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Gold-Assisted Exfoliation of Large-Area Monolayer
Transition Metal Dichalcogenides: From Interface Properties

to Device Applications

Salvatore Ethan Panasci, Emanuela Schilird, Fabrizio Roccaforte, and Filippo Giannazzo*

Semiconductor transition metal dichalcogenides (TMDs), such as MoS,, are
currently regarded as key-enabling materials for sub-1 nm channel transistors,
beyond-complementary metal-oxide—semiconductor electronic and
optoelectronic devices and sensors. Owing to this wide application potential,
several bottom-up and top-down synthesis approaches for these materials
have been explored so far. Despite the huge progresses in scalable deposition
methods (such as chemical vapor deposition, metal-organic chemical vapor
deposition), exfoliated layers from bulk crystals still represent the benchmark
for record electronic properties of TMDs. Among exfoliation approaches,
metal-assisted mechanical exfoliation emerges as the most effective method
to separate large-area (mm? to cm?) single-crystalline monolayer membranes
of TMDs (and many other 2D materials) from the parent bulk crystals. This
paper reviews the state-of-the-art in this field, from current understanding of
MoS, exfoliation mechanisms on Au (considered as a model system), to the

compiled by predictive computational
studies.’l Most of the stable 2D materi-
als can be obtained by the exfoliation of
the parent layered bulk crystals existing
in nature. Furthermore, the 2D counter-
parts of bulk crystals with “non-layered”
structure, such as some Xenes (silicene,
germanene, stanene),*l 2D group-III ni-
trides (2D-GaN, InN, AIN),>8 and oxides
(2D-In,0; and Ga,0,),*!% have been
obtained by proper synthetic strategies,
ie., the deposition on specific substrates
or the intercalation in the confined space
between epitaxial graphene and SiC.

Among 2D materials, transition metal
dichalcogenides (TMDs) have been the ob-
ject of increasing interest for their excellent

main device applications of as-exfoliated and transferred large-area MoS,
membranes (including Au/MoS, /Au memristors, MoS, photodetectors, and
field-effect transistors). Perspectives of this method in the realization of arrays
of 2D heterojunction devices, including Moiré superlattice devices, and open

challenges for its widespread application are finally discussed.

1. Introduction

Starting with the first report on the electronic properties of
graphene obtained by mechanical exfoliation from graphite in
2004, the research on two-dimensional (2D) materials has
grown continuously during last two decades. To date, hundreds
of 2D materials have been investigated experimentally,[?! whereas
a database of up to 6000 monolayer structures has been recently
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mechanical, electrical, thermal, and optical
properties.''"13] This class of layered mate-
rials presents the chemical formula MX,,
where X is a chalcogen atom (S, Se, Te) and
M is a transition metal of the IV B (Ti, Zz,
Hf), V B (V, Nb, Ta), VI B (Mo,W), VII B (T,
Re), and X B (Pt, Pt) groups of the periodic
tablel*1] (see Figure 1a). The atoms within
the individual X-M-X triatomic layers are
covalently bonded, whereas a weak van der Waals (vdW) interac-
tion is present between the stacked layers (see, e.g., Figure 1b).
This allows to easily exfoliate single or few layers from the
starting bulk crystals, similarly to the graphene obtained from
HOPG.!%

To date, molybdenum disulfide (MoS,) has been the most in-
vestigated member of the TMDs family, due to its abundance
in nature and chemical stability. In particular, its most com-
mon polytype (2H-MoS,) exhibits semiconducting properties,
with an indirect bandgap of ~1.2-1.3 eV in the case of multi-
layers or bulk crystals, which changes into a direct bandgap of
~1.8-1.9 eV when the thickness is reduced to a monolayer. This
sizable bandgap, combined with a carrier mobility up to 200 cm?
V=1 5717 make MoS, appealing for a wide range of applications,
including electronics, optoelectronics, photovoltaics, photocatal-
ysis, and sensing.[18-23]

Due to these wide potentialities, many efforts have been car-
ried out during the last years in the development of scalable meth-
ods to produce MoS, with high crystal quality and large area for
future industrial applications. The synthesis approaches of MoS,
and other TMDs explored so far can be grouped in two categories:
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Figure 1. a) Periodic table of elements, with the indication of the chalcogen atoms (S, Se, Te) and transition metals of the groups IV B (Ti, Zr, Hf), V B
(V, Nb, Ta), VI B (Mo,W), VII B (Tc, Re), and X B (Pt, Pt), from which TMDs are composed. b) Schematic illustration of the structure of a layered TMD,
where X is a chalcogen atom and M is a transition metal. (b) Adapted with permission.['”] Copyright 2011, Springer Nature.

top-down approaches (based on the exfoliation of single or few lay-
ers from the corresponding bulk crystals by exploiting the weak
interlayer bonding) and bottom-up approaches (including a num-
ber of chemical or physical deposition methods). As discussed
more in detail in the next section, these different methods ex-
hibit advantages and disadvantages, related to: i) the uniformity
of the produced MoS, films (in terms of thickness, coverage, and
crystalline domains size); ii) the required deposition/synthesis
temperature; and iii) the possibility of directly growing or, alter-
natively, the need of transferring MoS, onto the target substrate
for device applications.

When looking to the crystalline and electronic quality, MoS,
flakes obtained by mechanical exfoliation still represent the
benchmark for all the synthesis approaches. However, the re-
duced lateral size of these flakes and the low monolayer exfoli-
ation yield make this approach suitable only for demonstration
of small proof-of-concept devices. During last years, alternative
mechanical exfoliation approaches based on the interaction be-
tween 2D materials and different metal surfaces (metal-assisted
mechanical exfoliation) have been explored.[?*] These approaches
retain the advantages of traditional “scotch tape” mechanical ex-
foliation in terms of structural and electronic quality of produced
2D layers, while overcoming its main limitations (small lateral
size of the flakes and poor thickness control). In particular, the
“gold-assisted” mechanical exfoliation proved to be very effective
in the case of MoS, and other TMDs, taking benefit of the strong
interaction between Au and S atoms. Currently, it represents the
best trade-off among top-down approaches to achieve high crys-
tal quality, monolayer selectivity, and large area (from mm? to
cm?) of the exfoliated flakes. Due to these interesting features,
this topic has been the object of several original papers and a
number of recent review articles,!?>?%] which have been mostly
focused on the study of TMDs/Au interface properties and the
exfoliation mechanisms.

This review article is aimed to provide the readers a compre-
hensive overview of recent developments of metal-assisted exfoli-
ation of 2D materials, with a specific focus on Au-assisted exfolia-
tion of MoS,. The main approaches used to transfer MoS, mem-
branes obtained by this method onto insulating or semiconduct-
ing substrates for device applications will be discussed, and some
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examples of devices will be presented. Furthermore, current lim-
itations and open challenges to further exploit this approach will
be discussed.

2. Bottom-Up and Top-Down Methods for Scalable
Production of TMDs

A summary of the state-of-the-art bottom-up and top-down ap-
proaches for TMDs production is illustrated in Figure 2.
Bottom-up approaches are commonly regarded as the most
suitable ones for perspective integration of MoS, in microelec-
tronics production lines. During the last decade, chemical vapor
deposition (CVD) methods using different kinds of precursors
and growth conditions have been intensively explored to achieve
large-area MoS, on different kinds of substrates.!?”*>7] The typ-
ically employed CVD apparatus used in academic laboratories
consists of a tube furnace hosting crucibles with S and MoO,
powders, whose vapors are transported to the heated sample sur-
face by an inert carrier gas. Crystalline MoS, domains with sizes
ranging from ~1 to 100 um have been obtained by this approach
on different kind of substrates (amorphous, crystalline) at pro-
cess temperatures ranging from 700 to 900 °C.1*¥3%1 However,
achieving uniform coverage and thickness control on wafer scale
by this method remains a challenge, due to the difficulty of con-
trolling the fluxes of the two vapor precursors from solid sources
and the temperature uniformity on the sample. To circumvent
these issues, two-step CVD processes have also been employed,
consisting in the predeposition of Mo-based thin films on the
sample’s surface, followed by annealing in sulfur ambient to pro-
mote MoS, formation. As an example, uniform Mo or Mo-oxide
(MoO,) films with nanometer thickness can be predeposited by
evaporation or sputtering,[**#!l pulsed laser deposition (PLD)!*?!
or atomic layer deposition (ALD),*}] and homogeneous MoS,
films are obtained after high temperature (600-900 °C) sulfuriza-
tion with the number of layers controlled by the initial Mo (MoO,)
thickness.[*~8] An alternative two-step approach consists in the
dip-coating, drop-casting, or spin-coating of the sample’s surface
with a solution containing Mo precursors, such as the ammo-
nium thiomolybdate (NH,),MoS, or the ammonium molybdate
tetrahydrate (NH,),Mo,0,,,I*! followed by annealing in sulfur
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Figure 2. Schematic illustration of the state-of-the-art bottom-up and

top-down approaches for TMDs production. CVD scheme adapted with

permission.[2’] Copyright 2020, American Chemical Society. PECVD scheme adapted with permission.!?8] Copyright 2023, American Chemical Society.
MOCVD scheme adapted with permission.[2°] Copyright 2019, Elsevier. MBE scheme reproduced with permission.3%l Copyright 2019, J-STAGE. ALD

scheme adapted with permission.[*ICopyright 2013, American Chemica

| Society. Mechanical exfoliation scheme adapted with permission.[*2] Copy-

right 2012, IOP. Liquid Exfoliation scheme adapted with permission.[*3] Copyright 2019, Springer Nature. Metal-assisted exfoliation scheme adpted with

permission.[3] Copyright 2020, Wiley.

ambient. Although uniform MoS, films or large size crystalline
MoS, domains have been obtained by this liquid precursors CVD
approach, the mechanisms of MoS, formation and the role of
residual contaminants need to be further understood. The rela-
tively high temperatures employed in the above discussed CVD
approaches can be a critical limitation for direct growth of TMDs
on some kind of substrates, such as plastic substrates used for
flexible devices applications, due to the low glass transition tem-
perature of most of plastic materials.>%! For this reason, plasma
enhanced chemical vapor deposition (PECVD) of MoS, has been
recently developed as a low-temperature solution (150-400 °C)
to overcome these limitations, enabling also a higher control
in terms of thickness and nanostructure uniformity formation
due to the presence of active species in the plasma.[?$5051] Bala
et al.?®] demonstrated the fabrication of flexible MoS,-based
memristors with excellent resistive switching performances and
endurances (>350 cycles), achieved by direct growth on poly-
imide at 250 °C. The recent application of metal-organic chem-
ical vapor deposition (MOCVD) represented a key advancement
toward wafer scale growth of MoS, and other TMDs,[2%5253] since
the use of suitable metal organic gas precursors (e.g., Mo(CO),
and (C,Hs),S as the molybdenum and sulfur precursors) allows
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a superior control of the deposition process. Furthermore, the
deposition of crystalline MoS, at low temperatures (<400 °C),
compatible with the back-end-of-line (BEOL) integration on sil-
icon complementary metal-oxide—semiconductor (CMOS) cir-
cuits, has been recently demonstrated by Zhu et al.’* using
a customized MOCVD process. The wafer scale deposition of
ultrathin MoS, films at low temperatures (from 350 °C down
to 60 °C) has also been recently investigated by the ALD tech-
nique using suitable precursors.*%>-7] However, the deposited
films are typically amorphous/nanocrystalline, and a postdepo-
sition annealing step in sulfur ambient at temperatures of 900
1000 °C is typically required to obtain crystalline MoS,. Besides
CVD approaches, also physical deposition methods have been
employed in the last years for large-area MoS, growth. Among
these, pulsed laser deposition (PLD) from a MoS, target resulted
in the epitaxial growth of highly uniform MoS, films on hexag-
onal crystalline substrates (sapphire, 4H-SiC, GaN) at tempera-
tures 700 °C.58-%%1 Molecular beam epitaxy (MBE) has also been
recently employed to obtain epitaxial MoS, growth on different
substrates, including sapphire, group-I11 Nitrides, h-BN.[30:61.62]
Top-down approaches rely on the exfoliation of single or
few layers 2D films from the corresponding bulk crystals, by
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Figure 3. Optical images of MoS, flakes exfoliated on an a) SiO,/Si substrate and b) Au film onto an SiO,/Si substrate. ) AFM morphology and
height line-scan (insert) of Au-exfoliated 1L MoS, membrane with a crack. d) Photo of a bulk MoS, stamp and a set of six Au/SiO, samples with MoS,
membranes with the same shape and size exfoliated from the stamp. (a) Reproduced with permission.[8] Copyright 2014, American Chemical Society.
(b) and (c) Reproduced with permission.[8’] Copyright 2021, American Chemical Society. (d) Reproduced with permission.[38] Copyright 2020, AAAS.

exploiting the weak (vdW) interlayer bonding. As a matter of
fact, the classical mechanical exfoliation (i.e., the “scotch-tape”
method)? still provides the highest crystalline MoS, quality, de-
spite the low monolayer yield and small lateral size of the ob-
tained flakes. In particular, the typical lateral size of mechani-
cally exfoliated flakes of MoS, (and other TMDs) is in the or-
der of micrometers, a factor of ~10 lower than the typical size
of graphene flakes obtained from HOPG. This lower exfoliation
yield of monolayer MoS, can be ascribed, in part, to the higher
interlayers force constant per unit area (%29 x 10" N m~3) in
MoS, bulk crystals, as compared to that for HOPG (12.8 x 10
N m~?).63:64]

To increase the exfoliation yield, liquid exfoliation methods(33!
have been developed, which are low-cost and easy approaches,
allowing to produce a large quantity of MoS, nanosheets by dis-
persion in solvents or ionic species.[®>%7] Notably, the liquid inter-
calation of bulk MoS, by ionic species (such as lithium) is a very
effective exfoliation approach, which is, however, typically accom-
panied by the conversion of the semiconductor 2H-phase (with
octahedral coordination of Mo atoms) to the metallic 1T-phase
(trigonal coordination).-"! Therefore, the MoS, films obtained
by spin-coating or drop-casting of the liquid exfoliated solutions
on a substrate must be typically subjected annealing treatments
to partially restore the 2H- phase. Furthermore, since these films
are composed by the overlap of large number of nanoflakes, they
exhibit much higher resistivity and lower mobility as compared
to MoS, films deposited by bottom-up methods. Hence, the lig-
uid exfoliation approach is more promising for low-cost applica-
tions not requiring high carrier mobility, such as some flexible
electronics applications,”27%) catalysis,”+75] and energy storage
systems.[76-78]

In the framework of top-down methods, the metal-assisted ex-
foliation, and particularly the Au-assisted exfoliation represents
the best trade-off to achieve high crystal quality, monolayer selec-
tivity, and large area (from mm? to cm?) of the exfoliated TMDs
flakes.[>*79-%] Figure 3a,b shows the comparison between repre-
sentative optical microscopy images of a) MoS, flakes with mm
lateral sized and few-layers (FL) or 1L thickness exfoliated on an
SiO,/Si substrate,[®) and b) a large-area (several 100 mm) MoS,
membrane exfoliated on an Au film deposited on SiO,.[¥”] This
membrane is mostly composed by 1L, with the presence of some
FL and thicker (bulk) regions, as deduced by the optical con-
trast. The 1L thickness is also confirmed by the atomic force mi-
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croscopy (AFM) image and height line profile in Figure 3c, col-
lected in a region with a crack in the 1L MoS, membrane. An
interesting aspect of MoS, exfoliation from a bulk MoS, stamp
on the Au surface is the high repeatability of the process, as il-
lustrated in Figure 3d, showing the bulk MoS, stamp and a set of
six Au/SiO, samples with MoS, membranes with the same shape
and size exfoliated from the stamp.

3. Metal-Assisted Mechanical Exfoliation of TMDs

3.1. Basic Mechanisms

This section reports an overview of the main models considered
so far to explain the monolayer selective exfoliation of TMDs on
Au and other metal surfaces.

A first model explains the effectiveness of TMDs exfoliation
on Au surfaces in terms of the well-known strong interaction be-
tween sulfur and other chalcogen atoms with gold.#**%l As an
example the affinity between S and Au is commonly employed
to obtain self-assembled monolayers of thiolate molecules on
Au surfaces or the formation of gold-thiolate complexes,#°]
with a bond strength of the adsorbed S atoms on Au as
high as ~40-50 kcal mol~" (188.28 k] mol~').2] The exfoli-
ation of MoS, and other TMDs on Au surface exploits this
strong materials affinity, although the exact nature of the in-
teraction involved in the exfoliation process is still matter of
debate.

Several authors have proposed a “strong” van der Waals in-
teraction as the main bonding mechanism between the TMDs
and Au surface.”>*! Thus, when an MoS, layered crystal is
placed in contact with a gold substrate, the equilibrium dis-
tance between the center of the Mo—Au atomic planes (indi-
cated in Figure 4a as d 4, (Mo—Au)) is estimated in a range
between 4.0 and 5.1 A.*! Such distance is smaller than the
interlayer distance between the Mo—Mo planes d 4, (Mo—Mo)
~ 6.2 A of the stacked MoS, layers,® consistently with the
stronger MoS,/Au interaction compared with the MoS, vdW
interlayer bond. Figure 4b shows the binding energy (E,) per
unit cell of 1L MoS, on Au(111) as a function of the Mo—Au
distance, obtained by first-principles atomistic calculations.!*
The blue dashed horizontal line represents the MoS,-MoS, in-
terlayers binding energy (Eynos5.m0s2) = —0.34 €V) in the bulk
MoS, crystal. According to this plot, the exfoliation of 1L MoS,
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Figure 4. a) Schematic illustration of layered MoS, on an Au substrate where the distance between two atomic Mo—Mo planes (d,4,,(Mo—Mo)), the vdW
gap between two atomic S—S planes (A, 4y (S—S)), the distance between Mo—Au (d, 4, (Mo—Au)), and the vdW gap between S—Au planes (A, 4y (S—Au))
are indicated. b) Binding energy (E;) of 1L MoS, with Au as a function of Mo—Au separation. Reproduced with permission.[**] Copyright 2018, American

Chemical Society.

from its bulk crystal on the Au surface is obtained when the
Mo—Au separation is in the range between 4.0 and 5.1 A, re-
sulting in a |E,| > |Eyos2-mos2)| (red region of the curve below
the blue-dashed line). In particular, the minimum of the E; ver-
sus dy, 4, curve (E, = —0.41 eV) corresponds to the equilibrium
separation d = 4.5 A.[%]

Other authors indicated a covalent-like quasi-bonding (CLQB)
as the most appropriate description of the interaction between
MoS, and Au substrate.[””°] CLQB is a noncovalent interaction
with typical interaction energy of —0.5 eV per unit cell [190-102]
which is stronger than common vdW interactions and weaker
compared to covalent bonds, where interlayer electronic hy-
bridization occurs. This kind of interaction results from the bal-
ance between the long-range dispersion attraction induced by
the high polarizability of some 2D materials and the short-range
Pauli repulsion due to the wavefunction overlap.””) A CLBQ
with 2D materials typically occurs in the case of substrate ma-
terials with the Fermi level inside a partially filled band com-
posed by s- or p- electrons and high polarizable electrons den-
sities, the requirements of which are fully satisfied by noble
metals.®]

The stronger Au-MoS, interaction than the MoS, vdW inter-
layer bonding allows to explain the effective exfoliation of MoS,
ultrathin films on gold surfaces. However, this first model does
not completely account for the monolayer selective exfoliation,
i.e., how cleaving preferentially occurs between the first MoS,
layer (MoS,(1)) in contact with Au and the second MoS, layer
(MoS,(2)). In fact, although cleaving preferentially occurs at in-
terfaces with lower binding energy, the model does not account
for a lower MoS, (1)/MoS, (2) interlayer binding energy than the
bulk MoS, crystal.

A second model considered the role of strain in the MoS,(1)
associated to lattice mismatch with Au (or other metal surfaces)
as the main origin of monolayer selectivity.!®*1% In fact, ten-
sile strain results in a reduced atomic density of the MoS,(1)
layer and an increased interlayer distance, reducing the attrac-
tive vdW interactions between MoS, (1) and MoS, (2). Indeed, as
shown in Section 3.3, monolayer MoS, exfoliated on Au may be
subjected to significant tensile strain values (few %), depending
on the Au/MoS, interface quality and preparation. However, this
second model cannot explain monolayer-selective exfoliation of
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MoS, on other metal surfaces, such as Pd, with negligible lattice
mismatch to MoS,.[1%]

More recently, Corletto et al.l'%] proposed a third model, com-
bining both lattice mismatch strain and the electrostatics (i.e.,
Schottky barrier formation and charge transfer) at MoS, /metal
interfaces, in order to provide a general description of monolayer-
selective exfoliation yield on different metal surfaces. Figure 5a il-
lustrates the energy band diagram of a metal/MoS, system before
and after contact, showing the formation of a Schottky barrier at
the interface with a built-in potential ®;, = Wy — yyos0 — (Er —
E.), with W), the metal work-function, y,,,s, the electron affinity,
and E the conduction band energy of MoS,, and E; the Fermi
energy. Figure 5b shows the electron density variation (i.e., elec-
tron depletion) for MoS, in contact with different metals, with re-
spect to isolated MoS,. Hence, when bulk MoS, goes in contact
with a metal surface, the built-in electric field E associated with
the Schottky junction is responsible for an increased effective
MoS,(1)/MoS, (2) interlayer distance and a weakening of the in-
terlayer bond (as illustrated schematically in Figure 5c), whereas
the electron depletion is responsible for a change in MoS, polar-
izability. According to this model, the MoS, (1)/MoS, (2) interlayer
binding energy (E,,,) can be expressed as:

Elnt = EIntO + AElnt(e) + AEInL (E) + AEIVLL (n) (1)

where E, , is the initial vdW interlayer bond before contact for-
mation, whereas AE,,, (€), AE,, (E), and AE,,, (n) are the varia-
tions due to lattice mismatch strain, Schottky electric field, and
electron depletion, respectively. The plot in Figure 5d shows a col-
lection of experimental values of built-in potential (®, ) and strain
(¢) for MoS, /metal interfaces, extracted from different papers.
Furthermore, the calculated MoS, (1)/MoS, (2) interface energies
E,,. are also reported, considering only strain effects (vertical dot-
ted lines) and both strain and electrostatic effects (dashed lines).
This graph confirms that monolayer MoS, exfoliation selectiv-
ity on different metal surfaces can be properly described only by
the combination of these effects. On the other hand, this graph
shows the large spread in the experimental values of strain € and
®,, suggesting a strong dependence of these values on the prepa-
ration conditions of metal/MoS, interface.
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Figure 5. a) Schematic band diagram of a metal/MoS, system before and after Schottky contact formation, illustrating the built-in potential ®; and elec-
trons depletion at MoS, surface. b) Electron density variation for 1L MoS, in contact with different metals (with respect to isolated 1L MoS,), evaluated
from Raman spectra (left column) or by DFT calculations (right column) versus the built-in potential ®;. c) Schematic illustration of the increase of the
MoS, (1)/MoS, (2) interlayer distance due to the built-in electric field and electron depletion after contact formation. d) Plot of experimental values of the
built-in potential (®,) and strain (¢) for MoS, /metal interfaces, extracted from different papers, and calculated MoS, (1)/MoS, (2) interface energies E;,
considering only strain effects (vertical dotted lines) and both strain and electrostatic effects (dashed lines). Reproduced with permission.l'%¢] Copyright

2024, American Chemical Society.

In the next section, the key experimental parameters playing a
role in the exfoliation of monolayer MoS, on gold surfaces, con-
sidered as a model system, will be discussed.

3.2. Key Experimental Parameters for Monolayer MoS,
Exfoliation on Au

From the experimental viewpoint, the morphology of the Au sur-
face (i.e., its roughness) and its cleanness (i.e., the absence of
adsorbates) are two key parameters affecting the 1L MoS, exfo-
liation yield. As reported by Velicky et al.,[°! a high roughness
of the Au surface causes a reduction of the “effective” contact
area with the bulk MoS, stamp, resulting in a lower 1L MoS,
exfoliation yield. The impact of different roughness values on
the local interaction between MoS, and Au is schematically il-
lustrated in Figure 6a,b. Furthermore, the experimental results
in Figure 6¢c demonstrate the drastic decrease of 1L MoS, exfo-
liation yield from ~95% to ~10% by increasing the Au surface
roughness from ~0.68 to ~1.44 nm. Thus, the optimization of the
physical vapor deposition (PVD) process of Au thin films, such as
magnetron sputtering and electron-beam evaporation, is essen-
tial to achieve an improved MoS,-Au surface contact.

Adv. Funct. Mater. 2024, 2414532 2414532 (6 0f23)

The adsorption of organic contaminants (especially adventi-
tious carbon) on as-prepared Au surface during prolonged ex-
posure to air is another key factor influencing the strength and
uniformity of MoS,—Au interaction. In particular, it has been es-
timated that, in the case of a flat Au surface, exposure to air for
~9-10 min results in the formation an inhomogeneous contam-
inant layer, whereas a complete coverage by such organic film is
achieved for exposure times >15 min, as schematically illustrated
in Figure 6d,f. As a matter of fact, the presence of this interlayer
partially or completely screens the interaction between MoS, and
Au. As a result, from the experimental viewpoint, a very efficient
1L MoS, exfoliation was achieved from few seconds up to ~5 min
from the gold deposition, whereas a significant decrease in the
exfoliation yield of 1L (and a corresponding increase for multi-
layers) was observed after 8-10 min,!®®! as shown in Figure 6g.

3.3. Morphological, Structural, Vibrational, and Optical
Properties of Exfoliated MoS, on Gold

The morphological, vibrational, and light emission properties of
exfoliated MoS, membranes on Au surfaces have been widely
investigated by different research groups, using a variety of
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Copyright 2018, American Chemical Society.

microscopic (AFM and transmission electron microscopy [TEM])
and spectroscopic techniques (micro-Raman and PL spectro-
scopies). In particular, micro-Raman spectroscopy is a power-
ful method, providing critical information on the crystal quality,
thickness, strain, and doping effects induced by substrates on 2D
materials.[107-110]

Raman analyses reported in the literature clearly show how
the interaction with the substrate affects the main vibrational fea-
tures of 1L or few-layer MoS, exfoliated on gold, due to substrate-
induced strain and doping, and results in a quenching of PL
emission. However, significant differences in the strain and dop-
ing of MoS, and in the PL intensity reduction are observed
among different reports, indicating how several factors including
the Au morphology and surface preparation influence the prop-
erties of Mo$, films on the metal substrate.

In the following some examples showing this variability in the
experimental results are illustrated.

Figure 7a shows the AFM morphology of 1L MoS, exfoliated
on the surface of an Au film (15 nm thick), deposited by e-beam
evaporation. This image illustrates how the 1L MoS, membrane
adapts to the Au films topography. Figure 7b, continuous lines,
shows a set of Raman spectra collected on MoS, with different
thickness (1L, 2L, 3L, and bulk) exfoliated on the same Au sur-
face. For comparison, the Raman spectra of 1L, 2L, 3L, and bulk
MoS, on SiO, are also reported as dashed lines. While no sig-
nificant substrate-related differences in the in-plane (E,,) and
out-of-plane (A,,) Raman modes can be observed for bulk and
3L MoS, samples, slight differences in the E,, width appear for
2L MoS, on Au with respect to SiO,. On the other hand, very
strong differences in the in-plane (E’) and out-of-plane (A’,) vi-
brational features were found for 1L MoS, supported by the two

Adv. Funct. Mater. 2024, 2414532 2414532 (7 of 23)

substrates. In particular, for 1L MoS, on Au, the E’ mode was
subjected to a strong redshift and broadening, while the A",
mode was split in two components, defined as A’; (L) and A’; (H).
These peculiar features have been reported by different authors
in literature,'"-11¢] although the interpretation of their origin is
still matter of debate. As an example, Velicky et al.[''!] explained
the splitting of the A’; mode as a consequence of the rough-
ness of the e-beam deposited Au film, which results in the co-
existence (within the area probed by the laser spot) of nanoscale
1L MoS, regions in direct contact with Au and of suspended re-
gions, as illustrated in Figure 7c. Since the A’; mode is known
to be sensitive to the local doping of 1L MoS,, the separation of
the A’; (L) and A’ (H) components was associated to a difference
in substrate-induced doping. Furthermore, the strong E’ redshift
was connected to a high tensile strain (between 0.8% and 1.9%) of
the 1L MoS, membrane in this configuration. Pollmann et al.[''?]
considered the intensity ratio between the two A’; (L) and A’, (H)
components as a way to evaluate the degree of contact strength (or
contact area) between 1L MoS, and Au. Noteworthy, such a sce-
nario from Raman characterization (i.e., a large E’ redshift and
A, splitting) was typically accompanied by a strong quenching
of the PL emission from 1L MoS, on Au.['!!]

On the other hand, other authors reported a different scenario
from micro-Raman and PL analyses of 1L MoS, exfoliated on Au
films, i.e., the lack of splitting in the A’; and a small redshift of
the E’ Raman peaks, accompanied by an evident (although sig-
nificantly quenched) PL signal from MoS,.[8799114117] Figure 8a
shows the AFM surface morphology of 1L MoS, exfoliated on
a very flat Au films (deposited by DC sputtering on SiO, with
a Ni adhesion layer). The comparison of surface roughness val-
ues of the bare and 1L MoS, covered Au areas (Figure 8b) clearly
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Figure 7. a) AFM morphology of 1L MoS, exfoliated on the surface of an Au film (15 nm thick, deposited by e-beam evaporation). b) Raman spectra
of MoS, with different thickness in contact with the Au surface (continuous line) and on SiO, (dashed lines): bulk (black spectra), 3L MoS, (green
spectra), 2L MoS, (blue spectra), and 1L MoS, (red spectra). c) Details of the Raman features for 1L MoS, on SiO, (black line) and on Au (orange line),
with deconvolution analysis. All the figures are reproduced with permission.["""] Copyright 2020, American Chemical Society.

demonstrate how the MoS, membrane is perfectly conformal
with the flat Au surface. The highly conformal vdW interface be-
tween 1L MoS, and Au, with a Mo—Au distance (dy;, ,,) in the
range between 4.0 and 4.4 A, was evaluated by atomic resolution
cross-sectional HAADF-STEM (Figure 8c).

Figure 8d shows a set of typical Raman spectra collected on
MoS, membranes with different thickness (1L, 2L, few layers,
and bulk) exfoliated on that Au surface (continuous line), and, for
comparison, on MoS, membranes transferred onto an Al,O,/Si
surface (dashed lines). The vertical gray lines indicate the E’ and
A’, modes for 1L MoS, on the insulating Al, O, substrate, with a
peaks’ separation Aw ~ 18 cm™, typically associated with mono-
layer thickness.''?] Noteworthy, the E’ peak for 1L MoS, on Au
exhibits a small redshift with respect to 1L MoS, on Al,O,, which
was associated with a small tensile strain (x0.2%). With increas-
ing the number of MoS, layers, the separation Aw between the
in-plane (E, ) and out-of-plane (A, ,) Raman peaks increases (as
commonly observed), and the individual peak positions become
independent on the kind of substrate (Au or Al,O;).

Finally, Figure 8e,f shows the PL spectra collected on 1L, few
layers and bulk MoS, films exfoliated on Au and transferred onto
A,0,/Si. For all the spectra, the intensities have been normalized
to the respective Raman peaks, to allow a comparison between

Adv. Funct. Mater. 2024, 2414532 2414532 (8 0f23)

different MoS, thicknesses and different substrates. Noteworthy,
for Au-supported 1L MoS, PL emission is significantly quenched
(although still measurable), and the PL peak exhibits a red-shift,
as compared to the same 1L membrane exfoliated on Au and sub-
sequently transferred onto Al,O,.['1%]

The correlative plot of E’ and A’; Raman peak positions rep-
resents an effective approach to evaluate the strain (¢) and dop-
ing (n) of 1L MoS, membranes, as demonstrated by different
authors.[87120-123] [n Figure 9, we used this kind of plot to pro-
vide an overview of recent literature results of Raman character-
ization on 1L MoS, /Au systems. Here, the red (black) continu-
ous lines are the strain (doping) lines, which represent the theo-
retical (wg; @) relations for an ideally undoped (unstrained) 1L
MoS,. These two lines cross in a point (gray square) correspond-
ing to the literature values of the E’ and A’; peaks’ wavenumbers
for a suspended 1L MoS, (), = 385 cm™; @9, = 405 cm™).[122]
Hence, the strain and doping lines separate the (w;; @ ,,,) plane
in four regions corresponding to different types of doping and
strain of 1L MoS,, with the tensile (compressive) strain and the
n-type (p-type) doping directions indicated by the black and red
arrows, respectively. The parallel red and black dashed lines in the
plot serve as guide for the eye to quantify the strain and doping
values.
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Figure 8. a) AFM morphology of 1L MoS, partially covering the surface of a flat Au film deposited by sputtering on SiO, with a Ni adhesion layer.
b) Histogram of height values from the AFM analysis, indicating a very conformal coverage of 1L MoS, on Au. c) Cross-section HAADF-STEM image
of the 1L MoS, on Au, showing a Mo—Au distance in a range between 4.0 and 4.4 A. d) Raman spectra of MoS, with different thicknesses (1L, 2L,
few layers, and bulk) exfoliated on Au (continuous lines) and transferred on Al,O;/Si (dashed lines). PL spectra collected on 1L, few layers, and bulk
MoS, e) exfoliated on Au and f) transferred onto A,O,/Si substrate. (a)—(c) Adapted with permission.l’'8] Copyright 2023, Elsevier. (d)—(f) Adapted
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Figure 9. Correlative plot of the E’ and A’; Raman modes for 1L MoS, samples exfoliated on Au surfaces, with the experimental data points extracted

from different literature papers, as indicated in the legend.
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In Figure 9, the spread between experimental points taken by
different literature works clearly reflects the variability of strain
and doping for 1L MoS, exfoliated on Au substrates, mostly de-
pending on the Au surface preparation and morphology. The
cases when the A’; exhibits a splitting into A, (H) and A’, (L) are
indicated by the blue and red ellipses.

Noteworthy, in most of the reports, Au supported 1L MoS, ex-
hibits a tensile strain, with values ranging from ~0.2%/8”12] to
~1.4%, 1M1 12115] whereas a small compressive strain ~#—0.2% is
reported by few authors.®?! Such a variability of strain can be as-
cribed to the occurrence of different atomic-scale configurations
of the MoS, /Au interfaces, as illustrated by Sarkar et al.['?] using
first-principle calculations of the MoS,/Au(111) system. Differ-
ent surface roughness of the Au substrate can play a crucial role
on the strain of the MoS, membrane. Regarding doping of Au-
supported MoS,, most of the literature data indicate a relatively
small (from 2 to 4 x 10'> cm™?) p-type or n-type doping, whereas
a larger spread in the doping values is deduced from some liter-
ature works, especially in the cases when a splitting of the A’, is
observed.

4, Transfer of Large-Area Monolayer MoS,
Membranes Obtained by Metal-Assisted
Exfoliation

As previously discussed, the Au-assisted exfoliation allows to ob-
tain large-area (mm? to cm?) MoS, membranes, mostly com-
posed by a monolayer, with high repeatability. However, device
applications of as-exfoliated membranes in contact with the Au
substrates are very limited. As an example, optoelectronic ap-
plications of 1L MoS, on Au are hampered by the significant
quenching of photoluminescence signal due to charge-transfer
at MoS, /Au interface,[¥:111126] whereas MoS, field-effect transis-
tors (FETS) applications are limited by the presence of the con-
ductive Au layer underneath the 2D semiconductor channel. For
these reasons, the transfer of exfoliated MoS, from Au to an insu-
lating or semiconducting substrate is a necessary step for devices
realization.

This section provides an overview of the three main methods
demonstrated so far for the Au-assisted exfoliation and transfer of
MoS, membranes. As illustrated in Figure 10, these methods can
be grouped in two main categories, depending on how the inter-
face between the bulk MoS, and Au is obtained, i.e., the mechan-
ical pressure between MoS, and a predeposited Au film (a,b), or
the direct physical vapor deposition of Au on MoS, surface (c).

4.1. Mechanical Adhesion between Bulk MoS, and Au Surfaces

1L MoS, exfoliation by mechanical adhesion between bulk MoS,
and an Au surface can be implemented in different ways.

A first method (Method 1), illustrated in Figure 10a, consists
of the following steps:

1) PVD deposition of an Au thin film with an adhesion layer (typ-
ically Ti or Ni) on a substrate, such as SiO,/Si;

2) pressing the bulk MoS, stamp on the Au surface to exfoliate
1L MoS, membrane;

Adv. Funct. Mater. 2024, 2414532 2414532 (10 Of23)
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3) coating the 1L MoS,/Au surface with a polymer protective
layer (such as PMMA) and a thermal release tape (TRT);

4) etching of the Au film to release the TRT/PMMA/1L MoS,
stack from the substrate;

5) transfer to the target substrate by pressing the stack, and re-
leasing the TRT by heating at 100-150 °C on a hot plate; and

6) final removal of the polymer protective layer by solvents (e.g.,
acetone for PMMA).

An alternative way (Method 2) to implement this approach con-
sists in the realization of an “Au adhesive tape,”®”] which can be
pressed on the surface of the bulk MoS, crystal, as illustrated in
Figure 10b. This method consists of the following steps:

1) PVD deposition (evaporation or sputtering) of an Au film
(without any adhesion layer) on an Si surface and, subse-
quently, spin-coating a polymer layer (e.g., PMMA) on the Au
surface;

2) pressing a TRT tape on the PMMA surface and peeling-off
the PMMA/Au membrane from the Si substrate, thanks to
the low adhesion of Au on Si;

3) pressing the freshly peeled Au surface on a bulk MoS, sample
to exfoliate a 1L MoS, membrane;

4) pressing the TRT/polymer/Au/1L MoS, stack on the target
substrate and releasing the TRT by heating on a hot plate; and

5) sequentially removing PMMA in acetone, and Au etching in
a KI/I, solution.

The main advantage of these methods is the possibility to ob-
tain, in principle, a very sharp vdW interface between Au and
MoS,, as illustrated in the schematic and cross-sectional TEM
image in Figure 10d. However, as already discussed in Section 3,
to achieve a high monolayer exfoliation yield, the as-deposited Au
surface must be very flat and the accumulation of contaminations
due to exposure to air must be avoided.

4.2. PVD Deposition of Au on Bulk MoS,
An alternative approach (Method 3),['281291 gchematically illus-
trated in Figure 10c, is based on the following steps:

1) The direct PVD, i.e., evaporation or sputtering, of a thin Au
film directly on the bulk MoS, surface;

2) pressing a TRT on the freshly deposited Au film, followed by
the exfoliation of the Au/MoS, stack. Typically, an ultrasoni-
cation process is employed to remove the thicker parts of the
exfoliated MoS, and leave an extended 1L MoS, on Au;

3) pressing of the TRT/Au/1L-MoS, stack on the target sub-
strate;

4) releasing the TRL tape on a hot plate at a temperature of 100—
150 °C; and

5) etching of the Au film in a solution of KI/I, at room tempera-
ture for few minutes, followed by a thorough cleaning in H, O,
to leave an extended 1L MoS, on the target substrate.

By using this approach, Desai et al.'?8] demonstrated the exfo-
liation of 1L MoS, flakes with areas 10* times larger compared to
those obtained by the conventional mechanical exfoliation using
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Figure 10. lllustration of the three main methods for Au-assisted exfoliation and transfer of large-area 1L MoS, membranes, grouped in two categories,
depending on how the interface between the bulk MoS, and Au is obtained: a) in Method 1 and b) Method 2 mechanical pressure between bulk MoS,
and predeposited Au; c) in Method 3 direct PVD of Au on bulk MoS, surface. d) Schematic and cross-sectional TEM image of the vdW interface obtained
by pressing Au on MoS,. e) lllustration of possible surface damage occurring during Au PVD on bulk MoS,, and cross-sectional TEM image of the
Au/MosS, interface. (d) and (e) Adapted with permission.l'?’] Copyright 2018, Springer Nature.

an adhesive tape. PVD of Au allows a nearly conformal cover-
age of the bulk MoS, surface. However, a main issue related of
this approach is the possible surface damage induced during de-
position by energetic Au atoms, which can diffuse inside MoS,
crystal introducing vacancies and extended defects,['?13% as il-
lustrated in the schematic and in the cross-sectional TEM im-
age in Figure 10e. These defects can ultimately affect the struc-
tural and electrical quality of the exfoliated 1L MoS, membrane.
Hence, an accurate optimization of the main PVD parameters is
necessary to minimize these phenomenal'*!! when adopting this
method for Au-assisted exfoliation.

Table 1 below reports a literature survey on the applica-
tion of the three transfer methods illustrated in Figure 10. In
particular, the type of exfoliated 2D monolayers, the polymers

Adv. Funct. Mater. 2024, 2414532 2414532 (11 Of23)

used in the transfer, the Au etching and polymer removal ap-
proaches are listed. Furthermore, the relevant electrical proper-
ties of transferred 1L-MoS, measured using transistor devices
(i-e., the field-effect mobility and/or I /I 4 current ratio) are
reported for benchmarking. Here, it is worth noting that al-
though all the three “Au-assisted exfoliation and transfer meth-
ods” make use of polymers or TRT for the films’ manipulation
and transfer, a direct contact between the polymer and 1L-MoS,
occurs only in Method 1. The most used polymer in Method 1 is
spin-coated PMMA on 1L-MoS,, which is known to leave many
residues even after removal with acetone.[132133] As an alternative
less-contaminating polymer, Sahu et al.3*] recently employed a
ready-to-use poly(dimethylsiloxane) (PDMS) stamp for dry trans-
fer of 1L-MoS,/Au. Finally, Heyl et al.?*l proposed a modified

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A 381D 3|qedljdde au) Aq paupnob 822 Sojoie VO ‘35N JO S|N. 104 AReiq I 8UIIUO A3|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARR1q U1 |UO//:SONY) SUORIPUOD PUe SWB L 8U388S *[202/TT/52] uo ARiqiauliuo A8|im ubojog INO Ad ZESyT20Z WiPe/200T OT/10p/Loo 43| imAfeid 1 pul|uo//Sdny Wwo. papeojumoq ‘0 ‘8Z0€9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

Table 1. Literature survey on the application of the transfer methods, including information on the type of exfoliated 2D monolayers, the polymers used
in the transfer, the Au etching and polymer removal approaches, and relevant electrical properties of transferred 1L.-MoS, measured using transistor

devices.

Exfoliation and Exfoliated 2D Polymer used Au etching Polymer removal MoS, electrical properties Refs.
transfer method monolayers
1 >40 2D materials PMMA KI/l, + DI water (3 times) Acetone p~30cm?v's! [99]
Ion/logs 2 107
1 MoS, Polymer-free FeCl; (12 h) + KI/I, (30 min) - pu~89cm? Vs [34]
lon/loge = 10°
1 MoS,, WS,, MoSe,, PDMS Kl/l, 4+ KCI+DI water (3 times) - p~0.86 cm? V71571 [134]
WSe,, PtSe,,
graphene
2 MosS, PMMA KI/l, + DI water Acetone + IPA (10 min) pum23cm?VvlsT! 187]
2 MoS,, WS,, MoSe,, PC and PVA - pr63cm? Vs (83]
WSe, Ion/logr 108
3 MoS, TRT KI/l, (4 min) + Acetone/IPA (10 Thermal release of the TRT pu~26cm?V-ls! [128]
min)
3 MoS,, WS, AZ 4620 photoresist Kl/l, + DI water Acetone (4 h) lon/loge = 103107 81
3 MosS, TRT Kl/l, + DI water Thermal release of the TRT ~ p~ 0.5-20 cm? V=1 57! [129]

Ion/ 1o ~ 10%-108

(i.e., polymer-free) version of the transfer Method 1, where the
gold substrate was used for exfoliation as well as for transfer.
In this approach, 1L-MoS, exfoliation is carried out on a thick
(200 nm) gold film deposited on an 800 nm sacrificial copper
layer supported on an epoxy/glass substrate. Chemical etching
of the Cu layer (in FeCl,) results in a floating Au/2D membrane,
which is subsequently transferred on the target substrate, fol-
lowed by final etching (using KI/I,) of the gold film.

Interestingly, the results of the literature survey reported in
Table 1 show, for all the three methods, a significant spread of
measured mobility values (i.e., from 0.86/13* to 30 cm? V1 s71%]
for Method 1, from 2.31%1 to 63 cm? V! s71®I for Method 2,
and from 0.51%1 to 26 cm? V1 57111281 for Method 3), with max-
imum values comparable to those obtained from classic scotch-
tape exfoliation.['”°] Hence, besides possible polymer residues,
other factors involved in the transferring process, including ad-
hesion on the target substrate, cracks and strain in the 1L-MoS,
membrane, can influence the final electrical performances. An
ultimate approach to avoid any polymer contamination of exfo-
liated 1L-MoS, on gold would be coating its surface with a thin
high-k insulating film (deposited by ALD) before the transfer pro-
cess, as recently proposed by Schilird et al.['3%] Besides prevent-
ing the contact with polymers or TRT, this high-x encapsulation
will result in a strong improvement of MoS, carrier mobility for
transistors applications.[!]

5. Devices Applications and Advanced Processing

5.1. Menmrristors Based on 1L MoS, /Au Junctions

A recently demonstrated device concept based on the 1L
MoS, /Au system is represented by the metal/MoS, /Au memris-
tor, a nonvolatile resistive switching memory device, very promis-
ing for ultradense data storage and neuromorphic computing
systems.[117136-140] Figure 11a,b shows a schematic illustration
and an optical microscopy image of such device structure, where

Adv. Funct. Mater. 2024, 2414532 2414532 (12 Of23)

1L MoS, is sandwiched between two Au electrodes, whereas the
current-voltage characteristics in Figure 11c clearly illustrate the
bipolar memristor behavior, i.e., the switching from a high re-
sistance state (HRS) to a low resistance state (LRS) by applying
a proper positive SET voltage between the two electrodes, and
the switching back from the LRS to the HRS by applying a neg-
ative RESET voltage.[38] More recently, Hus et al.''’l demon-
strated the crucial role of atomic scale defects (specifically sulfur
vacancies) of 1L MoS, in the resistive switching behavior of 1L
MoS, /Au memristors by scanning tunneling microscopy (STM)
and spectroscopy (STS) in ultrahigh vacuum.

Starting from high-quality and large-area 1L MoS, as-
exfoliated on Au, the authors intentionally increased the density
of sulfur vacancies by an annealing process at 400 °C for several
hours in ultrahigh vacuum conditions. Atomic resolution STM
images revealed a typical diode-like behavior of the Au tip/1L
MoS, /Au—substrate junction in the defects-free MoS, areas, as il-
lustrated in Figure 11d—f. On the other hand, the occurrence of a
resistive switching behavior from an HRS to an LRS was demon-
strated on the sulfur vacancy sites, identified by STM imaging
(Figure 11g,h). Specifically, starting from an “empty” S vacancy
(Figure 11h) and applying a positive tip bias of ~1.8 V, the switch-
ing from the LRS to the HRS (SET event) was associated with the
filling of the vacancy with a substitutional Au atom (Figure 11i,j).
The switching back from the LRS to the HRS by applying a neg-
ative tip bias of —1.1 V (RESET event) was instead associated to
the restoring of the empty S vacancy (Figure 11k1).

5.2. Photodetectors

Owing to its sub-nanometer thickness and ~1.9 eV direct
bandgap, 1L MoS, has been considered since the early
studies for optoelectronic devices, including ultrasensitive
photodetectors,['°] phototransistors, 212! or photovoltaic cells.!?3!
As a matter of fact, most of these high-performance early
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Figure 11. a) Schematic illustration and b) optical microscopy of an Au/1L MoS,/Au memiristor. c) Current—voltage characteristics of the device illus-
trating the bipolar memristor behavior. d) Schematic of the STM setup used to characterize the defects-free MoS, on Au. e) Corresponding atomic-scale
STM image and f) local I~V characteristics of a defects-free region of 1L MoS, exfoliated on Au, showing a typical rectifying behavior at the Au tip/1L
MoS, /Au substrate junction. g) Schematic of the STM setup used to characterize an S vacancy defect in 1L-MoS, on Au. h) Corresponding atomic-scale
STM characterization of an S vacancy defect in 1L MoS, on Au. i) Local current-voltage characteristics on the defect’s region, showing the transition
from a low resistance state (LRS) to a high resistance state (HRS) by the application of a positive tip bias of ~#1.8 V. j) STM image after the “set event”
showing the presence of a substitutional Au atom in the S vacancy site. k) Local current-voltage characteristics showing the occurrence of the “reset
event” by application of a negative tip bias and [) STM image acquired after the reset event, showing the restoring of S vacancy defect. (a)—(c) Adapted

with permission.[38] Copyright 2018, American Chemical Society. (d)—(l) Adapted with permission.l'"7] Copyright 2021, Springer Nature.

demonstrators have been realized using small-size high-
crystalline quality MoS, flakes obtained by mechanical exfolia-
tion from bulk crystals. Whereas CVD and MOCVD techniques
represent nowadays the most suitable approaches for future in-
dustrial applications, large-area membranes produced by Au-
assisted exfoliation may be useful to fabricate devices arrays for
benchmarking purposes.

Recently, high-performance photodetectors have been demon-
strated using large-area 1L MoS, exfoliated on Au and trans-
ferred onto SiO,/Si substrates,**! as illustrated in Figure 12a—c.
Figure 12d reports the drain—source current-voltage (Iy—Vj)
characteristics of the phototransistor in the dark and under il-

Adv. Funct. Mater. 2024, 2414532 2414532 (13 0f23)

lumination, using a focused laser beam (4 = 514.5 nm) of differ-
ent illumination power densities in the range 2.5-63.6 pW cm™2.
The linearity and symmetry of the I;—V,, curves demonstrate
the formation of ohmic contacts onto MoS,. Furthermore, an in-
crease of I;, by several orders of magnitude as a function of laser
power is demonstrated. Figure 12e shows the time-dependent
photoresponse of the phototransistor (at a source—drain bias
Vg = 1V and backgate bias V, = 0 V) under incident laser
pulses at different power densities, demonstrating rise and decay
times and a dependence of the maximum photocurrent on the
power density comparable to those of similar devices fabricated
with small mechanically exfoliated flakes. Similarly, the values of
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Figure 12. a) Schematic and b,c) optical images of a photodetector fabricated using large-area 1L MoS, exfoliated on Au and transferred on an SiO,/Si
substrate. d) Device photoresponse in the dark and under illumination with a laser source (4 = 514.5 nm) at different power densities (from 2.5 to
63.6 mW cm™2) with V4, = 1 and V,, = 0 V. e) Time-dependent photoresponse for different illumination power densities. Figures reproduced and

adapted with permission.l'34] Copyright 2023, Wiley.

photodetector responsivity, i.e., the ratio between the photocur-
rent and the power of the light (R = I, /P), are comparable to
those obtained by mechanical exfoliated MoS,-based devices at
similar bias and illumination power. As a further demonstra-
tion of the high-quality (i.e., low defectivity) of the Au-exfoliated
and transferred membrane, the device performances proved to
be stable, even without any passivation, after five months from
the fabrication.13*!

5.3. Field-Effect Transistors

Besides optoelectronic devices, FETs represent one of the main
application fields of MoS, and other TMDs. As a matter of fact,
MoS, on Au is not a suitable system to implement FETs, due
to the presence of the conductive metal substrate, which typi-
cally represents a preferential parallel conduction path with re-
spect to the MoS, channel. To circumvent this issue, Huang
et al.”! recently fabricated an ionic-liquid top-gated FET us-
ing 1L MoS, exfoliated onto an ultrathin and discontinuous Au
(1.5 nm)/Ti (0.5 nm) film on an SiO, /Si substrate, as illustrated in

Adv. Funct. Mater. 2024, 2414532 2414532 (14 0f23)

Figure 13a. In this case the sheet resistance of the Au/Ti film was
significantly higher than the one of 1L MoS,. Hence, the channel
conductance of the 2D semiconductor was very efficiently mod-
ulated by an ionic liquid top-gate, showing remarkable perfor-
mances, such as a subthreshold swing (SS) ~ 100 mV dec™! and
a mobility between 22.1 and 32.7 cm? V~! s7! (see Figure 13b).
Obviously, this ionic liquid gated FET device simply served to
demonstrate the excellent electronic properties of as-exfoliated
MoS, on Au, but it is not suitable for practical applications. On
the other hand, the commonly adopted backgated MoS, FETs
structure (see schematic in Figure 13c) requires the transfer of
1L MoS, on a dielectric substrate.

Figure 13d,e shows the I, —V, transfer characteristics and the
14—V output characteristics of a long channel (L = 20 um,
W = 3 um) MoS, FET fabricated by transfer of Au-exfoliated 1L
MoS, onto an SiO, (50 nm)/Si substrate. This prototype showed
a good on/off ratio of about 10°-10° and a field-effect mobility
~26 cm? V1 571, comparable with the reported values for back-
gated FETs fabricated using mechanically exfoliated microme-
ter area MoS, flakes. As a matter of fact, the large lateral exten-
sion of transferred Au-exfoliated 1L MoS, membranes allows to

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 13. a) Schematic of an ionic-liquid top-gated FET fabricated with as-exfoliated 1L MoS, on an ultrathin discontinuous Au/Ti (1.5 nm/0.5 nm)
film. b) Transfer characteristic of this device, demonstrating the excellent electronic quality of as-exfoliated 1L MoS,. c) Schematic of a back-gated FET
fabricated using large-area 1L MoS, exfoliated on Au and transferred onto an insulating substrate. d,e) Typical transfer and output characteristics of the
back-gated device. f) Statistics of the on/off intensity ratio (blue) and mobility (red) on an array of 1L MoS, FETs. (b) and (f) adapted with permission,[®°]
Copyright 2020, Springer Nature, and (d) and (e) adapted with permission.l128.13°] Copyright 2016, Wiley.

fabricate arrays of backgated FETs!*! and to perform statistic eval-
uation on the uniformity of the main electrical parameters, such
as the mobility (in the range between 20 and 30 cm? V- s7!) and
on/off ratio (between 107 and 108), as illustrated in Figure 13f.

5.4. Advanced Processing for 2D Transistors: High-k Dielectrics
Integration onto Au-Exfoliated 1L MoS,

One of the key process steps for 2D semiconductors-based tran-
sistors is represented by the integration of high-x insulating
films on their surface, to be used as a passivation against hu-
midity and contaminations from the environment and/or as top-
gate dielectrics for local modulation of channel conductivity. The
beneficial effects of the encapsulation of 1L MoS, with high-x
dielectrics were demonstrated since the early reports on MoS,
FETs, by showing a large improvement of the field-effect mobil-
ity (up to 200 cm? V-1 s71) after deposition of Al,O, or HfO,
films on mechanically exfoliated flakes.!**1-1%3] Such mobility im-
provement was ascribed to a strong reduction of the Coulomb

scattering of MoS, electrons by charged impurities (V,,; « %),
0%r

Adv. Funct. Mater. 2024, 2414532 2414532 (15 Of23)

owing to the higher dielectric permittivity «, of the surround-
ing ambient,['*112] and/or to a reduction of the electron/phonon
interactions.['**]

Currently, atomic layer deposition (ALD) is the method of
choice for the growth of ultrathin high-« dielectric films in micro-
and nanoelectronics. In a typical ALD process, the initiation of
the layer-by-layer growth on a substrate requires the presence of
a large density of surface dangling bonds. As a matter of fact,
this nucleation step is hindered on the dangling bonds-free sp?
surface of 2D materials, typically resulting in a highly inhomoge-
neous surface coverage during the early stages of the ALD pro-
cess. To circumvent this inherent limitation, different surface
preparation approaches of 2D materials have been explored so
far to promote ALD growth. These include the coating of 2D
materials surfaces with thin seed layers (spin-coated polymer
thin films,[1*147] gelf-assembled monolayers, 14141 or PVD de-
posited metal or metal oxide films(*1>!)) or the prefunctionaliza-
tion of the 2D materials surface, e.g., by soft plasma treatments,
to intentionally introduce dangling bonds.'>?] Recently, similar
approaches have also been used for the ALD growth on trans-
ferred large-area 1L MoS, membranes produced by Au-assisted

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 14. AFM images and schematic cross sections illustrating the very different uniformity of Al,O; thin films deposited under identical ALD con-
ditions on a) 1L MoS, /Al,03/Si and b) 1L-MoS,/Au. c) Schematic of the C-AFM setup used to evaluate the thickness and insulating properties of the
thin Al,O; film deposited on 1L MoS,/Au. d) Morphology map with a height line profile and e) current map with a current line profile, collected in a
patterned Al,O3/MoS, region. An Al,O; thickness of ~3.6 nm and excellent insulating properties are deduced from these analyses. f) Local current—
voltage (I-Vy,) characteristics at different positions of the Al,O; film, from which a breakdown field of 10-12 MV cm™! has been estimated. Figures
reproduced and adapted with permission from ref. [135] Copyright 2021, Wiley.

exfoliation. As an example, the encapsulation with a thin Al film
(~1 nm) naturally oxidized air, followed by thermal ALD of 10 nm
Al,O;, proved to be very effective in improving the electrical per-
formances of back-gated FETs with a large-area 1L MoS, channel,
achieving field-effect mobility values in the range of 40 cm? V!
S—l.[ll‘)]

As a matter of fact, the above-mentioned approaches to pro-
mote ALD growth exhibit several limitations, as they can affect
the carrier mobility of MoS, (e.g., in the case of plasma pretreat-
ments) or the interface quality of the dielectric films and their
equivalent oxide thickness (e.g., in the case of predeposited seed-
ing layers). Hence, the direct ALD growth of high-x dielectrics
on MoS,, without any seed layers and prefunctionalization pro-
cesses, is highly desirable, especially for the integration of ultra-
thin (few nm) top-gated dielectrics in ultrascaled 2D FETs.

Recently, Schilird et al.''®135] demonstrated the direct ALD
growth of ultrathin (<5 nm) and uniform high-x dielectric films
(Al,0;, HfO,) with excellent insulating quality on the surface
of as-exfoliated 1L MoS, on Au. Figure 14a,b shows a compar-
ison between the morphologies of Al,O, thin films deposited
under identical thermal ALD conditions (80 cycles with TMA
and H,O precursors at a temperature of 250 °C) on 1L MoS,
transferred onto Al,0,/Si (a) and on as-exfoliated 1L MoS, on

Adv. Funct. Mater. 2024, 2414532 2414532 (16 0f23)

Au (b). While a very inhomogeneous Al,O; coverage was ob-
tained on 1L MoS, supported by Al,O,/Si, consistently with the
typically reported growth on 2D materials surfaces,['**] a very
uniform and flat Al,O, coverage was achieved on 1L MoS, /Au.
The enhanced Al,O, nucleation on Au-supported 1L MoS, was
ascribed to a higher reactivity with ALD precursors, originat-
ing from the strain of 1L MoS, membrane and from electro-
static fields generated by dipoles at MoS,/Au interface. Simi-
larly, an enhanced ALD growth has been reported in the case of
CVD-grown graphene on metals (Ni, Cu), due to charge dipoles
present at graphene/metal interfaces,['**] and in the case of epi-
taxial graphene on 4H-SiC(0001), due to charged dangling bonds
present at the buffer layer/4H-SiC interface.['>*15] Figure 14c—f
reports a nanoscale resolution morphological and electrical char-
acterization of ALD-grown Al,O; on 1L MoS,/Au by conductive
atomic force microscopy (C-AFM). A uniform AL O, film with
a thickness of ~3.6 nm and excellent insulating properties was
deduced from the topography and current map collected in a pat-
terned Al,O,/MoS, region (Figure 14d,e). A breakdown electric
field of 10-12 MV cm™!, comparable with the state-of-the-art of
high-x dielectric film deposited by ALD on MoS,,[** was esti-
mated from local I-V,;, analyses at different positions on Al,O;,
as illustrated in Figure 14f.
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These results demonstrate the highly beneficial role of the Au
substrate for the ALD growth of uniform and ultrathin high-x
dielectrics on 1L MoS,. An optimized transfer procedure of the
high-« /1L MoS, stack to insulating or semiconducting substrates
will be the key for the extensive application of this approach for
top-gated field-effect transistors fabrication.

6. Perspectives and Challenges

Starting from the promising results of Au-assisted 1L MoS,
exfoliation, the monolayer-selective exfoliation on metal sur-
faces emerged as an universal approach for disassembling
a variety of large-area 2D membranes from layered bulk
crystals and reassembling them in 2D heterostructures.88%)
Figure 15a shows a collection of optical images from a set
of 40 different monolayer 2D materials exfoliated on an Au
(2 nm)/Ti (2 nm) film onto SiO,/Si substrate. These included,
besides several TMDs, elemental 2D crystals (such as black P
and black As), metal monochalcogenides (such as GasS), metal
trichlorides (such as RuCl;), and magnetic compounds (such as
Fe,GeTe,).[?! Figure 15D reports an optical image of a cm? area
MoSe, /W Se, heterostructure on an SiO, /Si substrate, fabricated
by sequential Au-assisted exfoliation and transfer of the WSe,
and MoSe, membranes. Noteworthy, the large-area and single-
crystalline quality of the layers enabled the direct measurement
of the energy bands of the MoSe,/WSe, heterostructure by an-
gle resolved photoemission spectroscopy (ARPES), as shown in
Figure 15b bottom image.

In the last 15 years, the stacking of micrometer size mechan-
ically exfoliated flakes has been used to demonstrate several
2D heterojunction device concepts, including p-n junctions ob-
tained by the combination of differently doped 2D TMDs, 1581591
FETs and light emitting diodes (LEDs) entirely composed of 2D
materials.[1% Starting from those early small-size prototypes, the
sequential Au-assisted exfoliation and transfer approach would
allow the fabrication of arrays 2D heterojunction devices on cm?
areas, thus moving a step toward industrial needs. Furthermore,
the high single crystal quality of the exfoliated monolayers may
enable the realization of new concept devices, such as Moire
superlattice devices, based on rotationally misaligned 2D mem-
branes with controlled twist angles (see the schematic illustra-
tion in Figure 15c).[*71%!] These latter can be used to manipu-
late the electronic properties of crystalline solids through the for-
mation of periodic potentials, involving unconventional super-
conductivity, conducting channels, and peculiar optoelectronic
behavior.[161-164]

Despite the progresses in top-down 2D materials production
by metal-assisted exfoliation discussed in this paper, many chal-
lenges still remain open to fully exploit the potential of this ap-
proach. Currently, the maximum size of the monolayer mem-
branes that can be exfoliated on a gold surface is limited by the
size (from few mm to cm), geometry and planarity of commer-
cially available stamps of bulk mineral crystals. Efforts in upscal-
ing the size of bulk crystals produced by synthetic methods, such
as the flux method growth!!® and the chemical vapor transport
(CVT) method,[1%! will be crucial to allow a wider application of
this exfoliation approach. Furthermore, a standardization of the
metal-assisted-exfoliation protocols is required to achieve repro-
ducible properties of 2D materials/metal interfaces, even in the
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model case of MoS, on Au. These protocols should include the
following crucial aspects:

i) Control of surface roughness of Au or other metal films. This
can be achieved by optimizing the PVD deposition condi-
tions, in the case of these films deposited on a substrate,
such as SiO,/Si. The possibility of using metal foils, such
as Au foils with ultraflat Au(111) surface prepared by flame
annealing, can be considered to this purpose.

ii) Control of the ambient (glove-box, vacuum chamber) where
as-prepared metal substrates are stored, to avoid the accumu-
lation of contamination/moisture on their surface or oxida-
tion (for some metal surfaces).

iii) Optimization/automation of the exfoliation procedure of 2D
materials on the metal surface, and eventual post-exfoliation
annealing.

iv) Optimization of the procedure to separate 2D materials from
the metal surface. Besides the commonly adopted etching
in a KI/I, solution in the case of TMDs exfoliated on Au
thin films, proper etchants should be chosen in the case of
other metal films to achieve optimal detachment of 1L MoS,
without introducing defects. Furthermore, the possibility of
adopting an electrolytic delamination approachl!®’] to sep-
arate large-area 1L MoS, membranes exfoliated on Au (or
other metal foils) should be developed, as this method allows
to reuse the metal substrate avoiding waste of precious ma-
terial.

v) Optimization of the encapsulation of as-exfoliated 2D layers
by ALD deposition of high-x dielectrics, further developing
early results on the enhanced ALD growth of Al,O, and HfO,
on Au-supported 1. MoS, membranes.!154155]

7. Conclusion

In conclusion, we reviewed the state-of-the-art of metal-assisted
mechanical exfoliation of large-area TMDs membranes. Cur-
rent understanding of the interaction between metal and TMDs,
with a special focus on the MoS,/Au model system has been
presented, considering different models accounting for the
monolayer-selective exfoliation on Au and other metal surfaces.
The key experimental parameters to be controlled in order to
maximize the monolayer exfoliation yield, i.e., the Au surface
roughness and surface contaminations arising from exposure to
air, have been discussed. Furthermore, the main experimental
implementations for Au-assisted exfoliation and transfer of large-
area 1L MoS, to arbitrary substrates have been illustrated, com-
paring advantages and drawbacks. State-of-the-art device demon-
strators realized using as-exfoliated 1L MoS, membranes on Au
(e.g., Au/MoS,/Au memristors) or transferred membranes on
insulating substrates (e.g., large-area photodetectors and back-
gated FET arrays) are presented. Furthermore, recently demon-
strated enhanced atomic layer deposition of high-« dielectrics on
Au-supported 1L MoS,, and its potential advantages in top-gated
FET fabrication was discussed. Perspectives of sequential metal-
assisted exfoliation and transfer of 2D materials in the realization
of arrays of 2D heterojunction devices (including Moire superlat-
tice devices) are envisaged. Finally, we discussed open challenges
for widespread application of this method, including the need
of improved synthetic approaches for large-area bulk crystals of
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(b) MoSe,/WSe,
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Figure 15. a) Optical images of large-area membranes of 2D materials exfoliated on the surface of Au films. b) Optical image and energy bandstructure
(by ARPES) of a cm? MoSe, /WSe, heterostructure on an SiO,/Si substrate, fabricated by sequential Au-assisted exfoliation and transfer of the two mem-
branes. c) Schematic of a Moiré superlattice and the corresponding Moiré potential for TMDs-based heterostructures. (a) Adapted with permission.[®]
Copyright 2020, Springer Nature. (b) Adapted with permission.[®] Copyright 2020, AAAS. (c) Adapted with permission.l’>’] Copyright 2019, Springer
Nature.
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different 2D materials, and the standardization of metal surfaces
preparation and transfer methods.
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