that is a large number of intercalation/
deintercalation cycles without significant performance loss.
For the further development of this key technology a thorough
understanding of the processes at the atomic level is highly
desired. Studying the intercalation at the 2D level allows to
follow the electrochemical intercalation process by various
techniques in situ such as XRD,'* Hall measurements*** and
also to follow the process by optical microscopy*>*** and even
transmission electron microscopy at atomic resolution.'3'%
TEM imaging not only allows to optically follow the intercala-
tion and deintercalation of the ions into the few-layered 2DM,
but also identifies areas of varying crystallinity and grain sizes
(Fig. 22). As highlighted in chapter 1, Kithne et al. have
demonstrated the Li intercalation of 2L and 3L graphene devi-
ating from the expected C¢LiCs compound structure using TEM
imaging at atomic resolution. The increased Li storage capacity
by super dense ordering of Li in the vdW gap of 2L graphene
compared to its bulk counterpart is attributed to the fact that
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Fig. 23 (A) lllustration the 2L graphene device for measurement of Li-
ion diffusion rates. The 2L device was shaped into a Hall bar config-
uration. (B) Lithiation/delithiation cycles visualized by charge carrier
concentration extracted from Hall measurements showing full
reversibility of the intercalation cycles.®®
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the 2L spread more easily when they are isolated from their bulk
crystal. This finding indicates distinct Li storage arrangements
with larger storage capacities in 2L compounds compared to
their bulk counterparts.

The diffusion of the intercalant into the layered material is
an important parameter as it defines the speed at which a device
can be charged and discharged. The diffusion rate of Li ions
into graphite is relatively low at 10~ cm® s~ " resulting in a low
power density of Li-ion batteries. By thinning down the elec-
trode to 2L of graphene an exceptional diffusion rate of up to 7
x 107° cm® s~ was reported.”® The diffusion rate was deter-
mined by measuring the temporal evolution of the Li density at
discrete positions in the device using Hall measurements
(Fig. 23A and B). The increased diffusion rate is attributed to the
widening of the vdW gap by the intercalated Li ions. Again, this
effect can be attributed to the fact that the isolated layers may
spread more easily compared to their bulk counterparts.

As a general scheme, tuning the interlayer distance in 2L
materials can be used to engineer the energy storage properties.
This can be achieved by stacking different 2DMs, creating vdW
heterostructures. The intercalation of heterostructures of 2DMs
with dissimilar properties may be a promising way to develop
high-performance energy storage devices with increasing
complexity. The combination of 2DMs allows to make use of the
materials advantages by eliminating some of their shortcom-
ings by creating new heterointerfaces and combining the
materials electronic properties. For example, the expansion of
an electrode upon intercalation is a crucial factor for the cycling
lifetime of a battery device. A heterostructure of multi-layered
VOPO, with multilayer graphene showed negligible expansion
upon electrochemical intercalation and deintercalation with
Na“, K%, zn**, AI’" cations that was attributed to the in-plane
lattice mismatch and the resulting compressive strain on the
VOPO, sheets.'** As the number of 2DMs is still increasing they
are covering a wide range of electronic properties from metallic
materials such as Ti;C,, zero-band gap as in the case of gra-
phene, semiconducting such as MoS, or black phosphorous to
large band gap materials such as hBN. The combination of
these materials creates a large library of new materials that
allow to tune their electrode properties in energy storage
devices.'®

Mechanical strain induced by the lattice mismatch in vdW
heterostructures has been demonstrated in multi-layered
materials to control various materials properties.’*® Mechan-
ical strain induced by the lattice mismatch of vertically stacked
multi-layered MoS, and thin carbon layers was utilized to
influence the pathways of electrochemical reactions upon Li
intercalation. By engineering the strain in the system the
chemical reaction could be influenced from intercalation in the
pristine MoS, system to the chemical conversion to Lithium
sulfide in the case of thin carbon layers stacked MoS, multi-
layers.?® On the 2L level, the Li intercalation in vdW hetero-
structures of graphene and molybdenum dichalcogenide
(MoX,, X = S, Se) encapsulated in hBN showed a 10-fold
increase of accumulated charge compared to MoS,/MoS, 2L
devices as demonstrated by Bediako et al.*” They fabricated five
vdW heterostructures of graphene, TMDCs and hBN in which
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Fig. 24 Proposed four-step Li intercalation mechanism for a hBN
(green)/MoX; (yellow)/graphene (black)/hBN heterostructure, evi-
denced by in situ HRTEM imaging.®’

graphene and MoX, layers are encapsulated by hBN and
employed as the working electrode of an electrochemical cell.
By using the Hall potentiometry method they followed the Li
intercalation upon sweeping the potential in various hetero-
structures. They elucidated the mechanisms of the Li interca-
lation at the various heterointerfaces. By combining the results
of transmission electron microscopy, in situ magnetoresistance,
optical spectroscopy techniques, ab initio calculations and low-
temperature quantum magneto-oscillation measurements they
derived an intercalation mechanism that describes the inter-
calation into a graphene/MoX, 2L encapsulated by hBN
(Fig. 24). The proposed mechanism showcases the varying
intercalation processes at the heterointerfaces of the 2DMs that
can be understood by the Li binding energies calculated for the
various heterointerfaces. Their study revealed that the capacity
of the graphene/MoX, heterointerface is more than 10-times
larger than the capacity of the other heterointerfaces (graphene/
hBN, MoX,/hBN). Furthermore, they observed a decreased
onset intercalation voltage of graphene/MoX, that is about 0.5 V
larger than that of a graphene/hBN heterostructure shown in
a previous study.”® MoS, undergoes a phase transition from the
initial semiconducting H-phase to the metallic T'-MoS, phase
after charge transfer from Li. This phase transition lowers the
activation barrier for further Li intercalation.

4.6 Chemical reactions

The process of chemical reactions takes basically place on the
surface of a bulk material. By thinning down the material,
properties change such as the reactivity or absorption and
emission properties for example in QDs, as outlined below. Not
only by increasing the surface, but also by intercalation, layers
become more accessible to the reactant or are activated by the
intercalant. In principle, chemical reactions can be accelerated
or observed for the first time in intercalated structures.

One of the first heterostructures with mixed dimensional
materials (2D/0D/2D) consists of a graphene-coated TEM grid
with thermally evaporated fullerenes and transferred graphene
as top-layer (Fig. 25A and B)."** Due to the low fullerene moving
barrier of 5 meV, the self-assembly of the 0D component leads
to big areas of single-layered, hexagonally closed packaging in
between graphene. It turned out that the lattice spacing is 4-5%
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Fig. 25 Fullerenes encapsulated between graphene layers and
investigated by STEM analysis. (A) Illustration of a 1L of hexagonally
ordered fullerenes, showing a bonded couple. (B) Schematic illustra-
tion of the heterostructure of graphene/Cgo/graphene. (C) lllustration

of a loosely bound fullerene dimer and (D) of a fullerene peanut
dimer .10t

smaller than in equivalent 3D crystallites, while the fullerenes
remain rotationally active. Although graphene acts as a pro-
tecting layer during STEM, the e-beam irradiation activates the
molecules and causes bond formation between fullerenes
forming a peanut-like dimer, as shown in Fig. 25A and D,
a process which is supported by calculations starting from
a loosely bound dimer of fullerenes (Fig. 25C). Due to the
regular structure of the graphene lattices, those lattices can be
filtered out in TEM images, enabling the unhindered observa-
tion and study of the intercalant. The encapsulation within
graphene can also be applied to other 2DM, as demonstrated for
MoS,.'* With this approach, molecular structures and their
dynamics can be analyzed.

The factor for improving reactivity using the concept of
heterostructures is significant for QDs.**® QDs gained attention
in photocatalysis for their high quantum yields and specific
quantum confinement, but lacked in photostability, long life-
time and fast electron transfer. However, Huang et al. fabricated
a heterostructure that did overcome those drawbacks
(Fig. 26C).**® The heterostructure is fabricated layer-by-layer, by
electrostatic self-assembly in aqueous solution, with positively
charged graphene oxide, which was functionalized by ethyl-
enediamine (Fig. 26A), and negatively charged CdSe QDs,
modified by sulfanylacetic acid (Fig. 26B) connecting graphene
oxide layers and QDs by peptide bonds. Subsequently, reduction
generates reduced graphene oxide, which is further termed as
graphene. It was shown that graphene improves the photo-
stability, adsorption of reactants and the separation of excitons
of QDs due to fast electron transport.

The oxidation of aromatic alcohols to aldehydes (Fig. 26D),
such as benzyl alcohol to benzaldehyde, and the reduction of
nitroaromatics to amino aromatics, here to aniline (Fig. 26E),
are enhanced compared to mere QDs, because the reactivity is
ascribed to holes and electrons as well as hydroxyl radicals. The
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Fig. 26 Enhanced electron transfer in covalent bonded CdSe QDs/
reduced graphene oxide (GR) heterostructure obtaining enhanced
photoredox conversion. (A) Schematic and chemical structure of
ethylenediamine functionalized graphene. (B) Schematic and chemical
structure of sulfanylacetic acid functionalized CdSe QDs. (C) Sche-
matic illustration of CdSe QDs/reduced graphene oxide hetero-
structure. (D) Comparison of conversion efficiency of the
heterostructure and the sole QD for the oxidation of benzyl alcohol to
the aldehyde. (E) Comparison of the conversion efficiency of the
heterostructure and the sole QD for the reduction of nitrobenzene to
aniline. Adapted from ref. 168 with permission from the American
Chemical Society, Copyright 2019.

heterostructure in this example possesses enhanced photo-
redox activity due to the artificial intercalation of QD between
graphene.

5 Perspectives

We presented the emerging field of research of the intercalation
of 2DMs with a special focus on intercalated 2L and 3L systems.
As described in the last Section 4.6, a heterostructure assembled
of a 2DM and a photosensitizer is promising for developing
photocatalysts. However, the self-assembly strategy used in that
example does not stop at the thinnest intercalated counterpart
to the bulk but leads to 3D structures. Although not investigated
yet, intercalated 2L systems bear a larger area for the interaction
with substrate molecules and will possibly lead to higher
quantum yields and thus, more efficiency. With thinning
intercalated 2DMs the ultimate surface access is possible, in
particular once intercalated few-layered 2DMs are placed on
a membrane support, giving access to both sides. Furthermore,
manipulating the intercalant can be highly effective in such
systems, since only one layer of a 2DM is shielding the inter-
calant. Therefore, we speculate that novel concepts for sensing
devices will emerge and unforeseen properties will be found, as
already described for 1L or 2L graphene and the 2DMs family in
general. Another benefit of thinning materials to the limit is the
ability to observe elemental processes by spectroscopy probing
the complete system compared to the surface as only a minor
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part of the bulk, eg by Raman spectroscopy. Moreover,
microscopes improve and can monitor intercalation processes
on the atomic scale, leading to a better understanding of even
application relevant charge storage systems. Assembly tech-
niques are already established to fabricate complex layered
systems, which are based on 2DMs as well as molecules,
respectively. At the same time, different scientific fields come
together and envision novel applications.

In this review, we focused on the fields of superconductivity,
band gap tuning, magnetic ordering, optical properties, energy
storage and chemical reactions. However, with advancing the
field of intercalated few-layered 2DMs more functional systems
with a defined focus on specific applications will emerge.
Possible highlights in sensing applications can be imagined
since it is already a highly active field of research relevant for all
kinds of science, e.g. for sensing of small environmental
molecules, monitoring biologically relevant species in cells,
light sensors or mechanical force sensors, to mention only
some. Finally, with increasing the understanding of interca-
lated 2DMs, it will be possible to gain more control over the
chemistry, which can be induced close to the surface. Thus,
there is a good chance to develop more energy-efficient chem-
ical reactions with even accelerated kinetics and specificity.
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Synthesis of Wet-Chemically Prepared Porous-Graphene
Single Layers on Si/SiO, Substrate Increasing the
Photoluminescence of MoS, in Heterostructures

Yiging Wang, Christof Neumann, Marleen Hufdmann, Qing Cao, Yalei Hu, Oisin Garrity,

Patryk Kusch, Andrey Turchanin, and Siegfried Eigler*

Wet-chemical generation of pores in graphene is a challenging synthetic
task. Although graphene oxide is available in large quantities and chemically
diverse, extended lattice defects already present from synthesis hamper the
controlled growth of pores. However, membrane, energy, or nanoelectronic
applications essentially require uniform pores in applications. Here, oxo-
functionalized graphene (ox0G), a type of graphene oxide with a controlled
density of vacancy defects, is used as starting material. Pores in graphene
are generated from potassium permanganate treated oxoG and heating
from room temperature to 400 °C. With etching time, the size of pores
increases and pore-diameters of, for example, 100-200 nm in majority
become accessible. The experiments are conducted on the single-layer level
on Si/SiO, wafers. Flakes remain stable on the um scale and do not fold.
The process leads to rims of pores, which are functionalized by carbonyl
groups in addition to hydroxyl and carboxyl groups. In addition, it is found
that heterostructures with intrinsically n-doped MoS, can be fabricated and
photoluminescence (PL) measurements reveal a 10-fold increased PL. Thus,
graphene with pores is a novel highly temperature-stable electron-accepting
2D material to be integrated into van der Waals heterostructures.

1. Introduction

Graphene with defects, such as pores in
the lattice of graphenel'3! finds emerging
applications for water separation, gas sepa-
ration and purification, or sensing.* 1
The chemical functionalization of gra-
phene can either be accomplished with
graphene dispersed in solvents,' or with
graphene deposited on surfaces.'2l Appli-
cations based on bulk functionalization
target, for example, composite forma-
tion, exploiting the mechanical properties
of graphene, or electronic properties for
energy applications and energy conversion
or storage.3% In particular sensing appli-
cations are targeted using graphene, which
is deposited on surfaces. Thereby, func-
tionalization of deposited graphene can
in principle occur on the surface or at the
rim of flakes. However, since investigated
sensing devices typically have um dimen-
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sions, functionalization at rims of flakes
is supposed to have only little influence
on the device performance. With drilling
pores into the graphene lattice, the proportion of rims can be
increased. In principle, pores can be etched using focused ion
beam and the approach allows for regular patterning, shape, and
size control.1020-22] Thereby, the successful patterning is a tech-
nological challenge. Since the focused ion beam also interacts
with the substrate the dielectric layer, such as SiO, may become
damaged. Thus, although that approach is appealing, it bears
some drawbacks, since high-end technology is required.['6?3]
The growth of pores in graphene on the single-layer level is
described by numerous methods in the literature in particular
etching methods.? Nanometer-sized pores were created in gra-
phene by oxygen plasma or other plasmas.*>?¢ Moreover, pores
on the nanoscale were created in few-layered graphene using
oxygen, ozone, or liquid phase etching using HNO; solution as
etching reagents.[?°-28 In addition, it is reported that a single Ni
atom can be used to cut graphene to a nanomesh with a pore size
of about 10-50 nm.??) Sub-nanometer diameter pores in single-
layer graphene membranes were also fabricated, accordingly,
defects were introduced into the graphene lattice through ion
bombardment and oxidative etching enlarged defects into pores
with sizes of 0.40 + 0.24 nm.B%3 Moreover, also graphene oxide

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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2. Water washing
3. Dryness

4.400°C,12h
5. HCl washing

Figure 1. Scheme describing the fabrication of pores starting from oxoG.
Flakes of oxoG are deposited on a Si/SiO, substrate. Pr-oxoGyyy, is fab-
ricated from oxoG, immersed in KMnOy, solution, followed by washing,
drying, and annealing in argon atmosphere at 400 °C for 12 h. The white
scale bar relates to 10 um in optical microscopy images.

was used as precursor for etching pores, however, no uniform
size was reported and the size of pores is limited to few nm,
assumedly due to too many lattice defect sites already present in
common graphene oxide, which act as origins for etching. Thus,
the formation of larger pores is not possible, since flakes start to
disintegrate.?#32-31 Accordingly, graphene oxide with extended
lattice defects conceptionally can’t be considered as a precursor
for generating graphene with pores of reasonable lateral dimen-
sions, of tens to hundreds of nm (Table S1, Supporting Infor-
mation). Here we describe the formation of pores of circular
shape by a Mn-species assisted etching procedure at 400 °C in
argon atmosphere. The approach starts from oxo-functionalized
graphene (oxoG) with a low density of initial vacancy defects
(0.8%, as determined by Raman spectroscopy), which is a sub-
class of the graphene oxide family. By controlling the reaction
conditions, it is possible to gain a certain control over the forma-
tion of pores with diameters between 100-200 nm in majority.
Those pore-graphene materials are highly temperature stable
since they are synthesized at 400 °C. Moreover, integration into
heterostructures is possible. We report that the amplitude of the
photoluminescence (PL) signal of MoS, enhances 10-times.

2. Results and Discussion

The formation of pores in monolayers of oxoG was elaborated
in a five-step procedure (Figure 1). Accordingly, oxoG flakes are
deposited on Si/300 nm SiO, wafer by Langmuir—Blodgett tech-
nique.’5-38 The lateral dimensions of monolayer oxoG flakes
are roughly 20 um (Figure 1 left and Figure S2A-C, Supporting
Information). Figure S1A,B, Supporting Information, show the
results of the statistical Raman analysis of flakes of reduced
0x0G revealing an Ip/I ratio of the defect induced D band and
the G band of 2.7 + 0.14 and a full-width at half-maximum (T')
of the 2D band T,p = 93 £ 9 cm™.. Thus, the average distance
of defects Lp is about 2 nm, following the relation introduced
by Lucchese and Cangado.3** The distance of defects can be
related to a density of defects of about 0.8%.

Then the wafer was immersed into a solution of potassium
permanganate (KMnO,) overnight (for details see experimental
part). Metal ions are bound to the surface of the single-layers
of 0xoG on Si/SiO, substrates. A study based on the roughness
analysis performed by atomic force microscopy (AFM) was con-
ducted focusing on one specific flake of oxoG before and after
KMnO, immersion (step 1in Figure 1) and finally after washing
the surface with water (step 2 in Figure 1, see also Figure S2,
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Supporting Information). Line height scans indicate that the
root mean square roughness of the surface increases from
about 0.14 nm to about 0.39 and 0.32 nm, respectively. As we
showed before, organosulfate groups with hydronium counter
ions explain the thickness of flakes of 0xoG.*!! Here, we propose
that hydronium ions are exchanged by Mn-species. Although
we realized that step 2, washing the wafer with water to remove
possible excess or loosely bound Mn-species is essential for the
controlled growth of pores, the AFM height profile remains
similar (Figure S2F, Supporting Information) with a roughness
of 0.32 nm. After drying the sample at room temperature, the
annealing process was carried out in a tube furnace in argon at
400 °C for 12 h. Afterward, the annealed material on the wafer
was washed with 1 m hydrochloric acid (HCI) to remove metal
or metal oxide particles.l*l The annealing process induces the
disproportionation reaction of 0xoG, and we identified in an
earlier study that pores can grow by the release of CO,, while
intact graphene patches with diameters of around 3 nm in
diameter are generated, as a consequence of mobile oxo-groups
on the lattice of graphene.*?l However, by the here described
procedure, graphene with pores (Pr-oxoGyy,; index indicated
the annealing time) is generated with much larger pores.

By varying the annealing time, graphene materials with
pores of different sizes are generated. The formed pores can be
visualized by AFM and optical microscopy, respectively. Here,
through comparative experiments, we can confirm that manga-
nese plays a very important role in the formation process of
pores. For single layers, we suggest that there are small nan-
oparticles at the edges of pores. Because of the little amount,
the content is below the detection limit of, for example, X-ray
photoelectron spectroscopy (XPS) or Raman (Mn—O vibrations,
Figure S6A, Supporting Information). We further assume that
the metal particles move along the edge of the pore to con-
tinuously catalyze the pore formation leading to increased dia-
meters of pores. Accordingly, based on this assumption it can
be explained why round pores are formed, and thus, the size
of the pores can be controlled by etching-time. Figure S3A,
Supporting Information, shows an AFM image of single-layer
oxoG with no visible pores in the zoomed area depicted in
Figure S3B, Supporting Information. As we visualized before
by transmission electron microscopy at atomic resolution, oxoG
bears only one or few atom vacancies.*>* Figure S3C,D, Sup-
porting Information, show AFM images of Pr-oxoGg,. The
presence of small pores is visible in Figure S3D, Supporting
Information. To make the comparison reliable, we analyzed
the same flake and same area of the flake before and after
annealing. Therefore, we conclude that there are small pores
of 45 £+ 24 nm formed in Pr-oxoGygy,, as can be observed from
Figure S3D and Table S2, Supporting Information.3?

Extending the annealing time from 6 to 12 h results in the
formation of larger pores (Pr-oxoGyy,). Pores in Pr-oxoGyy, on
Si/SiO, substrates are visible under the optical microscope
(Figure 2A). As shown in the AFM image of Figure 2B, (the
stacked square is visible in the center with higher resolution)
there are many pores distributed over the entire flake. An AFM
image with a further enlarged area of the flake of Pr-oxoGyy, is
depicted in Figure 2C. The circular shape of pores with an appar-
ently uniform size of 147 73 nm is clearly visible (Table S2, Sup-
porting Information). The height of Pr-oxoGyyy, is about 1.4 nm,
as measured by the AFM tip hitting the underneath surface

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. A) Optical microscopy image (differential interference contrast, DIC) of flakes of Pr-oxoGyy, on Si/SiO, substrates. Inset: histogram shows
the size distribution of pores shown in B and C, smaller than 50 nm are not counted. B) AFM topography image of Pr-oxoGy,,, with overlay of detailed
scanned area; C) zoomed AFM topography image of (B) showing pores. White line: height profile, arrow indicates 1 nm.

through the pores. The results of the quantitative analysis of the
lateral dimensions of pores in graphene are illustrated in the
histogram shown in the inset of Figure 2A. The analysis reveals
that the pores diameters are roughly 150 £ 70 nm.

Skipping the final step of HCl washing results in an
increased height when measuring through a hole from the
SiO, surface to the surface of graphene (Figure 3). We assume
that a uniform hydration layer may be present between the sub-
strate and graphene. We note that Mn-species, such as nano-
particles, supposed to be located at the rims of pores are not
detected by AFM.?%33] An analysis of the pore size before and
after HCI washing indicates a little increase from 129 £ 75 to
147 £ 72 nm in Figure 3D. Those data are also listed in Table S2,
Supporting Information. Next, a reference experiment was
performed to eliminate the possibility that similar pores are
formed using oxoG without the influence of Mn-species. Thus,
flakes of oxoG were annealed for 12 h. As shown in Figure S4,
Supporting Information, by optical microscopy and AFM, no

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (3 of 8)

obvious large pores are observed. Therefore, we conclude that
annealing alone is not leading to the formation of large pores,
starting from oxoG.

To further investigate the effect of annealing time on the
pore diameter, we further extended the processing time to
16 h. As shown in Figure S5, Supporting Information, large
and merged pores are visible for Pr-oxoGgy,, both in the optical
microscopy image of Figure S5A, Supporting Information, and
AFM images of Figure S5B,C, Supporting Information. As
shown in Figure S5B, Supporting Information, there are many
pores in the flakes (enlargement in Figure S5C, Supporting
Information) and the mean diameter is 168 £ 94 nm. To gain
more insights into the mechanism of pore formation process
was conducted on few-layers of oxo-G. The AFM images in
Figure S6, Supporting Information, reveal some dots in the
center of the pore. The thickness of the dots is basically the
same as the material height. We suggest that those dots are
either trapped etched carbon dots or manganese nanoparticles.

6© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. AFM topography images in (A); before (Pr-oxoGyy, (Mn)), and B) after (Pr-oxoGsy,) HCl washing. C) Height profiles of AFM images along
yellow dashed lines. The black and red lines represent the pores height profiles of Pr-oxoGy,, (Mn) and Pr-oxoGyyy, respectively. D) Distribution of pores
in the white box. The black and red bars represent the pores quantity profiles of Pr-oxoGyy, (Mn) and Pr-oxoGyj,.

Although, evidence is found supporting the hypothesis of the
catalytical role of Mn-species such as Mn-atoms or nanoparti-
cles, the final proof is a matter of further research.

A comparison between the different mean diameters and
mean pore areas after different annealing time are shown in
Figure S7, Supporting Information (data listed in the Table S2,
Supporting Information). As the pyrolysis time increases, the
average diameter and area of the pores increase according. In
the process of growing pores, as shown in Figure 1, we pointed
out that skipping washing step 2 with water results in a highly
uncontrolled etching process. Compared with Figure 2A, the
same annealing time of 12 h was chosen and the AFM image
in Figure S8, Supporting Information, shows small pores, very
large and also merged pores distributed all over the flakes. We
suggest that Mn-species are unevenly distributed on the sur-
face of 0xoG if the water washing step is skipped. We note that
we observed also partly destroyed and crumpled/folded layers.
Therefore, we conclude that washing step 2 is essential to con-
trol the generation of pores, and to get some control over the
uniformity of grown pores.

Next, an XPS study was conducted to analyze changes in
the chemical composition of 0xoG and Pr-oxoGyy, (Figure 4).
All XPS data are listed in Table S3. The high-resolution C 1s
spectrum of oxoG in Figure 4A displays a typical saddle-like
pattern, which stems from significant oxidation in oxoG.

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (4 Of.S)

The content of sp?-C is about 478% (due to oxo-groups) and
the content of C—O/C—OH/C=O0 is up to 46.3%. It can be
seen from the high-resolution Mn 2p that there is no obvious
peak in Figure 4E. Thus, few-layer oxoG contains less than
0.1 at% Mn. Before HCI washing, the high-resolution Mn 2p
of Pr-ox0Gyyy, (Mn) reveals also less than 0.1 at% Mn, as shown
in Figure 4F. This finding further support that little quantities
of Mn-species are catalytically active in the etching process.
After annealing, the oxygen content of Pr-oxoGyy, is signifi-
cantly reduced compared to oxoG. As expected, the content of
sp?-C increased, here to 50.8%. The high-resolution O 1s spec-
trum of Pr-oxoGyy, displays the peaks of C—0O, C=0, O—C=0
(Figure 4D). We note that the O 1s peak in Figure 4B is only for
reference, since Pr-oxoGyy, is not completely covering the Si/
SiO, substrate and since large pores exist in Pr-oxoG,;,. Thus,
the influence of the surface O-signal from SiO, is affecting
the quantitative analysis. The oxygen content is significantly
reduced in comparison to oxoG and close to zero if we consider
its influence on Si0,.2**! We note, for analyzing the C—O
species the C 1s analysis is representative. The analyses of C
1s peaks reveal the formation of C=0 and C—0O/C—OH groups
as a consequence of annealing and the accompanied growth of
pores (Figure 4B). Thus, we conclude that the rims of pores are
functionalized by carbonyl groups in addition to hydroxyl and
carboxyl groups.
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Figure 4. High-resolution C 1s (top) and O 1s (middle) spectra of (A), C) oxo-G, and B,D) Pr-oxoGy,. High-resolution Mn 2p spectra (bottom) of

E) oxo-G and F) Pr-oxoGyyy, (Mn).

Moreover, with growing pores into graphene the sp*
patches become smaller and consequently, the Raman spectra
in Figure S9, Supporting Information, shows, as expected, a
broadened D peak with T’y = 106 cm™ for Pr-oxoGy,;,, compared
to I'p = 84 cm™ for 0xo0G.

In the following, oxoG and Pr-oxoGyy,, respectively, are used
to fabricate van-der-Waals heterostructures with a single-layer
flake of MoS, deposited on top (illustrated in Figure 5). Raman
spectra (Figure S10, Supporting Information) confirm that the
transferred flake of MoS,; is a monolayer by the measured dif-
ference between the out-of-plane A;; mode and the E,, mode
of about 19.0 cm™, as typical for a monolayer.’! For the fabri-
cation of the heterostructures, we used a previously described
procedure.*’] Figures 5B,D show optical microscopy images of
the realized oxoG/MoS,and Pr-0x0Gy,,/MoS, heterostructures,

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (5 of 8)

respectively. The AFM images of the Pr-oxoGy,,/MoS, hetero-
structure is depicted in Figure S11A,B, Supporting Information,
and proved the expected morphology.

The PL of MoS, on SiO,, on oxoG, on Pr-oxoGyg,, and on
Pr-oxoGyyy, are studied next. Figure S5E shows the respective
PL of heterostructures. Obviously, the amplitude of the PL is
increased for oxoG/MoS, and Pr-oxoG,,/MoS,, using pure
MoS, on Si/SiO, substrate as internal reference, respectively,
compared to the PL of the MoS, monolayer. The most intense
PL is detected for Pr-oxoGyy,/MoS, with a 10-times increased
amplitude. In contrast, the PL of Pr-oxoGg,/MoS, is increased
3-times (Figure S12, Supporting Information) and for oxoG/
MoS,; a fourfold increased PL. As depicted in Figure 6 there
is a constant PL intensity over the complete flake, without
any modulation. A related investigation demonstrated that

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. A) lllustration of the heterostructure of oxoG/MoS, and B) optical microscopy image of the realized oxoG/MoS, heterostructure. C) Illustra-
tion of the heterostructure of Pr-oxoGy,,/MoS, and D) optical microscopy image of the realized Pr-oxoGy,,/MoS, heterostructure. E) PL spectra of
monolayer MoS, on SiO, (black), oxoG/MoS, (red), and Pr-oxoGy,p/MoS; (blue). F) Raman spectra of the same samples as in (E).

graphene oxide forms a p-type contact with monolayer MoS,
and this is plausible due to electron-accepting groups detected
by XPS, such as carbonyl groups.*®! Overall, the highest PL
enhancement is achieved by using Pr-oxoGy,y,. Figure 5F shows
the Raman spectra of heterostructures detecting the A;; mode
of MoS, in the heterostructures at around 404.4 cm™, which
is blue-shifted to 405.5 and 405.6 cm™ for MoS, on oxoG and
Pr-oxoGy,p, respectively, while the position of E,, mode is not
shifted. Those observations indicate the p-doping of MoS, in
the heterostructures by oxoG and Pr-oxoGyy, respectively.[*>0]
Moreover, Pr-oxoGy,, reflects a p-doped graphene type mate-
rial, as indicated by the analysis of the shifts of the G and 2D
peak, respectively (Figure S15, Supporting Information). The
p-doping effect of Pr-oxoGy,, was further investigated by fab-
ricating a heterostructure with a trilayer of MoS,. Consistent
with the expectations, the PL investigation (Figure S13, Sup-
porting Information) indicates less enhancement (trilayer
MoS, possesses an indirect band-gap), however, a fourfold
increased PL is measured, compared to that of a monolayer
MoS, with a direct band-gap on SiO,. Thus, the highest, here
10-times increased PL is detected for assembled heterostructure
of monolayer Pr-0x0Gy,,/MoS,.

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (6 of8)

In order to exclude the influence of remaining Mn-species
on the PL, the PL enhancement of Pr-oxoGyy, (Mn) (without
HCI washing) was studied by forming the heterostructure of
Pr-oxoGyyy, (Mn)/MoS,. As shown in Figure S14, Supporting Infor-
mation, the PL increases, however, only twice, indicating that
full enhancement of PL is only achieved after HCl washing
and the accompanied removal of particles. Thus, we speculate
that Mn-species may form complexes with, for example, car-
bonyl groups at the rims of pores inhibiting the dramatic PL
enhancement, although Raman spectra show the F, shift to
405.6 cm™! for Pr-ox0Gyy, (Mn)/MoS,. We note that the experi-
mental observations give evidence for a p-doping effect by
pore-graphene.

3. Conclusion

Here, we demonstrated the fabrication of graphene with cir-
cular pores on the 100 nm scale deposited on Si/SiO, surface
by annealing of oxo-functionalized and potassium perman-
ganate treated graphene flakes at 400 °C. While excess of
Mn-species leads to heterogeneously formed pores and

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. A) Features an AFM map of MoS,; on top of Pr-oxoGyy,. Holes of sizes ranging from 50 nm to 200 nm are visible in the top right of the image
and are well separated from one another. The Pr-oxoGy,,/MoS, PL intensity map (B) shows a constant PL intensity over the MoS, flake, exhibiting no
sign of a spatial PL modulation that may arise from free-standing MoS,. C) shows PL spectra from oxo-G/MoS, (red) and Pr-oxoGy,,/MoS, (black), the
PL on the Pr-oxoGy,, sample exhibiting higher intensity than that seen in the oxo-G/MoS, sample. A PL Intensity map of oxo-G/MoS, (D) taken with
the same parameters as (B) shows a similar constant PL intensity in addition to having slightly lower intensity to that of Pr-ox0G,,/MoS,.

destroyed flakes, removal of excess potassium permanga-
nate leads to the growth of circular pores with diameters of
50 to 250 nm, depending on the annealing time. Thereby, for
example, uniform pores have mean diameters of 147 £ 73 nm
after annealing for 12 h. From XPS analysis we conclude that
carbonyl, hydroxyl, and carboxyl groups decorate the rims of
pores. Since carbonyl groups have electron-accepting proper-
ties, it is plausible that the 2D material pore-graphene, can
p-dope other 2D materials, such as MoS,. However, further
research, such as correlating field-effect measurements with
PL mapping is necessary to further elucidate the mecha-
nism behind PL enhancement by 10-times. Moreover, we
showed that Mn-impurities limit the increase of the PL of
MoS, in the heterostructure with pore-graphene and thus,
we propose that the interaction of Mn-species with carbonyl
groups may be responsible. Moreover, we conclude that
not all defects detected by Raman spectroscopy lead to the
growth of pores, taking into account that the initial distance
of defects is 2 nm and the final pore-size increased to several
hundreds of nm. Finally, we propose that pore-graphene is a
2D material with functional groups at the rims of pores and
thus an attractive novel material for sensing applications in
the future.

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (7 of 8)
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Experimental Section

Materials and Methods

Double-distilled water from Carl Roth GmbH. Graphite (3061) was obtained from Asbury
Carbon. Si wafers with a 300 nm thick SiO, layer were purchased from Fraunhofer Institut fir
Integrierte Systeme und Bauelementetechnologie 1I1SB in Erlangen. Chemicals were
purchased from Sigma-Aldrich. A Nikon Eclipse LV150-NL with differential interference
contrast was used to visualize materials. Statistical Raman spectroscopy (SRS) was recorded
using a Horiba Explora spectrometer with a 532 nm laser for excitation combined with 100x
magnification objective. Increment of Raman spectra measurements is 0.7 um. PL map
parameters for Figure 6: The steps between two recorded spectra was 250 nm, with a laser
spot size of around 400 nm. As excitation we use a 532 nm laser and kept the laser power
below 0.5 mW to avoid sample heating. As a reference, we record a PL map with the same
experimental parameters for a sample without holes.

For preparation of Langmuir-Blodgett films, we used a Kibron pThroug system with water as
subphase. The surface tension of water = 72.8 mN m* was set to zero. The films were formed
at a surface tension value of 3 mN m™*. AFM images were recorded on an JPK Nanowizard 4
equipped with NSG10/Au probes and intermittent contact mode was chosen. Using Tap300-G
AFM Probe. X-ray photoelectron spectroscopy (XPS) was performed using a multiprobe
system (Scienta Omicron) with a monochromatic X-ray source (Al K,) and an electron
analyzer (Argus CU) with 0.6 eV spectral energy resolution. The spectra were fitted using
Voigt functions (30:70) after Shirley background subtraction. The Si 2p peak (SiO,, 103.5
eV) was used for binding energy calibration. Putting the entire substrate with monolayer
flakes in the XPS instrument.

Synthesis of Oxo-Functionalized Graphene (0xoG)

OxoG was prepared by low-temperature oxidation of graphite according to our previously
developed method™ 2. Accordingly, 2 g of graphite (type 3061, Asbury Carbon Mills) were
mixed with 50 mL of sulfuric acid (97.5%) in a Teflon reactor under mechanical stirring at a
temperature below 10 °C. After that, 4 g of KMnO, were slowly added within 4 h and further
stirred for 16 h. Then, 40 mL of cold diluted sulfuric acid (20 wt%) and followed by 100 mL
of cold double distilled water were slowly continuously added through a programmed pump
within 4 h and 16 h, respectively. Then, 40 mL of H,0O, (5 wt%) were added into the reaction
mixture to solubilize manganese species. Then, the dispersion was washed with cold double
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distilled water by repeated centrifugation and redispersion in double distilled water for six
times.

Formation of films of flakes of oxoG on Si/SiO, wafer:

Flakes of oxoG were deposited on a Si/300 nm SiO, wafer by Langmuir Blodgett technique.
First, an light yellowish oxoG dispersion was prepared by dilution of water/methanol, 1/2 by
volume (the exact concentration was found to have only little influence on the quality of the
formed film of flakes). The dispersion was dropped on the water-interface of the Langmuir-
Blodgett trough and the barriers were compressed until a surface tension of 3 mN/m was
reached.

Reduction of flakes of oxoG on Si/SiO, wafer (Preparation of red-oxoG).

Wafers with deposited flakes of oxoG were placed in a 20 mL glass vial filled with glass wool
and were reduced by the vapor of HI and TFA for 10 min at 80 °C. Subsequently, the wafers
were extensively washed with pure water and dried.

Preparation of Pr-oxoG.

Pr-oxoG was prepared by using potassium permanganate (KMnQ,) as the etching agents.
Flakes of oxoG on a Si/SiO, wafer were immersed in aqueous KMnQO4 solution (0.2 mmol).
The oxoG flakes on Si/SiO; the wafer was washed with water and dried in the air. Then, the
wafer was heated in argon atmosphere at a rate of 10 °C min™ to 400 °C for 6 h, 12 h and 16 h,
respectively and cooled down to room temperature.

Preparation of tp-oxoG.
The oxoG flakes on Si/SiO, mixture were dried in the air and then heated at a rate of 10 °C
min™ to 400 °C for 12 h in an atmosphere of Argon and cooled down to room temperature.

Removal of metal containing species.

Annealed wafers were immersed in aqueous HCI solution (1 M) for two days to remove the

metal-containing species. Then, wafers were shaked gently in double distilled water to wash
off acids. Finally, Pr-oxoG on Si/300 nm SiO, wafers is obtained. As reference tp-oxoG was
obtained the same way, however without KMnQ, treatment.

Pore diameter and area analysis

Pore diameters were estimated manually by using the straight line tool in ImageJ. After
counting the pores, export the results of the pore diameter and area.®!
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Table S1. Survey of perforation techniques, with indicated starting material, layer thickness,

Pore size

Raw material Thickness Perforation technique (nm) application Ref.

Graphene Few layers Oxygen plasma, ozone <5 Eﬁeerrr:sraanncees el

Graphene Few layers Focused ions <50 - Bl

P Y beam (SEM)

Graphene Monolayer Bottom-up synthesis 0-250 ?P;:E:on Carrier
Chemical-oxidative etching . m

GO ) (KMnQ,), microwave irradiation. 4 supercapacitor
Chemical-oxidative etching 8l

GO - (HNO3) 60-90 Catalyst (Bulk)

Go ) Chemical-oxidative etching 2.70 supercapacitor 1l
(H202)

Graphene Few layers Liquid arc discharge, Ni atoms 10-50 - (o
Strain-assisted annealing Charge Carrier

Graphene Monolayer treatment, Pt nanoparticles <50 Transg,] ort =
etching P

RGO Few layers Anneallng trez_;\tment, Pt <50 } 111
nanoparticles etching

GO Bulk Annealing  treatment,  Fe,Os electrocatalyst =
etching
Carbothermal reaction by using 5.10

RGO Bulk the metal oxide nanoparticles 5o - - 63

(Oxometalates)

Oxo-functionalized Disproportionation 2

graphene Monolayer functionalization of 4% 1-3 )

Oxo-functionalized Disproportionation, Charge Carrier g

graphene Monolayer functionalization of 60% 5 Transport
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Figure S1. Statistical Raman analysis of chemically reduced oxoG (Statistical Raman
microscopy measured at 532 nm laser excitation wavelength. The laser power is below 0.1
mW to avoid heating induced by laser). A) Average spectrum of reduced oxoG with Ip/lg
ratio of 2.7+0.14 and I',p=93+9 cm™. B) Scatter plot of ID/IG vs FWHM of the 2D peak.

L Afterwater
: Washing ..

4
Offset (um)
Figure S2. A) Optical microscope images of flakes of oxoG on Si/300 nm SiO, wafer and
AFM topography images in B and C; before, D) after immersion in KMnQ, solution and E)
after washing in water. F) Height profiles of AFM images along black, red and green lines.
The black, red and green line represent the height profiles of oxoG, oxoG after immersion and
oxoG after washing with water, respectively.

146



WILEY-VCH

B T A T TR RPN —

Figure S3. A and B) AF oraph imags of sngle layer oxoG, showing no big pores. C

and D) AFM images of Pr-oxoGgp. The yellow lines represent the height profiles of oxoG and
Pr-oxoGen, respectively.

Figure S4. A) Optical microscope image of flakes of tp-oxoG on Si/300 nm SiO; substrate.
B) AFM topography image of tp-oxoG (12 h annealing time). C) Figure S3B shows no big
pores after annealing single layer oxoG for 12 h without Mn-species. The yellow line
represents the height profile of tp-oxoG.
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Figure S5. A) Optical microscope imae of flakes of Pr-oxoGign on Si/300 nm SiO; substrate;

B) AFM topography image of Pr-oxoGieh. C) AFM image showing pores. The yellow line
represents the height profile of Pr-oxoGggp.

oxoG monolayer
Pr-oxoG,,, (Mn) few layers
Pr-oxoG,,, few layers

Intensity (a.u.)
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200 400

Raman shift (cm™) - : T ;
Figure S6. A) Raman spectrum of monolayer 0xoG, few-layer Pr-oxoG12h (Mn) and few-
layer Pr-oxoG12h on Si/300 nm SiO; substrate; B, C) AFM topography image of few-layer
Pr-oxoG12h (Mn). The white line represents the height profile of few-layer Pr-oxoG12h (Mn).

_
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Table S2. Number total of pores, mean (average), standard deviation, minimum, Median and
maximum of diameter of pores.

Number M(_ean Star?de_ird Sum Minimum Median Maximum
total (diameter) Deviation
Pr-oxoGen 126 45.45256 24.35966 5727.022 9.298 37.749 127.104
Pr-oxoGizn 181 146.74168 73.25105 26560.244 37.771 133.539 503.704
Pr-oxoGien 104 167.95725 93.74814 17635.511 40.323 153.438 620.968
Pr-oxoGizn
(Mn)* 101 128.59717 74.66974 12988.314 26.845 108.216 457.154
Pr-oxoGian* 101 146.98062 72.06714 14845.043 48.65 138.462 523.981
Number Mean Staqda_rd Sum Minimum Median Maximum
total (Area) Deviation
Pr-oxoGgn 126 149.94286 75.35488 18892.8 38.42 124.863 403.405
Pr-oxoGi2n 181 1138.8772 542.72571 206136.774 329.218 1042.524 3786.008
Pr-oxoGasen 105 3680.27461  1830.97899  386428.834 1144.409 3433.228 12588.501
Pr-oxoGizn
(Mn)* 101 1903.31623  1003.89167  192234.939 540.492 1621.476 6305.738
Pr-oxoGion* 101 2502.78283  1099.68609  252781.066 1183.432 2366.864 8284.024
* same analyzed area
250 - 45000
+ 44000
g 200 I c
= £
g T Q
2150 | 3000 8
= <
5 42000 §
L [}
§ 100 =
= -4 1000
50 -
40
1 1 1 " 1 1 " 1
6 8 10 12 14 16

Annealing time (h)

Figure S7. A comparison between the different mean diameters and mean pores areas after
different annealing time.
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Figure S8. A) Optical microscope image of flakes of Pr-oxoGizn on Si/SiO; substrate without
water washing step 2; B) AFM topography image of flakes of Pr-oxoGin on Si/SiO; substrate
without water washing step 2.
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Table S3. Quantitative analysis of the high resolution XP C 1s and O 1s spectra presented in
Figure 3A and B of the main text including peak assignment, binding energies and areas
obtained from the spectra deconvolution.

sample Peak assignment Binding energy, eV Area, %
C-CIC-H 284.6 47.8
C1is C-O/C-OH/C=0 286.6 46.3
C=0/COOH 288.1 5.9
oxoG
c=0 531.2 31.1
O1s C-0/Si0,/0-C=0 532.4 67.2
-OH/Na KLL 535.4 1.7
C-C sp? 284.5 50.8
C-C sp®/ C-SIC-N 285.2 34.6
Cls C-0/C-OH 286.5 45
Cc=0 287.9 7.0
Pr-oxoGizn
COOH 289.9 3.1
Cc=0 531.3 28.0
O1s C-0/Si0,/0-C=0 532.7 65.4
-OH/Na KLL 535.8 6.6
Pr-oxoG,,
S
s
2| 84
w
=
o
=
oxoG
1 1 | " | i 1 1
1200 1400 1600 1800 2000 2200

Raman shift (cm™)
Figure S9. Raman spectrum of oxoG, and Pr-oxoGi,,. Numbers indicate the full-width at
half-maximum of the D band.
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Figure S10. Raman spectrum of monolayer MoS, for A) MoS; on SiO,, B) Pr-oxoGg,/MoS,,
C) Pr-oxoGy/MoS;and D) Pr-oxoGion/MoS; (Mn) heterostructure.
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Figure S11. A and B) AFM topography images of monolayer Pr-oxoGi2,/MoS;
heterostructure. C)The white line represents the height of Pr-oxoG;,,/M0S; heterostructure.
MoS; and Pr-oxoGizn almost have same thickness.
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Figure S12. A) AFM topography images of monolayer Pr-oxoGegi/MoS; heterostructure; B)
PL spectra of monolayer MoS; on SiO, (black) and monolayer Pr-oxoGg,/MoS;
heterostructure (red), respectively.
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Figure S13. A) AFIWtopography images of trilayer Pr-oxoGi,n/MoS; heterostructure. The

height of 3L MoS; is almost 4 nm. B) PL spectra of monolayer MoS; on SiO, and trilayer Pr-
0x0G12n/M0S; heterostructure.
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Pr-oxoG;y, (Mn) /MoS,
70 e w0 a0 w0 a0 a0 a0
Raman shift (cm™)

Figure S14. A) Optical microscope image of a monolayer Pr-oxoGiz, (Mn)/MoS;
heterostructure; B) PL spectra of a monolayer Pr-oxoGi2,/Mo0S; heterostructure and a
monolayer Pr-oxoGi,n (Mn)/MoS; heterostructure. C) AFM topography image of Pr-oxoGizn
(Mn)/MoS; heterostructure. The white line represents the height profile along yellow line. D)
Raman spectra of Pr-oxoGi,n (Mn)/MoS,.
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Figure S15. The grey dots were obtained from Raman mapping of Pr-oxoGi2h. The black dot
(1581.6, 2676.9 cm™) stems from reference 1 and the position relates to graphene, which is
not affected by charge or strain doping. The red dashed line represent doped graphene with
varying density of holes with a slope is 0.75. The black dashed line represents charge-neutral
graphene under randomly oriented uniaxial stress with a slope of 2.20. The purple solid line is
the effects corresponding to the hole doping and strain decomposed by the vector model.
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Evidence for Trans-Oligoene Chain Formation in Graphene

Induced by lodine

Fabian Grote, Benjamin |. Weintrub, Mira Krefiler, Qing Cao, Christian E. Halbig,

Patryk Kusch, Kirill I. Bolotin, and Siegfried Eigler*

Functionalization of pristine graphene by hydrogen and fluorine is well
studied, resulting in graphane and fluorographene structures. In contrast,
functionalization of pristine graphene with iodine has not been reported.
Here, the functionalization of graphene with iodine using photochemical
activation is presented, which is thermally reversible at 400 °C. Additional
dispersive dominant Raman modes that are probed by resonance Raman
spectroscopy are observed. Additionally, iodinated graphene is probed by
Kelvin probe force microscopy and by transport measurements showing
p-doping surpassing non-covalent iodine doping by charge transfer-complex
formation. The emergent Raman modes combined with strong p-doping
indicate that iodine functionalization is distinct from simple iodine doping. A
reaction mechanism based on these findings is proposed, identifying the large
size of iodine atoms as the probable cause governing regiochemically
controlled addition due to steric hinderance of reactive sites. The modification

methods have been developed to achieve
the controlled functionalization of pristine
graphene,l?) such as strong n-doping by
alkali metals enabling the reaction with
electrophiles, for example, diazonium ions
or alkylhalides.®] Another approach re-
lies on cycloaddition reactions, for exam-
ple with azido compounds.[*l Radical ad-
dition reactions have been widely used
in graphene functionalization with hydro-
gen, oxygen,’! halogens, alkyl, nitrenes,
and phenyl groups.>®! However, they of-
ten require activated graphene, for exam-
ple by defects. Therefore, reduced graphene
oxide is often used as a defect-activated
graphene starting material. In earlier stud-
ies, we demonstrated that organic and hy-

of the electronic structure is explained by the confinement of 1D
trans-oligoene chains between sp?-defects. These results demonstrate the
uniqueness of iodine reactivity toward graphene and the modification of the
electronic structure of iodinated graphene, highlighting its dependence on the

spatial arrangement of substituents.

1. Introduction

Pristine graphene is highly inert and requires harsh reaction con-
ditions to form additional out-of-plane chemical bonds for de-
veloping advanced post-functionalization strategies.!!l Efficient
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droxyl radicals preferentially react close
to defect sites and thus, defects guide
the regiochemical addition of addends.!”]
Among the functionalization reactions of
pristine graphene hydrogenation and flu-
orination have been widely studied. The
syntheses of those materials typically re-
quire either preactivation by n-doping,/®!
or high temperatures and highly reactive
reactants such as fluorine or xenon difluoride making reaction
control challenging.!®]

In contrast to the extensive reports of halogenation reactions
including chlorine and bromine,[') there is, to the best of our
knowledge, no example of iodination of high-quality graphene.
Previous studies have reported the iodination of graphene but
using reduced graphene oxide as starting material, where the re-
activity is dominated by defects.['!] Li et al. investigated the elec-
trochemical iodination of graphene and found no reaction of io-
dine radicals with graphene but reported deposition of molecu-
lar iodine instead. This was explained by the lower reactivity of
iodine radicals compared to other halogen radicals.['?! In addi-
tion to the bare halogenation reaction of graphene, the substan-
tial van der Waals radius of iodine radicals (198 pm('*) should
result in distinctive regiochemical control of addition patterns
on graphene!!*l, besides the most stable 1,2-addition.!*>) How-
ever, thus far, only a few Raman studies have hinted at the exis-
tence of such reactivity, with minor Raman bands being reported
for arylated graphenel'®l and a few more accounts of similar
modes can be found, which were assigned to trans-polyacetylene
chain formation.!'”) Similar signals in chlorinated graphene have
been assigned to doping-activated Raman modes, making the

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of the iodination process. A solution
of iodine in methanol is deposited on graphene supported on SiO,/Si
substrate. Upon evaporation of methanol, polyiodides 13~ and I5~ form
by charge-transfer complex formation. Irradiation of this complex with
Aexe = 532 nm forms iodine radicals (Equation 1) that react with the
graphene and excess iodine evaporates.

origin of these signals disputed.'! Scanning tunneling mi-
croscopy (STM) experiments of hydrogen radicals on graphene
allowed direct observation of effects of addition patterns on
graphene properties.['! Additionally, DFT calculations suggest
considerable influence of the addition patterns on electronic and
magnetic properties (e.g., bandgap opening).1?%! To date, a lack of
insight into possible reaction mechanisms prohibits the rational
design of regular addition patterns on 2D materials.

Here, we present a novel approach to photochemically iodinate
defect-free graphene after doping with polyiodides (Figure 1). We
observe new dispersive Raman signals with unprecedented in-
tensity and a strong p-doping effect measured by transport mea-
surements, X-ray photoelectron spectroscopy (XPS), and Kelvin
probe force microscopy (KPFM), that exceeds iodine doping. A
reaction mechanism is proposed to explain the observed proper-
ties, in which steric hinderance of reactive sites due to the large
iodine atom size forms well-defined addition patterns of trans-
oligoene chains between sp3-defects.

2. Results and Discussion

In this study, we used single-layer graphene obtained either by
tape exfoliation or by chemical vapor deposition (CVD). With
those approaches we ensure high quality of graphene to exclude
dominant effects of pre-existing defects or residues from the fab-
rication process on the iodination reaction (Figure 1). To miti-
gate the influence of the substrate, we deposited monolayers of
graphene on SiO,, Au, and h-BN, respectively (Figure S1, Sup-
porting Information). The graphene structures were thermally
annealed (T = 200 °C, p = 1 X 10~* mbar, 2 h) to ensure stable
adhesion of graphene to the substrate and to remove volatile im-
purities. Before inducing the iodination reaction, the density of
defects was quantified by Raman spectroscopy.

First, we deposited iodine onto graphene from a methanol so-
lution (20 mMw), leading to p-doping of graphene and polyio-
dide formation.!1'#2] After evaporation of methanol at room tem-
perature, the doped graphene was iteratively irradiated using the
laser of the Raman microscope (4., = 532 nm, 3.03 mW, 30
accumulations). The Raman spectrum (Figure 2, purple spec-
trum) of iodinated graphene features two new dominant Raman
modes at 1115 and 1498 cm™!, while no new signals are observed
on the substrate. This excludes reactions with the substrate or
adsorbates as the cause of these signals. The observed signals
were persistent after evaporation of iodine in a vacuum (T = rt,
p =1x 1073 mbar, 16 h) and washing with water or alcohols that
should remove any non-covalently bound iodine. To gain further
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insights into the proceeding reaction, we elucidated the reaction
mechanism, focusing our attention on the iodine species.

Polyiodides I~ and I;~, detected by Raman spectroscopy at 107
and 162 cm™! (Figure S2, Supporting Information) are observed
exclusively on graphene while no polyiodide signals are detected
on the substrate. The doping effect is apparent by the shift of the
G-peak by up to 15 cm™! (Figure S2, Supporting Information) and
partial 2D-peak suppression.[?”l When iodine-doped graphene is
irradiated with 4., = 532 nm, iodine radicals I' and I, are gen-
erated through the photodissociation of I~ and I;~ anions, as
shown by Gardner et al. (Equation 1).12%]

_hV —1* —_ .
LS =1 0

The 1, radical can further dissociate into an I" radical and
iodine anion.['*l While the photoredox chemistry of polyhalides
is widely studied in metal halide complexes, examples on the
photochemistry of halides at the surface of 2D materials are
rare.[18324] The nascent radicals near the graphene surface sub-
sequently react with sp?-carbon atoms to form carbon-iodine
bonds. Throughout this manuscript we will refer to the product
of this reaction as “iodinated graphene” without distinction be-
tween tape-exfoliated and CVD graphene since we did not find
a difference for the reactivity of the starting materials. Although
only triiodide and pentaiodide are directly observed in the Ra-
man spectra, higher polyiodides could form a network on the
graphene surface.[’! To the best of our knowledge this is the first
time that a photochemical reaction of a polyhalide and graphene
is described. In contrast to the common evolution of Raman spec-
tra of functionalized graphene,[?®! the G/2D-ratio increases from
0.52 to 0.92 indicating increased disorder in the graphene lattice
(Figure 2), however, no D-peak at ~#1340 cm™ is observed.

Signals with smaller intensity evolve (v,, 2v;, and v,+v;,
Figure 2), of which a detailed description can be found in the
SI (Figure S3A, Supporting Information). The lack of a D-peak

graphene
iodinated

v, 1115 | v, 1498

v,, 1288

Intensity / a.u.

1000 1500 2000 2500

Raman shift / cm™

Figure 2. Raman spectrum (A, = 532 nm) of tape-exfoliated graphene
on SiO,/Si before (black) and after iodination (purple). Two strong new
modes (v, v3) and three smaller modes (v,, 2vq, and v,+v3) are observed
in the same range.
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either indicates absence of functionalization or formation of Ra-
man silent defects, as reported, for example, for zigzag edges,
charged impurities, and intercalants.[?’]. Raman probing iodi-
nated samples with A,,. = 638 nm (1.94 eV) shows dispersion
of the new Raman modes and a strong change in the intensity
relative to the graphene signals (Figure 3A). At higher excita-
tion energies (A, = 405 nm, 3.06 €V) no Raman modes were
observed, while the signal intensities measured at longer wave-
lengths were shifted after irradiation due to defunctionalization
(Figure S5A, Supporting Information). Surprisingly, in some ar-
eas of the sample, using the same reaction conditions, the G- and
2D-peaks typical for graphene completely vanish, indicating the
formation of a new material (Figure 3B). A strong increase of
the photoluminescence background is observed and formation
of two strong new signals at 1121 and 1504 cm™! that show a
striking similarity to trans-polyacetylene (Table S1, Supporting
Information). Trans-polyacetylene has two strong modes at 1125
and 1512 cm™! (upon irradiation with ... = 532 nm(?®)) and a
similar pattern of signals and overtones.[*! It also shows reso-
nance Raman effects due to the chainlength-dependent bandgap
and a large Raman cross section leads to high intensities of the
Raman modes (Figure S4A, Supporting Information).*%! The Ra-
man results therefore suggest a structure like trans-polyacetylene
polymer (Figure S3B, Supporting Information). Those localized
conjugated double bonds may result from a regioselective addi-
tion reaction of large and sterically demanding iodine atoms to
graphene. To distinguish the structures in iodinated graphene
from trans-polyacetylene, where each carbon atom is bonded to
a hydrogen atom, we refer to the chains we propose in iodinated
graphene as trans-oligoene chains. These 1D carbon chains are
bonded to carbon atoms within the graphene structure, have vary-
ing finite lengths and are spread randomly across the iodinated
graphene area with an unknown distribution. While we expect
different Raman signal positions between trans-polyacetylene
and graphene-embedded trans-oligoenes, we expect to observe
similar trends depending on the chain length due to bandgap
opening.B!l

The reversibility of iodination reactions is of special interest
for patterning applications, for example, for writing, reading, and
erasing information.'® Thus, we investigated the thermal de-
functionalization of iodinated graphene, which we find to occur
between 150 and 400 °C. Interestingly, a thermal iodination of
graphene occurs without irradiation, as identified by the appear-
ance of similar but less intense Raman modes at 150 °C under
ambient conditions (Figure S6, Supporting Information). After
extended times of vacuum annealing at 200 °C, an increase of
the new modes is observed that remain stable up to 300 °C. This
may be due to iodine intercalated between graphene and the
SiO, substrate that is unable to evaporate, and thus, the iodine
can react with graphene.?’®) Heating of iodinated graphene to
400 °C removes the new modes and a broad D-peak at 1349 cm™!
(FWHM = 171 cm™!) forms. Additionally, the base of the G-peak
broadens, while the top remains sharp (Figure 3C). The broad
D-peak is reminiscent of disordered carbon*?l and may origi-
nate from amorphous carbon on the graphene surface formed
by graphitization of organic adsorbates from the environment.[*]
Defunctionalization was also observed when high laser intensi-
ties were used, probably due to local heating or assisted pho-
tochemical bond dissociation, shifting the distribution of trans-
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Figure 3. A) Raman spectra of tape-exfoliated graphene on hBN/SiO,/Si
after iodination measured at 532 nm (purple) and 638 nm (red), show-
ing signal dispersion and a strong decrease of intensity relative to the
graphene signals. B) Example spectra of vanished graphene Raman
modes. No Raman signals are observed at 638 nm indicating the com-
plete conversion of graphene. C) Raman spectra of pristine tape-exfoliated
graphene, iodinated graphene, and graphene annealed at 400 °C. The
graphene rests on a SiO, /Si substrate.
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oligoene chains (Figure S5B, Supporting Information). The high
thermal stability indicates a thermodynamically stable structure.

With XPS the halogen content was determined and cova-
lent bond formation of halogens to graphene was confirmed.3*
We functionalized CVD graphene on a large area (Figure S7A,
Supporting Information) and thoroughly washed it (water, iso-
propanol, acetone) to remove all residues on the material before
measurements. The survey spectrum (Figure S7B, Supporting
Information) shows the characteristic I 3ds;, and I 3d;,, peaks
at 619.5 and 630.5 eV respectively, but with very low signal in-
tensities (Figure S7C, Supporting Information). The deconvolu-
tion of the C 1s signal shows no significant change of the carbon
composition (Figure S7D, Supporting Information), as expected
due to the small amount of iodine present. With respect to the
intensity of the C 1s peak at ~284.4 eV, we estimated the atomic
ratio of iodine to carbon to be ~#1-300. Thus, deconvolution of the
high-resolution C 1s and I 3d core spectra cannot provide further
meaningful information due to the small signal-to-noise ratio in
the present spectra. Hence C 1s core spectra of graphene before
and after functionalization are practically similar (Figure S7D-F,
Supporting Information).

Similar Raman signals emerge when graphene is irradi-
ated under similar conditions with bromine instead of iodine
(Figure S8D, Supporting Information). The larger difference of
electronegativity between carbon and bromine should cause a
stronger separation of XPS signals. We thermally brominated
CVD graphene (Figure S9A, Supporting Information) to ensure
homogenous functionalization across a large sample. The survey
spectrum shows the characteristic Br 3d peak at 70 eV albeit with
a low intensity (Figure S9B,C, Supporting Information) but the
broadness of the bromine high resolution Br 3d core spectrum
indicates the presence of C—Br bonds.?S] Deconvolution of
the C 1s signal showed no significant change of the carbon
composition, as expected from the low intensity of the bromine
signals (Figure S9D, Supporting Information).

The introduction of semiconductive trans-oligoene chains
and difference in electronegativity between carbon and iodine
should cause p-doping of the iodinated graphene. To test this,
we performed electrical transport measurements on graphene
transistors before and after iodination. In contrast to Raman
spectroscopy where we can only observe a small portion of the
trans-oligoene chain distribution the entire system is probed in
transport measurements. The carrier density of graphene for
the transport measurements can be calculated using Equation 2,
where n = carrier density, C = total areal capacitance, V, = gate
voltage, Voyp = charge neutrality point, and e = elementary
charge.

we e Vour) 2
e

We find that pristine graphene has a carrier density of
0.9 x 10'? holes cm™ (Vg = 11.5 V), probably due to the
SiO, substrate as well as water and impurities trapped be-
tween graphene and the substrate.*®) Graphene exposed to
gaseous iodine is also p-doped due to charge-transfer complex
formation.[*”l Measurements of iodine-doped graphene prepared
by our process under ambient conditions showed decreasing
doping levels during the measurement (~30 min) due to its con-
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Figure 4. A) Drain-source voltage versus gate voltage of graphene field-
effect transistor before (black) and after (purple) iodination. B) Energy
level diagram of graphene and iodinated graphene. The Fermi energy (Eg)
is significantly decreased upon iodination as evidenced by KPFM and
transport data. C) Topography image of iodinated CVD graphene show-
ing no signs of patterning. D) KPFM image of the same area. A4 X 4 um
pattern was made by irradiation with A,,. = 532 nm and 1 um step size,
visualized by black dots wihich indicate a lower work function relative to
unfunctionalized areas.

siderable vapor pressure and did not exceed 3.2 x 10'? holes cm 2

(Venp = 43 V), consistent with literature values (Figure S10C,
Supporting Information). To minimize iodine doping effects in
our device, we stored the samples under high vacuum condi-
tions (~10~> mbar) for several hours to evaporate any leftover
iodine from the functionalization process. Iodination strongly
increased the hole density to 5.8 X 10! holes cm™ (Vyp =77V,
Figure 4A), corresponding to a Fermi energy difference of
AE; = 173 meV, exceeding doping levels from charge-transfer
into polyiodide molecules. A significant hysteresis is observed
for iodinated graphene that is distinct from the pristine or iodine-
doped graphene. This may be explained by capacitive charging
of trap states that are formed by the trans-oligoene chains.*®)
In contrast to iodine-doped graphene, the carrier density was
stable under vacuum conditions and over several gate voltage
sweeps, since the covalently attached iodine is not removed in
low pressure conditions (Figure S10D, Supporting Information).
It is interesting to note that iodine functionalization induces
a free carrier concentration in graphene close to the limit of
conventional SiO, gating. Other halogenated graphene devices
showed strong p-doping as well, however in these examples no
Venp Of the functionalized graphene were reported, due to the
limited measurement window.!?**1 Calculating carrier densities
is limited, since it relies on accurately extracting Vi, from the
transport curves, which is in some cases beyond the range of V,
values which could be applied without destroying the sample.
Thus, we used KPFM as a complementary experimen-
tal method to measure local carrier density differences. The
work function difference of pristine (W,) and iodinated areas
(W;) directly corresponds to the difference of the Fermi level
(AE; = W; — W,) of the two areas (Figure 4B). We measured
KPFM on a graphene flake with both pristine and iodinated areas
and compared the work functions between these areas to calcu-
late a local work function difference. The topographic scan shows
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no significant variation of sample height between pristine and
iodinated areas (Figure 4C), but the overall height of the mono-
layer reveals the presence of adsorbates despite extensive wash-
ing (water, isopropanol, acetone) and evaporation in vacuum.
If the material properties would result from adsorbates on the
surface of graphene, differences in the intensity of the Raman
and KPFM signals must be detectable between cleaned and un-
cleaned domains. To investigate this we measured Raman spectra
and KPFM of the CVD graphene sample before (Figure 4C,D)
and after (Figure S11D,E, Supporting Information) removal of
adsorbates by mechanical cleaning with an AFM tip.l*) After
cleaning of the graphene surface, the v, and v; mode remain un-
changed in the cleaned areas while no change of Raman signal
was observed for the piled adsorbates (Figure S11B,C, Support-
ing Information). Also, the work function patterns remain in the
KPFM image (Figure S11E-I, Supporting Information), while the
contrast between functionalized and unfunctionalized areas is
improved due to the removal of adsorbates with a higher work
function (Figure S11G,I, Supporting Information). No change
of the Raman signals of brominated graphene (Figure S8C,D,
Supporting Information) was observed after mechanical clean-
ing. The adsorbates therefore have no significant influence on
the material properties and consequently, the new Raman modes
must stem from the carbon lattice.

To extract a reliable work function difference, we prepared a
tape-exfoliated graphene sample contacted with a gold electrode
to ensure proper grounding (Figure S12A, Supporting Informa-
tion). The sample was patterned, and the functionalization was
followed by Raman spectroscopy (Figure S12B, Supporting In-
formation). The average difference of the work function between
pristine and iodinated areas measured by KPFM was 141.5 meV
(Figure S12C-E and Table S2, Supporting Information). This is
in good agreement with AEy, extracted from transport measure-
ments (173 meV) considering that these two values are measured
on different samples and by different techniques. The observed
shift of E suggests that the carrier density changes by iodina-
tion exceed iodine doping and are stable against decay by iodine
evaporation.

In an earlier report by Englert et al. small Raman modes at
1139 and 1512 cm™! (A, = 532 nm) were observed in the co-
valent functionalization of graphene with aryl radicals, similar
to the v; and v; modes of iodinated graphene.l'®! They assigned
the observed modes to trans-oligoene chains formed within ar-
eas defined by sp’-defects based on their similarity to Raman
modes observed in nano-crystalline diamond samples.*) Sim-
ilar modes were observed upon photochlorination of graphene
with chlorine gas; again with relatively low intensities.'8! They
assigned the signals to effects of strong doping by chlorine addi-
tion leading to symmetry lowering and zone folding that activate
new Raman modes by comparison to potassium-doped graphene
(n-doped).[*!l The modes observed in that system however are
observed at 1134 and 1267 cm™' while no signal ~1500 cm™
was observed that would account for the v;-modes. Instead, a
Fano-shaped G-peak is observed and such a mode is also not pre-
dicted by calculations of the Raman modes of KCg.l*?) If the ob-
served Raman modes would arise from a doping effect, then they
should evolve without irradiation of the sample and should be
sensitive toward removal of the dopant by washing or evapora-
tion. Interestingly, in other reports of chlorination of graphene,
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these spectral features were not reported.'>2**] We find that
the spectral modes of the polyiodides vanish, while two strong
new modes appear (Figure 2), which we would not expect for
a non-covalent polyiodide network. The Raman modes of iodi-
nated graphene are also persistent under ambient and high vac-
uum conditions or washing with water and organic solvents in
contrast to the polyiodide signals. The complete disappearance
of graphene Raman signals in some areas and the dispersive na-
ture of the Raman modes indicate the direct interaction with the
carbon lattice. Their unprecedented intensity allowed us to ob-
serve the v, mode and additional overtone modes that have not
been reported for any functionalized graphene before and fur-
ther indicate an origin from a trans-polyacetylene like structure.
Their strong p-doping effect exceeds doping by non-covalently
adsorbed polyiodides as shown by transport and KPFM mea-
surements, and the weak doping effect of iodine makes doping-
activated Raman modes appear unlikely.

We explain these experimental results by the formation of
trans-oligoene chains formed with regiochemical control due to
the large iodine size. Their formation depends on the reactivity
of the iodine radical on the graphene sheet,[*!] since the reac-
tion of an iodine radical with graphene forms a z-radical that
initially resides in a non-bonding orbital adjacent to the iodine
addition site (Figure 5A). The delocalization of the z-radical was
directly observed for hydrogenated graphene by STM causing a
long-range modification of the local spin density of states and
showing a threefold symmetry,[**] reaching as far as 6 nm or 20—
25 lattice constants.[**] It corresponds to the delocalization of the
r-radical on the B sublattice and can be interpreted as delocal-
ization along the trans-oligoene paths shown in red in Figure 5B.
The highest spin density, and therefore highest reactivity, is lo-
cated on the three carbon atoms in 1,2-position adjacent to the
addition site and at the 3 cis-1,4-positions (grey, Figure 5B) across
six-membered rings“! and the second hydrogen radical addition
thus occurs at these positions, as observed experimentally.'>] The
high reactivity of radicals may enable other addition patterns to
form under kinetic control,* but here the low reactivity of io-
dine radicals is expected to lead to thermodynamic rather than
kinetic reactivity. Equally important, addition in the 1,2-position
is sterically blocked by iodine due to the large van der Waals
radii of the iodine atoms (198 pm) and the resulting electrostatic
repulsion.®] The cis-1,4-addition motif (A, Figure 5C) leads to a
separation of the iodine pair of 284 pm (assuming C—C bond dis-
tance of 142 pm), which is only slightly longer than the covalent
bond length of diiodine (267 pm), making it also unlikely. By ad-
dition in the trans-1,4-position (B, Figure 5C) the defect distance
is 376 pm, making a stable addition possible, explaining the ob-
served regioselectivity. Since in our experiment the whole surface
is covered with iodine, the second reaction step may be very fast
and could potentially even extend beyond the irradiated area due
to the delocalization of the z-radical on the graphene sheet. The
confinement of localized double bonds between sp*-defects in-
duces bond length alternation through Peierls distortion, causing
chain-length dependent local bandgap opening and hence reso-
nance Raman effect.[*’] A distribution of various chain lengths is
formed that explains the varying intensities and dispersion of the
Raman modes (Figures S4B and S5B, Supporting Information).

Up to three trans-oligoene chains may form from a sin-
gle sp’-defect, following the symmetry observed for the spin
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Figure 5. A) Addition of an iodine radical to graphene. The z-radical is
located adjacent to the sp®-defect and can be delocalized on the sub-
lattice. B) Scheme showing potential sites for secondary iodine addition
on graphene forming all-trans-oligoene chains. The 1,2-, and cis-1,4 posi-
tions are precluded due to iodine atom size and I-1 bond length (bottom
right). C) Schematic illustration of the proposed iodinated graphene struc-
ture, explaining the observed Raman signals and doping properties. Trans-
oligoene chains (red) with varying lengths and localized double bonds are
embedded in graphene domains (grey) with a delocalized z-system. A The
cis-1,4-addition is unlikely given the small |-l distance, despite the high
spin density in this position. B Addition along a trans-1,4-oligoene chain
ensures sufficient distance between iodine atoms. C Up to three trans-
oligoene chains can extend from a single sp3-defect, connecting to adja-
cent sp3-defects across the graphene sheet. D Perfect zigzag edges sep-
arate the chains from graphene domains along the length of the chains.
The delocalized double bonds have been omitted for clarity.

density (C, Figure 5C). The absence of a D-peak in the Raman
spectra can be attributed to the perfect zigzag edges to the neigh-
boring graphene domains (D, Figure 5C), rendering them Ra-
man silent.[2*®] The polydisperse nature of iodinated graphene
makes it impossible to give a definite structure since the patterns
formed will be randomly distributed across the illuminated area
and only a small part of the distribution is probed at a given laser
wavelength matching the bandgap of the chains. As more and
more radicals are added to the graphene sheet more conjugated
double bonds become confined between defects and the uninter-
rupted graphene domains become smaller. The distribution of
trans-oligoene chains will shift due to the decreasing defect dis-
tance, making long chains less likely.

3. Conclusion

In summary, defect-free graphene was functionalized by a pho-
tochemical iodination reaction for the first time and strong new
Raman modes were observed. Thermal reversibility of the reac-
tion, dispersion of Raman modes and complete disappearance of
graphene Raman modes in some areas indicate the interaction of
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iodine with the graphene lattice carbon atoms. KPFM and trans-
port measurements demonstrate the strong p-doping effect of
iodinated graphene, exceeding non-covalent iodine doping. Due
to the size of iodine atoms the usually observed 1,2- and cis-1,4-
position addition patterns are sterically hindered, leading to re-
gioselective functionalization of graphene, and generating trans-
oligoene substructures. Those trans-oligoene structures generate
new Raman modes by the isolation of conjugated double bonds
between sp*-defects. The proposed structure and reaction mech-
anism will serve as a starting point for further experimental and
theoretical inquiries toward the rational design of regioselective
patterning of graphene. The iodination-based functionalization
approach paths a way to patterning applications accompanied
with a strong p-doping effect and the ability of readout due to
the strong Raman modes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Abstract: Functionalization of pristine graphene by hydrogen and fluorine is well studied, resulting in graphane and fluorographene structures.
In contrast, functionalization of pristine graphene with iodine has not been reported. Here, the functionalization of graphene with iodine using
photochemical activation is presented, which is thermally reversible at 400 °C. Additional dispersive dominant Raman modes that are probed
by resonance Raman spectroscopy are observed. Additionally, iodinated graphene is probed by Kelvin probe force microscopy and by transport
measurements showing p-doping surpassing non-covalent iodine doping by charge transfer-complex formation. The emergent Raman modes
combined with strong p-doping indicate that iodine functionalization is distinct from simple iodine doping. A reaction mechanism based on these
findings is proposed, identifying the large size of iodine atoms as the probable cause governing regiochemically controlled addition due to steric
hinderance of reactive sites. The modification of the electronic structure is explained by the confinement of 1D trans-oligoene chains between
spi-defects. These results demonstrate the uniqueness of iodine reactivity toward graphene and the modification of the electronic structure of
iodinated graphene, highlighting its dependence on the spatial arrangement of substituents.

DOI: 10.1002/smll.202311987

Experimental Procedures

Materials and chemicals: Methanol used for sample preparation was distilled in a solvent circulation apparatus to remove any
impurities before use. lodine was purchased from TCI and was used as-received. For tape-exfoliation of graphene Kish graphite (Grade
200) from Graphene Supermarket was used. Si wafers with a 300 nm thick SiO; layer were purchased from Fraunhofer Institut fir
Integrierte Systeme und Bauelementetechnologie IISB in Erlangen.

Raman spectroscopy: Raman spectra were measured on a Horiba Jobin Yvon XploRA™ PLUS spectrometer equipped with a
confocal microscope and an automated XYZ table at 532 nm (2.33 eV) combined with a 100x objective (NA = 0.9). The Raman shift
was calibrated to the Si peak before measurement. Experiments using 638 nm (1.94 eV) laser light were performed on a Horiba Jobin
Yvon XploRA™ spectrometer equipped with a 532 nm and 638 nm laser source and 100x objective (NA = 0.9). Experiments using
633 nm (1.96 eV) and 405 nm (3.06 eV) laser light were performed on a Horiba Jobin Yvon LabRAM Evolution spectrometer equipped
with a 405 nm, 532 nm, and 633 nm laser source and 100x objective (NA = 0.9).
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Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM): KPFM experiments were conducted under ambient
conditions using the neaSNOM that is a scattering type scanning near-field optical microscope with a KPFM extension (neaSPEC). We
used Pt-Ir coated Si tips (ACCESS-EFM probes, AppNano, k = 2.7 N m™). The setup operates in non-contact mode. AM-KPFM was
used, which is sensitive to electrostatic forces and the surface potential measured. The work function of the samples (®Psampe) is defined
by the following formula, @sampie = q Vepo + Pyip, Where Vepp is the contact potential difference measured by the KPFM, @y, is the work
function of the tip, and q is the elementary charge. The potential profile is measured by oscillating the tip at 100 kHz and with a tapping
amplitude of 30 nm while maintaining a minimum distance of 1 nm between the tip and the sample surface.

Removal of adsorbates: Removal of non-covalently bound adsorbates from the surface of functionalized graphene was achieved by
mechanical cleaning using a JPK Nanowizard AFM instrument in contact mode. We used ContAl-G tips (k = 0.2 N m™?) with 4 nN force
as setpoint for imaging. To remove adsorbed species, the setpoint was increased up to 60 nN and the sample area was repeatedly
scanned until no further change was observed. To avoid damaging graphene, the scans were carried out parallel to graphene edges.

Transport measurements: Transport measurements were performed at low pressure (~107° mbar) and room temperature inside a
Lakeshore TTPX probe station. Both a gate voltage (|Vy| <80 V) and drain-source current (lss = 1 uA) were supplied by individual
Keithley 2450 source measure units. The leakage current was negligible for all measurements. The carrier density of graphene at
Vg = 0 Vis calculated using the gate voltage corresponding to the charge neutrality point in the transport curves. The system is modeled
by considering the areal capacitance of the system: Cit = en/(Vgq - Vene), where e is the fundamental charge, n is the carrier density, Vg
is the gate voltage, Vcne is the charge-neutrality point voltage, and Ciot = (1/Cgeo + 1/Cquant) ™ is the series connection of geometric and
quantum areal capacitances. The geometric and quantum areal capacitances are given respectively as Cgeo = &&/d and Cguant =
(2e?)(hve) X (n/m)Y2, where & is the vacuum permittivity, & = 3.9 is the dielectric constant of SiO», d = 300 nm is the thickness of the SiO»,
h is the reduced Planck’s constant, and ve = 10° m/s is the Fermi velocity of graphene near the K/K’ point. Fermi level shifts were
calculated using areal density of states of graphene using the following formula: DoS = dn/dE = 2(five)*(n/m)*2.

Gold electrodes for transport and KPFM measurements were patterned by electron beam lithography using a Raith Pioneer Il or by
optical lithography using a Heidelberg Instruments uMLA for direct maskless writing. A thermal evaporator was used to evaporate 3 nm
Crand ~70 nm Au.

X-ray Photoelectron Spectroscopy (XPS): XPS spectra of graphene samples were recorded on SiO,/Si substrates using a SPECS
EnviroESCA (Al Ka,1486.7 eV) under high-vacuum conditions (< 5 x 107 mbar). Survey spectra (50-700 eV) were measured using an
analyzer pass energy of 100 eV, while high resolution spectra (e.g. C 1s, | 3d and Br 3d) were recorded using 15 eV pass energy in a
suitable binding energy range.

All XPS spectra were processed with the UNIFIT software. A Shirley background was subtracted from the high resolution spectra and
pseudo-Vogt peak shape model (Gaussian:Lorentzian; 50:50) was used to fit the individual components. An asymmetric pseudo-Vogt
line shape (0.14) was used to fit the sp2 carbon component (C=C) in the C 1s high-resolution spectrum, according to the literature.™!
The XPS spectra were referenced to the C 1s signal at 284.4 eV.

Preparation of CVD graphene: Graphene was prepared by chemical vapor deposition on copper foil using the envelope method. After
annealing of the copper envelope for 1 h (1035 °C, 10 sccm H,, 5 sccm Ar) a flow of methane (5 sccm) was added to the mixture for
10 min growth time. Then, the sample was rapidly cooled down to rt. Arbitrary pieces of graphene were transferred onto substrates by
a wet-transfer method.

Preparation of monolayer tape-exfoliated graphene: High quality samples of graphene were prepared by tape exfoliation using the
Scotch tape method and directly transferred onto SiO,/Si substrates. After transfer, the sample was mildly annealed in vacuum
(T =150 °C, p=1x10"2mbar, t = 2 h) to remove water and residuals stemming from the transfer process.

Preparation of h-BN/G heterostructure: Few-layer h-BN was mechanically exfoliated from bulk h-BN via PDMS and transferred onto
a SiO,/Si wafer. Monolayer graphene was mechanically exfoliated from HOPG via PDMS and transferred onto few-layer h-BN flake.
According to the transfer method reported previously, the transfer process was carried out under a microscope equipped with a self-
built transfer stage. The thicknesses of the exfoliated h-BN and graphene were determined by optical contrast and Raman
spectroscopy. After every transfer step, the sample was mildly annealed in vacuum (T = 150 °C, p = 1 x 1073 mbar, t = 2 h) to remove
water and residuals stemming from the transfer process.

Preparation of iodine-doped graphene: Graphene deposited on SiO»(300 nm)/Si wafers (0.5 x 0.5 cm) was covered with 10 pL of a
20 mM solution of I, in methanol. Methanol was evaporated under ambient conditions.

Functionalization experiments: Measurements of Raman spectra and the patterning experiments were performed at 3.03 mW laser
power. Initial spectra were measured with an acquisition time of 0.1 s. The light dosage was controlled by the exposure time and the
number of accumulations per patterning spot. Typically, between 10 and 30 accumulations of 0.1 s exposure times were used at each
spot of the patterned area. Improved results were obtained this way compared to direct exposure for similar times.

For large-area functionalization used for XPS measurements 6.7 mW laser power combined with a 10x objective (NA = 0.25) was used.
The sample was scanned in SWIFT mode (0.1 s exposure time, 80 um step size) to ensure sufficient irradiation of a large sample area.
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Results and Discussion

Supplementary Note 1: Functionalization on different substrates

graphene
—— iodinated

Intensity / a.u.
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Figure S1. Raman spectra of graphene (black) and iodinated CVD graphene (purple) on a gold-coated (3 nm Cr/ 70 nm Au) SiO2/Si substrate, demonstrating that

the functionalization reaction does not depend on the substrate.

Figure S1 shows Raman spectra of CVD graphene and iodinated graphene on Au substrate with similar characteristics as on SiO»/Si
(e.g. Figure 2) and on h-BN on SiO,/Si (Figure 3). In all cases no new signals were observed upon irradiation of the substrate excluding
the possibility of iodine-substrate or iodine-adsorbate reactions as the cause of the new Raman modes. Due to the etching effect of
iodine on gold small amounts of iodine solution (typically 5 uL were used), however repeated deposition of iodine solution led to the
visible degradation of the gold substrate.

Supplementary Note 2: Polyiodide-doped graphene
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Figure S2. A) Raman spectrum of iodine-doped tape-exfoliated graphene with strong polyiodide signals. B) Zoom of the polyiodide signals. Two distinct peaks are
observed corresponding to Is™ and Is™ respectively.

Figure S2A shows the spectrum of iodine-doped tape-exfoliated graphene. Polyiodide signals are observed at 107 cm™ and 162 cm™
(Figure S2B) consistent with literature values.®! The G-peak shifts up to 1598 cm™ and a decrease of the G/2D ratio becomes larger
than 1 (FWHM(2D) = 27 cm™). The 2D-peak intensity is partially restored in iodinated graphene and the G-peak shifts back to lower
Raman shifts (Figure S3). After extended irradiation the polyiodide signals disappear, indicating the evaporation of the adsorbed iodine
species.
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Supplementary Note 3: Discussion of Raman modes and overtones
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Figure S3. A) Full Raman spectrum of iodinated tape-exfoliated graphene. Three new modes (vi- vs) and four overtones are observed. The Raman shifts are given

in Table S1. B) Chemical structures of thermodynamically more stable trans- and less stable cis-polyacetylene polymer.

Figure S3a shows the full Raman spectrum of iodinated tape-exfoliated graphene. Two strong new peaks evolve after irradiation at
532 nm at 1115 cm™ (v1) and 1498 cm™ (v3), that are stronger than the G- and 2D-peak. A relatively small mode is observed at
1289 cm™ termed v,. Four overtones are observed: The second harmonic 2v; at 2219 cm™, the combination mode v;+v; at 2598 cm™
and two broad signals are observed at 2964 cm™ and 3004 cm™ that were assigned to a Fermi resonance between the mode 2va/v;
in trans-polyacetylene.”! The small v, mode was described for trans-polyacetylene and appears in varying intensities depending on the
chain length.®! Experimental data of t-butyl group-capped trans-oligoenes!® and DFT calculations[l show trends in the peak positions
of resonant Raman spectra; with increasing chain length, the v; and vs peaks shifts to smaller Raman shifts and a small v, signal is
primarily observed at shorter chain lengths. The similarity of these signals and their positions compared to known trans-polyacetylene
spectra give further evidence for structural similarity of the iodinated graphene (Table S1).

Table S1. Characteristic Raman modes of graphene, iodinated graphene and trans-polyacetylene (taken from ref.) showing strong similarity to between the
observed new modes and trans-polyacetylene.

Sample vi/cm™ v2/cm™ va/cm™ G/cm™ 2vi/cm™ vi+vs /cm™ 2D /cm™ 2vaivilPl/ cm™
Graphene - - - 1587 - - 2680 - -
lodinated 1115 1288 1498 1587 2219 2598 2682 2964 3004
grpahene

trans- 1108 1255 1486 - 2187 2577 - 2954 2994
polyacetylenel®

[a] Measured at 520.8 nm, taken from ref.[ [b] Fermi resonance

Figure S4A illustrates the difference between Raman and resonance Raman. While virtual states are excited in Raman scattering
leading to a relatively low scattering probability (typically in the range of 107 to 107®) real states are excited in resonance Raman
scattering strongly increasing scattering probability and phonon formation due to the greater perturbation efficiency (typically in the
range of 107 to 107?). Since graphene has metallic character, excitation with light in a broad range resonantly excites graphene.®
Trans-polyacetylene polymer in contrast is a semiconductor due to the Peierls distortion of the 1D-conjugated double bonds with a
chain length-dependent bandgap, varying between 3.1 eV for a tbu-capped trans-polyenel® with 6 double bonds to 1.7 eV measured
in the polymer.®! As mentioned in the main text, while exact energy values may differ in our system where the trans-oligoene chains
are bonded to carbon atoms of the surrounding graphene instead of hydrogen atoms, similar trends can be expected.
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Figure S4. A) Schematic illustration of Raman and resonance Raman scattering. Electrons are excited into virtual states and loses energy to phonons emitting light
with lower energy. If an electron is excited into a real excited state, the process is similar, but the signal intensity is strongly increased. B) Schematic illustration
showing the influence of resonance Raman excitation on the unknown distribution of trans-oligoene chains of the functionalized system. Only a small portion of
those exhibits a bandgap close to the probed excitation energy and is therefore probed.

The spectral modes arise from resonant Raman scattering, that is observed when the sample is excited near its electronic resonance
energy, leading to a strong increase of the Raman signal. Since the trans-oligoene chains in iodinated graphene are of a finite length
and can be categorized by their discrete length (given by the number of double bonds) we can visualize the system as an unknown
distribution from which the contribution to the Raman signals will originate from trans-oligoene chains with a bandgap that is close to
the laser energy (Figure S4B). By varying the excitation energy, the resonance energy and thereby the chain length that is excited,
changes. By decreasing the excitation energy longer trans-oligoene chains are resonantly excited, but still only a portion of the complete
distribution is observed.® Therefore, it is not possible to characterize the complete distribution by measurement at a single wavelength.
The resulting Raman modes are a sum of the resonantly excited trans-oligoene chains at the given laser wavelength, explaining the
varying peak intensities and positions observed for various samples and after either heat treatment or irradiation with 405 nm laser light
(Figure S5A).

Supplementary Note 4: Defunctionalization after irradiation at 405 nm and evidence for shift of unknown trans-oligoene
chain distribution
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Figure S5. A) Raman spectrum of iodinated tape-exfoliated graphene (purple) and the same spot measured at 633 nm (red), before and after irradiation with 405 nm
laser light (blue, 5 s irradiation time). No trans-oligoene signals are observed at 405 nm but the intensity of trans-oligoene signals at 532 nm is significantly decreased
after irradiation. Signals at 633 nm increase, indicating a shift of distribution by high energy laser light. B) Schematic illustration of the shifted distribution after
irradiation at 405 nm. Irradiation causes defunctionalisation shifting the distribution to longer chain lengths.

Figure S5A shows a series of Raman spectra of tape-exfoliated graphene taken before and after excitation with 405 nm (3.06 eV) laser
light. Before irradiation the vi and vz modes at 532 nm (vi/G = 1.04) are larger relative to the G-peak compared to the modes at 633 nm
(v2/G = 0.91). At 405 nm only graphene signals are observed, indicating no trans-oligoene chains with a matching bandgap. After
irradiation with 405 nm the signal intensities at 532 nm decrease (vi/G = 0.24) and increase at 633 nm (v1/G = 1.0), consistent with a
change of chain distribution due to partial removal of sp*-defects leading to longer trans-oligoene chains with smaller bandgaps between
the remaining defects, as shown schematically in Figure S5B. While the hypothetical chain distribution shown only shifts to longer
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chain lengths in comparison to Figure S4B, in a real system the partial removal functionalization will also decrease the total number of
chains.

Supplementary Note 5: Thermal iodination of graphene
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Figure S6. Raman spectra of CVD graphene before (black) and after (purple) thermal iodination in ambient conditions (150 °C, 10 min). Small vi and vz modes are

observed indicating successful reaction, however at a low intensity compared to photochemical reaction.

Figure S6 shows Raman spectra of iodine-doped CVD graphene before and after thermal treatment (150 °C, 10 min). lodine in
methanol solution was deposited on graphene on SiO,/Si wafer. After complete evaporation of the solution the sample was placed on
a hot plate at ambient conditions. Despite the considerable vapor pressure of iodine new Raman signals were found while no D-peak
was introduced in the process and the G- and 2D-peak remain almost unchanged. Due to the weak iodine-iodine bond homolytic
dissociation can already occur at relatively low energies. While this approach only yields small trans-oligoene modes compared to the
photochemical functionalization it may be interesting for wafer-scale functionalization of large graphene films.
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Supplementary Note 6: XPS characterization of iodinated graphene
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Figure S7. XPS characterization of iodinated CVD graphene on SiO2/Si substrate. A) Example spectrum of iodinated CVD graphene used for XPS measurements.
B) XPS survey spectrum of iodinated graphene. C) High-resolution spectrum of the | 3d signals at 619.5 eV (I 3ds;2) and 630.5 eV (I 3ds12) respectively. The
characteristic signals can be clearly distinguished from the noise. D) High-resolution C 1s spectrum of iodinated graphene. The inset shows the residual of the fits.
E) Survey spectrum of pristine CVD graphene. F) High-resolution C 1s spectrum of pristine CVD graphene. The inset shows the residual of the fits.

Figure S7A shows a representative Raman spectrum of CVD graphene after functionalization with iodine. Since the tape-exfoliated
graphene layers are too small for XPS measurements (spot size ~300 um), large-area CVD graphene was functionalized
photochemically on a large scale using modified conditions (10x, 6.7 mW, SWIFT mode, 0.1 s, 20 um step size). Prior to the
measurements the samples were thoroughly cleaned by complete evaporation of the reaction mixture followed by washing with water,
isopropanol and acetone.

The survey XPS spectrum of iodinated graphene (Figure S7B) shows two small signals at 619.5 eV (I 3ds2) and at 630.5 eV (I 3ds/2)
for iodine.P! The intensity of these signals is at the resolution limit (Figure S9C) but can be clearly distinguished from the noise of the
background.

The deconvolution of the C 1s peak (Figure S9D) does not show a new component for C-I bonds due to the low concentration if lodine
bound to the graphene and the low difference in electronegativity, responsible for a weak chemical shift. For carbon-iodine bonds a
signal at 286.3 eV or less would be expected — the same position as carbon-oxygen single bonds.F!
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Supplementary Note 7: Trans-Oligoene chain formation induced by bromine and characterization by Raman and XPS
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Figure S8. Photochemical bromination of tape-exfoliated graphene. A) Optical microscopy image showing graphene flake after mechanical cleaning of 7x7 um area.
The cleaned area is bordered by the piled adsorbates moved to the sides. B) AFM image of the area marked by the red square in A showing the mechanically
cleaned area. C) Raman map showing the intensity of the vi peak. No difference is observed in the cleaned and uncleaned areas. The piled adsorbates do not give
a measurable Raman signal. Each pixel has an area of 0.7x0.7 um. A preferred reactivity of bromine at the edges of the graphene flake can be observed. D) Raman
spectrum of the strongest signal observed in the cleaned area at the edge of the graphene flake.

Figure S8A shows a microscopy image of tape-exfoliated graphene after photochemical functionalization with bromine and subsequent
mechanical cleaning of a 7x7 pm area with an AFM tip (Figure S8B). The sample was brought in contact with bromine vapor for 30 s
followed by laser irradiation (3.03 mW, 0.1s, 10 accumulations). The vi and vz mode emerge, similar to iodinated graphene
(Figure S8D) however at lower intensities. To the best of our knowledge this is the first report of such Raman signals in brominated
graphene. Notably, a strong difference between the edges and the plane is observed, as apparent from the Raman map (Figure S8C)
that could be due to the increased reactivity of graphene at the edges.
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Figure S9. XPS characterization of thermally brominated CVD graphene on SiO2/Si substrate. A) Raman spectrum of CVD graphene after thermal bromination
(150 °C, 10 min). B) Survey spectrum of brominated graphene revealing a small Br 3d signal around 70 eV binding energy. C) High-resolution spectrum of the Br 3d
signal showing a broad signal around 70 eV. The shaded area in brown indicates the location of adsorbed Br-Br species, while the yellow shaded area indicates

the expected location of covalent C-Br signal.*®! D) High-resolution spectrum of the C 1s signal. No significant change compared to the pristine graphene
(Figure S7F) can be observed. The inset shows the residual of the fits.

Figure S9A shows a Raman spectrum of CVD graphene after thermal functionalization with bromine (150 °C, 10 min) used for XPS
measurements. The vi and vz signals indicate the successful functionalization of the sample. The XPS survey spectrum of thermally
brominated graphene (Figure S9B) shows a small signal around 70 eV from Br 3d electrons that is persistent after thorough washing
and extended times under the high-vacuum conditions inside the XPS instrument, while other characteristic bromine signals with lower
relative sensitivity factors, e.g. Br 3p at ~185 eV cannot be observed.l*® The intensity of the signal is at the limit of detectability, but
high-resolution measurement of the Br 3d signal reveals two distinguishable components (Figure S9C) that have been assigned to Br-
Br adsorbed to graphene (68.5 eV) and carbon-bromine (70.2 eV).[20

The deconvolution of the C 1s peak (Figure S9D) does not show a measurable alteration of the material compared to the starting

material (Figure S7F). For carbon-bromine bonds a signal at 286.5 eV together with C-O signals would be expected.l'%

A reliable quantification of the signal areas cannot be made due to the low signal intensity, but the bromine content must be below
1 %.
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Supplementary Note 8: Transport measurements of pristine and iodinated graphene
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Figure S10. A) Optical image (100x) of the transistor with the tape-exfoliated flake area outlined. The green dot shows where Raman measurements were performed.
B) Raman spectra from the flake before (black) and after (purple) iodination C) Drain-source voltage vs. gate voltage of pristine graphene (black) and polyiodide-
doped graphene (colour gradient). lodine causes hole doping in graphene by charge-transfer complex formation forming polyiodides. As we sweep the gate 3 times
consecutively (~30 min total), the iodine evaporates over time, causing the initial doping of the graphene to tend toward its pristine value. D) Reproduction of
Figure 4A from the main text showing all forward and backward sweeps of the data taken showing reproducibility of the data over time.

Figure S10A shows a microscopy image of the transistor device where the tape-exfoliated graphene flake area is outlined by the dotted
lines. The green dot marks where the spectra in Figure S10B were taken before and after iodination. After fabrication and measurement
of the pristine device iodine in methanol solution was deposited on the wafer (10 uL, 20 mM) and after complete evaporation of the
solvent the sample was irradiated several times to ensure complete functionalization of the device area. Vcnp Of graphene doped with
iodine did not exceed 50 V and significant decrease of doping was already observed within the measurement time of around 30 min at
ambient conditions (Figure S10C). Three cycles were measured of graphene before and after iodination to verify the reproducibility of
the observed curves. Figure S10D shows all three cycles of the measurements shown in Figure 4A highlighting the reproducibility of
the observed features.

10
237



WILEY-VCH

Supplementary Note 9: Mechanical cleaning of patterned CVD graphene
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Figure S11. Mechanical cleaning of iodinated CVD graphene. A) Microscopy image showing graphene flake. The cleaned area is marked in red. B) Raman map of
patterned area showing the vz mode before and C) after mechanical cleaning. The range was chosen so that a small portion of the G peak is included so that the
outline of the graphene flake is visible and one pixel has a dimension of 0.7 x 0.7 um. D) AFM image of mechanically cleaned area. The inset shows the area shown
in F-1. E) KPFM image of the patterned area after mechanical cleaning. The highlighted adsorbates show a larger work function compared to graphene, contrary to
the patterned areas. F) AFM image before mechanical cleaning. G) KPFM image before mechanical cleaning. H) AFM image after mechanical cleaning showing
increased contrast due to removal of adsorbates. 1) KPFM image after mechanical cleaning showing increased contrast between graphene and patterned areas
due to removal

Figure S11A shows a microscopy image of the CVD graphene sample shown in Figure 4C and D. The Raman maps of the v; mode
show no change of the signal intensity or location after mechanical cleaning (Figure S11B and C). The patterned area topography
image (Figure S11D and H) reveals new features such as folds of the graphene sheet but no patterns that are visible in the KPFM
image (Figure S11E). No change of the KPFM signal position can be observed in the patterned regions. The removed adsorbates
show a large work function contrary to the patterns observed (Figure S11E). The contrast between the functionalized pattern and the
surrounding graphene is increased by the removal of the adsorbates (Figure S11G and I).
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Supplementary Note 10: KPFM measurements of contacted sample to ensure grounding for reliable data extraction
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Figure S12. Experiments with a contacted tape-exfoliated graphene layer to ensure proper grounding of the sample during KPFM measurements. A) Microscopy
image (100x) showing the monolayer graphene strip contacted by a gold electrode. The marked area corresponds to the irradiated area. B) Raman spectra of the
areas indicated by the coloured dots (green and blue) in the KPFM image of Figure S7C. C) Overview image of the iodinated area. C) Overview topography (left)
and KPFM (right) image of the iodinated area. D) Zoom on the iodinated area right of the bilayer. The white boxes mark areas from which AEF was calculated given
in black. E) Zoom on the iodinated area left of the bilayer. The white boxes mark areas from which AEr was calculated given in white.

To quantify the work function measured by KPFM proper grounding of the sample must be ensured. Therefore, a tape-exfoliated
graphene flake was contacted with a gold electrode to ensure electrical grounding (Figure S12A). An area of 8x3 um was repeatedly
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irradiated (step size = 0.5 um, Aexe =532 nm, 0.1 s, 30 accumulations, 8 times, 3.03 mW, Figure S12B) and remaining iodine was
evaporated (T =rt, p = 1 x 107 mbar, t = 2 h). The sample was contacted by applying conductive silver paint to the gold electrode. The
measurements were performed under ambient conditions. Regular, flower-like structures can be observed on the surface of graphene
that may be iodine/polyiodide crystals that have not completely evaporated. These structures show a reduction of the work function,
however smaller compared to the iodinated areas, which is in line with the transport measurements showing stronger p-doping for the
iodinated graphene compared to iodine-doped graphene (Figure S2). The height of the flake compared to the substrate is 4 nm
indicating the coverage of graphene with adsorbates, e.g. remaining iodine. Less structures are observed in the iodinated areas, maybe
due to the increased evaporation by laser irradiation, giving a contrast in the topography image. Nevertheless, the measured work
function is lower in irradiated areas consistent with the increased doping level of iodinated graphene compared to iodine-doped
graphene in transport measurements.

Table S2. Extracted contact potential difference values from contacted KPFM measurement each from a 25x25 pixel square.

Sample iodinated / pristine / mV AEF

mVv /I mV
Right of 50.56 175.1 1245
bilayer +4.62 +6.45

(Figure S8D)

Left of bilayer 46.56 205.1 158.5
(Figure S8E) +8.35 +24.4

Average 48.56 190.1 1415
+6.48 +15.4

To extract the work function differences an average of 25x25 pixels in the pristine areas were compared to the same number of pixels
in the iodinated area (white squares, Figure S12D and E) in two different areas of the sample and averaged, giving a value of 141.5 mV
(Table S2).
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2D two-dimensional

AFM atomic force microscopy
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DSM dynamic structure model
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In2Ses indium(lIl) selenide

KMnO4 potassium permanganate

KPFM Kelvin probe force microscopy
LB Langmuir-Blodgett

Lp the distance between two nearest point defects
LDHs layered double hydroxides
MOFs metal-organic frameworks

MoS:2 molybdenum disulfide

MoSe2 molybdenum diselenide
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NaNOs3
NbSe2
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PDMS
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