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Abstract
Following in graphene’s wake, the scotch tape method became the key enabler for the preparation of 2D materials, providing 
easy access to high-quality materials mainly limited by low yield. At this time, transition metal dichalcogenides (TMDC) 
received tremendous attention as a promising class of two-dimensional (2D) semiconductors. The motivation to reach the 
2D limit of TMDCs and many other layered materials has long been set, and with the rise of gold-mediated exfoliations 
towards the millimeter scale, the stacking of these 2D single-layer building blocks into artificial 3D lattices is more relevant 
than ever. On this note, this review presents the recent developments in gold-mediated exfoliations beyond scotch tape, 
accompanied by a methods walkthrough for such a process. These matured gold exfoliations unlock a whole palette of 2D 
building blocks, ready for the assembly of macroscopic van der Waals heterostructures, or twistronics. Ultimately, mechani-
cal exfoliation as a key enabler for high-quality single layers, evolved from scotch tape to gold, and became an even more 
potent tool in the process.

Keywords  Transition metal dichalcogenides · Gold-mediated · Noble metal · Mechanical exfoliation · Template-stripped 
gold

1  Introduction

The isolation of graphene [1] as the first two-dimensional 
material boosted the interest in layered crystals as precur-
sors to their single-layer forms [2]. But looking back in his-
tory, the first reported single layer was MoS2, a transition 
metal dichalcogenide (TMDC), and pre-dates the isolation 
of graphene [1, 3]. In 1986 the idea to physically thin the 
layered structure of MoS2 to a single layer has led to the 
first MoS2 monolayers [3]. Here the basic idea relied on 
the separation of MoS2 layers in the parent crystal via Li 
intercalation and subsequent reaction with H2O, resulting 
in exfoliation via nascent H2 separating the layers. Yet, the 
endeavor was purely curiosity driven and no application was 
shown, leaving the single-layer MoS2 in a 2D winter for 

almost 20 years. In 2004 graphene entered the 2D game 
(for a historical survey see Fig. 1), this time thinned down 
to the single-layer limit via scotch tape [1]. Graphene reig-
nited the interest in all single-layer materials due to its 
exotic physics accompanied by its two-dimensionality [1, 
4–7]. As early as 2005 the first single-layer MoS2 has been 
exfoliated with scotch tape and has been tested in a transis-
tor [2]. Along these lines, transition metal dichalcogenides 
(TMDCs) received tremendous attention as a promising 
material class for two-dimensional semiconductors [8–17]. 
TMDCs are layered compounds where each three-atom thin 
layer consists of a sheet of transition-metal atoms (e.g., W, 
Mo) sandwiched by sheets of chalcogenide atoms (e.g., S, 
Se) [11, 16]. These three-atom thin sheets are stacked into 
their layered structures guided by weak van der Waals (vdW) 
interactions. Since the inter-layer interactions are weak, lay-
ers can be cleaved with ease, enabling the exfoliation of 
a single layer by means of physically thinning down the 
layered structure to the monolayer limit [2]. The efforts to 
reach the monolayer limit are easily motivated by a whole 
set of interesting attributes accompanying two-dimensional 
TMDCs [8, 9, 12, 13, 15–21]. The atomically flat nature 
allows effective manipulation via external stimuli, e.g., 
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effective gating in the field-effect transistor (FET) [19, 22]. 
Furthermore, monolayer TMDCs exhibit indirect-to-direct 
band gap transitions [9, 21], high excitonic binding energies 
[12] and valley degrees of freedom in the electronic band 
structure [13]. The quest for high-quality and large-scale 

monolayer TMDCs fostered the development of different 
techniques [23, 24] ranging from bottom-up approaches like 
chemical vapor deposition (CVD) [11] to top-down routes 
via liquid or mechanical exfoliation [2, 11, 25, 26]. To date, 
all routes suffer from specific drawbacks, e.g., mechanical 

Fig. 1   Historical survey of 2D material research with a focus on 
TMDCs. Only a subset of important milestones is displayed. The 
mechanical exfoliation of graphene 2004 [1] reignited this research 
strand, closely followed by the first mechanical exfoliation of MoS2 in 
2005 [2]. The indirect-to-direct bandgap transition for MoS2 demon-
strated that 2D TMDCs unlock new physics in their single-layer limit 
(2010) [9, 21]. Soon high performing 2D MoS2 transistors have been 
presented in 2011 [22], with all-2D transistors following in 2014 [31]. 
In 2015, gold was first used as the more capable successor of scotch 
tape to exfoliate large area single layers of TMDCs and more [32]. 
Lastly, the study on twisted bi-layer graphene’s unconventional super-
conductivity boosted interest in twisted layered materials in 2018 [33, 

34]. Overall, with large-scale exfoliations unlocked for high-quality 
2D materials, there are several branches left to be further studied for 
beyond 2022. Figures adapted from several sources, citations and per-
missions given for each panel year: 2004, 2005: Adapted with per-
mission from [35]. 2010: Left figure adapted with permission from 
[21]. Copyright 2010 American Chemical Society. Right figure is 
reprinted with permission from [9]. Copyright 2010 by the American 
Physical Society. 2011: Reprinted with permission from [36]. Copy-
right 2015 American Chemical Society. 2014: Reprinted with permis-
sion from [31]. Copyright 2014 American Chemical Society. 2018: 
Reprinted by permission from Springer Nature: Nature [34], copy-
right 2018
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exfoliation promises high-quality 2D materials, essentially 
limited by the 3D starting crystal quality, yet the process is 
limited regarding yield. Techniques like CVD are also very 
capable of producing high-quality 2D materials, but these 
usually require significantly more optimization for each 
2D material composition as discussed in Sect. 3 [27, 28]. 
Overall, despite the limited yield, the versatility and ease of 
access of mechanical exfoliations made them a key enabler 
in the last years, where the high quality provided from the 
starting crystal especially shined in quantum transport stud-
ies in graphene and beyond [29, 30]. In this review, we will 
concentrate on mechanical exfoliation methods capable to 
isolate large-area and high-quality TMDC monolayers with 
high yield. We note that most of the TMDC studies have a 
clear focus on MoS2, while the other TMDCs such as WS2, 
MoSe2 and WSe2 are less frequently found. This does not 
reflect any disadvantages or diminished electronic properties 
of those latter compounds but is more related to the ready 
availability of high-quality MoS2 parent crystals. This also 
has an impact on our review, where we often use MoS2 as 
the prototypical TMDC. However, the exfoliations discussed 
here are not limited to TMDCs as discussed later.

Inspired by the pioneering work of Geim and Novoselov 
on tape-based mechanical exfoliation of graphene [1], tape-
based exfoliation became the standard tool for 2D materials, 
also for TMDCs. However, it was apparent early on that 
the tape-based process is very limited in exfoliation yields, 
limiting its use beyond lab-scale experiments. To overcome 
these limitations scalable exfoliations beyond scotch tape 
have been investigated [37] and gold [32, 38–45], silver 
[46–48] as well as other noble metals [46, 48–50] have 
been identified to provide the needed adhesive forces via 
strong vdW [45] or “covalent-like quasi-bonding” (CLQB) 
[44] interactions with TMDCs to pull off a monolayer. 
Already early on it was noted that the yield and quality of 
the exfoliated monolayers are correlated with the availabil-
ity of a smooth and clean metal surface [45]. This has led 
to a very promising route for mechanical exfoliation using 
the template-strip method [32, 42, 43] to provide ultra-flat 
and clean metal surfaces by freshly cleaving a gold film off 
an ultra-flat template substrate, accessing the smooth and 
uncontaminated former metal-template interface. In some 
studies, silver [47] was used for this template-strip method 
to yield large-area and high-coverage MoS2 monolayers. The 
resulting methods rendered MoS2 monolayer isolation with 
lateral dimensions up to millimeters [42–45, 47] a robust 
and accessible process, essentially limited by the dimensions 
of the precursor crystal interface. Additionally, these pro-
cesses allow for the elegant implementation of a polymer-
free transfer of exfoliated MoS2 [43], mitigating the known 
issues of polymeric residues [51, 52]. Furthermore, to date, a 
whole zoo of 2D materials [53] exists, each material ready to 
be included as a 2D building block to utilize its properties in 

a new dimension. For instance, graphene has been employed 
as a 2D electrode [54], whereas hexagonal boron nitride 
(hBN) was employed as an encapsulation layer or dielectric, 
owing to its insulating behavior [55–57]. TMDCs promise 
new 2D semiconductor building blocks, enlarging the 2D 
toolbox, yet necessitating proper exfoliation and transfer to 
access the latter. Overall, mechanical exfoliation has served 
2D materials research as a key enabler for these building 
blocks in high-quality and evolved from scotch tape towards 
gold to become a potent tool covering all aspects of TMDC-
based research and beyond. In this review, metal-mediated 
exfoliations with a focus on gold are discussed. The overall 
focus of this review on TMDCs allows us to introduce some 
more properties of our prototypical TMDC, MoS2, below.

2 � Basic structural, electronic, and optical 
properties of MoS2

Before going into medias res with respect to exfoliation and 
subsequent transfer processes, we give a brief introduction 
for the composition, structure, and electronic properties 
of 2D TMDCs as promising atomically flat direct band-
gap semiconductors [11]. TMDCs are layered compounds 
(Fig. 2), where each three-atom thin layer consists of a sheet 
of transition-metal (TM) atoms (e.g., W, Mo) sandwiched by 
sheets of chalcogenide atoms (e.g., S, Se).

The chalcogen lone pairs terminate these layers, ren-
dering the surface chemically stable and free of dangling 
bonds [11]. The sheets are stacked into layered structures 
guided by weak vdW interactions. Due to the pick & mix 
nature of TMDCs, several family members exist (about 40). 
In principle, there are metallic and semiconducting candi-
dates, mainly depending on the d-orbital filling and coordi-
nation environment, i.e., crystal phase and transition metal 
group [11]. For instance, natural MoS2 adopts the hexago-
nal 2H-phase (trigonal prismatic coordination, D3h point 
group), combined with the d-electron filling for a group 6 
(Mo) transition metal, the Fermi Level (EF) lies within the 
band gap, i.e., 2H-MoS2 is semiconducting [11]. Besides 
the trigonal prismatic coordination mentioned above, there 
also exists octahedral coordination (D3d, 1T phase), which 
exhibits metallic behavior. The (thermodynamic) prefer-
ence for one of these coordination modes is governed by 
the TMDC composition. Since the position of the Fermi 
Level is susceptible to d-electron filling, MoS2 exfoliated 
via alkali metal intercalation (Li) is known to undergo a 
2H-to-1T phase transition, related to the effective change in 
d-electron count via reduction [11, 20]. This further moti-
vates the use of quality-preserving mechanical exfoliations. 
The semiconducting properties of 2H-MoS2 are further 
detailed by inspecting the electronic band structure [21], as 
depicted in Fig. 3a.
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Bulk MoS2 has an indirect band gap of circa 1.2 eV, [11] 
but once the 2D state is reached the band structure changes, 

enabling a direct band gap of 1.85 eV [11]. This allows for 
strong light emission as seen in the photoluminescence (PL) 

Fig. 2   Composition and structure of TMDCs [11, 17] showing the 
layered structures guided by weak vdW forces. Layers can be cleaved 
with ease, enabling mechanical exfoliation of single layers only three 
atoms thick. This exfoliation process is sketched by showing the 
transition from the bulk-layered crystal towards the single layer. It is 
important to note that these 2D materials, when compared to their 3D 
counterparts, can unlock new physics and properties directly related 
to their low-dimensional character, as seen in the direct bandgap for 

2D MoS2 [9, 21]. There are several TMDC combinations possible 
via pick & mix in the periodic table, as highlighted with green and 
orange colors for typical transition metals and chalcogenides, respec-
tively. This opens a whole material library for TMDCs with different 
properties depending on the composition [11]. The most prominent 
candidate is MoS2 and will often serve as a testbed for exfoliations. 
Adapted by permission from Springer Nature: Nature [58], copyright 
2015

Fig. 3   Indirect-to-direct bandgap transition of 2D MoS2. (a) Band 
structure for bulk, 4L, 2L and 1L MoS2 [21]. The horizontal dashed 
line indicates the band maximum at the K point. The conduction 
and valence band edges are highlighted in red and blue, respectively. 
The lowest energy transition (bandgap) is only direct (vertical) for 
1L MoS2 [9, 21]. (b) PL spectra for 1L and 2L MoS2 [9]. The bright 

emission from 1L MoS2 is related to its direct bandgap, as compared 
to the bilayer (indirect bandgap). a Adapted with permission from 
[21]. Copyright 2010 American Chemical Society. b Reprinted with 
permission from [9]. Copyright 2010 by the American Physical Soci-
ety
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spectra in Fig. 3b [9]. The bilayer only exhibits poor emis-
sion, as expected for an indirect band gap. The photophys-
ics of 2D TMDCs are quite unique, with very pronounced 
excitonic behavior due to large excitonic binding energies in 
the order of several hundreds of meV [59]. Yet it is not in the 
scope of this work to detail these physics here, the reader is 
referred to an excellent review on this topic by Gang Wang 
et al. [12].

In principle, the surface of TMDCs is inert due to the 
lack of dangling bonds. However, real-world TMDCs con-
tain a lot of defects [20, 60–63], e.g., sulfur vacancies (point 
defects). 2D materials essentially being only surface, defects 
have a high impact and depending on the preparation route 
reach up to 1% of atomic density [61]. The S-vacancies 
degrade electronic performance [64], resulting in a quench-
ing of the luminescence and a hampering of the mobility of 
charge carriers [64]. Yet, in the meantime there are ways 
to repair the defects, e.g., using thiol-chemistry [15, 62, 
64, 65]. The thiol-MoS2 linkage can also be employed to 
covalently incorporate functional moieties into the 2D mate-
rial [15, 66, 67]. In summary, the direct band gap of MoS2 
renders it a perfect fit for flexible optoelectronics and more 

[17, 19, 36]. The question arises, how can we prepare these 
outstanding materials in their 2D form? An overview of this 
question will be given in the chapter below before focusing 
on metal-mediated exfoliations.

3 � 2D material preparation concepts

The major challenge in 2D material preparation is the bal-
ance between material quality and production scalability. 
Two main routes can be identified [16, 23, 24], top-down 
processes (exfoliation) start with a parent-crystal and aim to 
separate the layered structures into the respective monolay-
ers (while conserving material quality). Whereas, bottom-up 
processes rely on the controlled deposition of a single-layer, 
usually starting in part with gaseous precursors, a well-
known example being chemical vapour deposition (CVD) 
[11, 16]. Each method has its own strengths and drawbacks 
(Fig. 4), for instance, CVD yields large-area monolayers, 
but their quality usually lacks compared to exfoliated sam-
ples, hiding the route to large-area high-quality materials via 
CVD behind a wall of optimization. Yet, once optimized the 

Fig. 4   Synthesis of 2D TMDCs with top-down and bottom-up 
approaches including pro and contra arguments for each method and 
examples for obtained MoS2 monolayers. The optical micrograph of 
the CVD process (bottom left) shows the typical triangular-shaped 
grains and their merging into a continuous layer. This merging step 
can also cause defects like grain boundaries [68]. The liquid exfoli-
ated flake (bottom middle) shows discontinuous single-layer areas. 
The mechanically exfoliated flakes, as exemplary shown in the bot-
tom right micrograph for a gold-mediated exfoliation [38], can reach 

several hundreds of microns as detailed in the sections below. Some 
multilayers are apparent, yet the single-layer areas outweigh the 
multilayer areas. Bottom left, figure reprinted with permission from 
[72]. Copyright 2014 American Chemical Society. Bottom center, 
figure reprinted with permission from [71]. Copyright 2014 Ameri-
can Chemical Society. Bottom right, figure reprinted with permis-
sion from [38], copyright 2016 WILEY–VCH Verlag GmbH & Co. 
KGaA, Weinheim
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CVD process is very powerful and capable of high-quality 
materials with very high scalability. There are several opti-
mization parameters [27, 28] that need fine tuning to avoid 
defects or grain boundaries [68] and to finally reach single 
crystalline high-quality continuous films as summarized in 
previous reviews on this topic [27, 28]. In contrast, mechani-
cal exfoliation is significantly less complex and readily pro-
duces high-quality 2D materials once a high-quality 3D 
crystal is available, thereby outsourcing the optimization 
to the supplier of the 3D crystal. On a side note, since the 
first (single) layer is usually the most challenging to grow in 
CVD-like techniques, it can be advantageous to grow large-
area multilayers which can then be fed back into an exfolia-
tion process to isolate several single layers with high-quality 
[49] as discussed in more detail in the application Sect. 4.3.

Liquid exfoliations (Fig. 4) are readily processable and 
resulting TMDC dispersions allow for printing applications 
[25, 69, 70], yet the method is limited by the small size, low 
quality, and contaminations of resulting monolayers [71].

On the other hand, mechanical exfoliation generally 
provides high-quality materials (ideally limited by parent 
crystal quality) and is mainly impeded by its low yield [2]. 
Flakes usually do not exceed tens to hundreds of microns, 
prohibiting large-scale processing (e.g., microcircuits [73]) 
and some common characterization methods relying on 
macroscopic samples. Despite the small scale, mechanical 
exfoliation has been a key enabler for lab-scale studies. The 
high quality and ease of access provided by this technique 
allowed for the study of several different 2D materials, where 
their high quality enabled the observation of quantum trans-
port properties [29, 30]. In general, mechanical exfoliation 
has its roots in the scotch-tape technique. Here, the scotch 
tape provided the adhesion to physically thin down the lay-
ers until the monolayer is reached. Ultimately, the goal is to 
transition from a layered crystal to a monolayer. A simple 
modification improves mechanical exfoliation, the introduc-
tion of an exfoliation substrate. The scotch-tape exfoliation 
on ordinary substrates (e.g., silicon wafers) does not provide 
sufficient interaction, rendering the cleaving event for ending 
up with a single layer on the substrate rare. The competing 
vdW forces between layer in the crystal and the outermost 
layer with the exfoliation substrate are critical for successful 
exfoliation of the outermost layer with large-area and high 
yield [45]. Hence, ways of enhancing the substrate-crystal 
interactions are crucial and a good starting point are large, 
and uniform contact areas, maximizing the overall vdW 
interactions. For instance, studies showed improved exfo-
liation of graphene for oxygen-plasma-treated silicon wafers 
[37]. This method benefited from enhanced vdW interfaces 
via reduced contaminants and less trapped gaseous contami-
nants (decreasing vdW interaction via larger graphene-sub-
strate distance). However, an exfoliation substrate capable 
of strong vdW interactions is needed. This is where gold and 

other noble metals came into play [32, 46]. Due to the high-
quality promised by mechanical exfoliation, an accessible 
yet robust exfoliation process for TDMCs is highly desirable 
and finally enabled by gold-mediated exfoliations. The basic 
principles of these gold-mediated exfoliations are detailed 
in the following section.

3.1 � Mechanism of Gold‑mediated exfoliation 
and why other metals work too

The basic idea of metal-mediated exfoliations entails that 
the probability of cleaving the parent crystal such that the 
bottom-most layer remains as a monolayer on the metal 
surface is enhanced via TMDC-metal-specific interactions. 
The crystal intralayer vdW interactions must be overcome at 
the TMDCs-Metal interface to separate the outermost layer. 
Gold has proven quite successful in exfoliating layered mate-
rials beyond TMDCs as detailed in Sect. 4.2 [32, 38, 42–45]. 
For TMDCs, conceptually, the chalcogen-terminated layers 
provide a great opportunity for strong Au-Chalcogen inter-
actions, since gold is well-known for its affinity towards 
chalcogen-based compounds (e.g., sulfur-containing thiols 
form self-assembled monolayers on gold) [74, 75]. But more 
generally, gold with its highly polarizable character favors 
dispersive (vdW) interactions [44, 45] and these interac-
tions, are usually weak and non-directional. However, given 
a highly polarizable electron density, as it is the case for 
noble metals, the dispersive interactions reach intermediate 
strength (yet not as strong as a covalent bond) and are termed 
Covalent-like-quasi-bonding (CLQB) [44, 76]. Besides the 
strength compared to vdW interactions, the CLQB interac-
tions are also more directional, i.e., involving wavefunction 
hybridizations [44, 76]. These interaction energies can reach 
beyond 0.5 eV per unit cell [44] and are therefore promising 
to overcome the intralayer vdW interactions in layered mate-
rials (e.g., interlayer binding for MoS2 is ca. -0.34 eV [45]). 
For simplicity, this text will refer to dispersive interactions 
at the metal interfaces with vdW interactions, although in 
some cases CLQB might be more fitting.

An important question regarding the nature of the 
TMDC-Au interface arises—are Au–S bonds involved 
(potentially degrading material quality) or is it essentially 
a 2D-3D vdW heterostructure [10]. The answer depends on 
the history of the TMDC-Au interface since the conditions 
during the interface formation will render different interac-
tion pathways viable [77]. For instance, one could evaporate 
gold onto MoS2, leading to hot gold atoms bombarding the 
MoS2 interface, introducing damages, defects, and chemi-
cal bonds (Fig. 5a, right) [77]. On the other hand, confor-
mal contact between an Au film and MoS2 via a mechanical 
transfer leads to an interface governed by vdW interactions 
(Fig. 5a, left) [77]. The challenge of forming damage-free 
Metal-TMDC interfaces also carries over into the domains 
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of contact engineering [77–79], where metal evaporation 
can induce damages leading to degraded performance and 
less control [80, 81]. This highlights the importance of 
damage-free purely vdW interfaces for both, exfoliations, 
and electrical contacts. Coming back to exfoliations, Velický 
et al., showed the pronounced vdW character present at the 
Au-MoS2 interface formed via mechanical contact with 
ultra-clean and smooth gold surfaces [45]. The resulting 
Au–S distance in such a system (3.5 Å) [45] was found to 
be significantly larger than the typical covalent Au–S one 
(~ 2.2 Å) [45], excluding any Au–S bonds. Also therein, the 
process stability regarding contamination and roughness 

of the gold surface have been studied. Prolonged times in 
ambient air before applying the mechanical contact between 
the gold surface and the TMDC crystal led to dramatically 
less successful exfoliations [45]. This finding was rational-
ized by the buildup of airborne contaminations on gold [45, 
82], disrupting the dispersive interactions. Gold surfaces are 
known to build up contaminations from thiols and airborne 
carbon contaminations (e.g., oil pumps running close by). 
Even a single molecular layer of contaminations on gold can 
disrupt the process since the critical Au–S distance to ensure 
exfoliation is sensitive to changes on the 1 Å level (Fig. 5b). 
The latter point also explains the reduced performance for 

Fig. 5   Insights into the mechanism of metal-mediated exfoliations. 
a Two different principles of forming the Au-MoS2 interface are 
detailed [77]. Transferred Au (left), a smooth and clean Au surface 
is brought into conformal contact with MoS2. Evaporated Au (right) 
relies on direct deposition of (high-energy) Au on MoS2, leading to 
different interaction pathways, also evident in the defects and dam-
ages in the TEM cross-section image below. b The vdW interaction 
mediated exfoliation via overcoming the (blue) interlayer MoS2 bind-
ing energy is depicted (curve from vdW DFT calculations) [45]. The 
strict dependence on the MoS2-Au separations suggests a smooth 
and clean gold surface is key to unlock this exfoliating vdW interac-
tion regime, as depicted in (c). Here, even the build-up of a molecu-
lar contamination layer over time (e.g., air-borne carbohydrates from 
oil pumps running in the lab) can hinder the exfoliation [45], which 
degraded the exfoliation performance within minutes (d). Scale bars 
in d correspond to 5 mm. e The exfoliated single layer size for other 
metals than Au is shown [46]. A decrease in nobility (indicated via 
standard redox potential) is apparent. f Computed Metal-MoS2 bind-

ing energies (optb88b-vdW-DF) [83] and compressive strain values 
applied to the metals to match the lattice constant of MoS2 [81]. g 
Mechanism of strain-mediated exfoliation via disruption of the layer 
stacking registry at the metal-TMDC interface [84]. h Optical micro-
graph showing silver-mediated MoS2 exfoliation performing on par 
with gold via a low-temperature (150 °C) annealing [47]. a Reprinted 
by permission from Springer Nature: Nature [77], copyright 2018. 
(b–d) Adapted with permission from [45]. Copyright 2018 Ameri-
can Chemical Society. e Reprinted with permission from [46]. Copy-
right 2020 The Authors. Advanced Materials Interfaces published by 
Wiley–VCH GmbH. f Top: Adapted with permission from [83]. Cop-
yright 2016 by the American Physical Society. Bottom: Adapted with 
permission from [81]. Copyright 2014 American Chemical Society. g 
Reprinted with permission from [84]. Copyright 2018 by the Ameri-
can Physical Society. h Reprinted with permission from [47]. Copy-
right 2022 The Authors. Advanced Materials Interfaces published by 
Wiley–VCH GmbH
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rougher gold surfaces. In summary, both above points are 
critical due to the steep distance dependence of these dis-
persive interactions (Fig. 5b), where even a slight increase 
in Mo-Au distance due to contamination will render the pro-
cess a failure (Fig. 5c), as shown in Fig. 5d [45].

However, if one is to follow a pure binding energy argu-
ment, then other noble metals should at least perform on 
par with gold since the Metal-MoS2 binding energy for 
gold is not the highest among the noble metals (Fig. 5f) [46, 
48, 81, 83]. In reality, gold outperforms other noble met-
als easily as seen in Fig. 5e [46]. Here the standard redox 
potential is a guide to the metal’s nobility. It is apparent 
that with decreasing nobility, the exfoliation performance 
decreases significantly. This shows that gold’s interface 
is uniquely resistant against contamination and oxidation, 
which keeps the surface clear for strong vdW interactions, 
whereas less noble metals are plagued by oxide and more 
rapid contamination build up [46]. However, silver breaks 
the trend by outperforming Pt and Pd, hinting at an addi-
tional important factor: interfacial strain [46]. The strain 
due to lattice mismatch between the TMDC and the metal 
(Fig. 5f) might boost exfoliation performance [38, 46, 84] by 
disrupting layer registry in the parent crystal, preferring slip 
at the interfacing layer [84], leading to mostly single layer 
exfoliation (Fig. 5g). This would explain why silver outper-
forms Pd and Pt, which are the stronger candidates binding 
energy-wise (Fig. 5f). In that sense, gold further qualifies as 
ideal exfoliation candidate due to the large lattice mismatch 
providing strain [81]. In contrast to silver, gold strains the 
interfacing TMDC layer more homogenously, due to the lack 
of oxidation at the interface [46].

However, recently Johnston et al. [48], reported sizeable 
exfoliation (~ 125 µm for Pd) for different metals. Here, Pal-
ladium is especially interesting since the expected strain is 
low [48, 81] but the binding energy high [83], which would 
reinforce the notion that the latter is key. In contrast to the 
study by Velický et al. [46], the metals have been evaporated 
directly onto MoS2 to avoid oxidation of the metal surface. 
Yet, this might cause additional defects, etc. as showcased in 
Fig. 5a [77], which potentially changes the exfoliation per-
formance. Overall, the exact role of binding energy versus 
strain needs further studies, especially with more experimen-
tal strain values [46], since there is still a dramatic gap in 
reported exfoliation size for Pd vs. Au [46, 48, 85].

Finally, one degree of freedom is left to discuss: tem-
perature. Some exfoliations were found to perform only 
after an annealing step around 150 °C–200 °C [43, 47]. 
This was attributed to contamination evaporation and or 
reconstruction of the metal-TMDC interface. Interestingly, 
this simple annealing step also allowed silver-mediated 
exfoliation with resulting single layers on par with gold 
(Fig. 5h) [47]. This might be explained by the relaxation of 
the otherwise stringent metal-TMDC interface condition via 

thermally activated surface reconstructions or contamination 
evaporation.

In summary, even aside from the details of the Au-TMDC 
interface formation [77] discussed earlier, the modus oper-
andi for gold-mediated exfoliations is complicated. Two fac-
tors seem to play a critical role: the binding energy between 
layered material and metal [44, 48] and the interfacial strain 
due to lattice mismatch between these two [38, 46, 84]. 
The former is needed to overcome the interlayer binding 
energy in the bulk crystal and the latter facilitates high mon-
olayer yield by disrupting the layer stacking registry in the 
bulk crystal [84]. In any case, a smooth and clean interface 
remains key. Noble metals provide both high polarizability 
to overcome the interlayer binding and in some cases the 
strain to facilitate exfoliation. Gold has a unique position 
among the noble metals, providing very high oxidation and 
contamination resistance [46], while also the ductile charac-
ter enables easier conformal contact with the parent crystal.

3.2 � State‑of‑the‑art gold‑mediated exfoliations: 
an overview

Gold-mediated exfoliations proved quite some capabilities 
(Table 1), in terms of monolayer size [42–45] and applica-
bility to a variety of layered materials in general [44]. The 
compared exfoliated areas must be taken with a grain of 
salt, since most reported gold-mediated exfoliations reached 
the crystal limit. Meaning that only the parent crystal areas 
will limit the resulting single-layer areas [43]. Therefore, 
without referencing the starting crystal areas, it is difficult to 
compare exfoliated areas. Overall, it is clear that the strong 
dispersive interactions of gold are not exclusive to chalco-
gen-terminated materials (TMDCs) [44]. The most notable 
difference among the techniques is the way the gold is used 
as an exfoliation substrate—resulting in different possible 
mechanisms, as already discussed above. To illustrate the 
difference, one process scheme for each exfoliation route 
is given in Fig. 6. For instance, Desai et al. [38] evaporated 
gold directly onto the crystal. Whereas the work of Magda 
et al. [32] relied on template-stripped substrates, cleaved 
from mica. Template-stripping is perfectly suited for clean 
and ultra-flat gold surfaces on demand [86] and will be dis-
cussed in more depth in the guide Sect. 5.1. Some stud-
ies also investigated transfer methods away from gold onto 
insulating substrates, e.g., Desai et al. [38] directly trans-
ferred the Au-MoS2 stack onto a silicon wafer using thermal-
release tape (TRT), a subsequent KI/I2 etch of Au revealed 
MoS2 monolayers on silicon without etchant induced dam-
ages, thereby allowing polymer-free transfer. This etching 
step was subsequently included in many exfoliation proce-
dures [42–44, 47]. The strong Au-TMDC interactions neces-
sitate this etching step since it is not trivial to remove the 
exfoliated layers without it. However, a transfer is key since 
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the full potential of most 2D materials cannot be realized on 
gold. To accommodate for the importance of this transfer 
step, a separate guide Sect. (5.2) is dedicated to one such 
process. Before that, extensions and applications of gold-
mediated exfoliations are reviewed below.

3.3 � Extensions and applications of gold‑mediated 
exfoliations

The previous section established how well gold-mediated 
exfoliations perform for the isolation of millimeter-scale 
2D materials. However, this simple process still has 
many opportunities for extensions and improvements. 
For instance, even mono-elemental materials like black 
phosphorus (BP, Fig. 7 a) along with other non-chalco-
gen materials have been exfoliated with gold [44]. This 
solidifies the notion that gold provides strong dispersive 
interactions for many different vdW materials, commonly 

susceptible to these very interactions. A similar process 
was also extended to graphene and hBN using different 
metal films as stressors to enable layer-engineered large-
area exfoliation of these materials [50]. The main limit 
for most gold-mediated single layers is the starting crys-
tals. To tackle this, wafer-scale multi-layered 2D materials 
have been grown and then exfoliated using a layer-resolved 
splitting process via a controlled crack propagation with 
Nickel [49]. This resulted in wafer scale single layers up 
to 5 cm in scale and thereby addressed the crystal limit 
in an elegant manner. More generally, with large 2D 
materials unlocked, millimeter-scale single-layer devices 
[87] and ultimately integrated electronics [73] are within 
reach. Furthermore, crystals have been disassembled into 
large-scale single layers and then stacked again in a given 
order to create artificial lattices (Fig. 7b) [42]. In this way, 
millimeter-scale vdW heterostructures can be created [42, 
44] which paved the way for the LEGO-like combination 
of many different materials, as envisioned before [6]. This 
vision entails the creation of artificial 3D vdW-stacked lat-
tices composed of different 2D single-layer building blocks 
(“LEGO stones”), where gold-mediated exfoliations pro-
vide these large-scale single-layer building blocks for this 
endeavor. With the interlayer twist angle as another degree 
of freedom, one can also envision scaled-up twist-tronics 
[33, 34, 88, 89] and 2D quantum devices on the macro-
scopic scale [90]. Instead of chasing ultra-large continuous 
areas and then etching these into suitable geometries, it 
has been proven viable to directly perform patterned exfo-
liation (Fig. 7c) [39–41]. This way transistor channels can 
be directly realized without exposing the channel TMDC 
to polymeric photoresist. Usually, the as-exfoliated layers 
need to be transferred off the gold film to allow for mean-
ingful device fabrication and non-quenched PL. However, 
using extremely thin and thereby electrically discontinu-
ous gold films (e.g., 1.5 nm Au/ 0.5 nm Ti), it was possible 
to build field-effect transistors and observe PL with as-
exfoliated single-layer MoS2 on gold [44]. The intact PL 
on gold would otherwise require partly freestanding single 
layers. On this note, freestanding 2D materials are well 
sought after because they allow for substrate-free charac-
terization of intrinsic properties. Since most exfoliation 
processes involve a polymer-based transfer to realize this 
suspended structure via a single layer on a hole-covered 
substrate, the quality of the suspended layer is already 
limited by the polymer residues. However, the direct 
exfoliation of free-standing 2D layers via gold films on 
hole-covered substrates has been demonstrated (Fig. 7d) 
[44]. This suspended layer is inherently polymer-free and 
reached up to 90% freestanding coverage [44], allowing 
a more unclouded view on the intrinsic properties of the 
exfoliated material. Yet, polymers are not the only residue 
source. The wet etching step of gold might also introduce 

Table 1   Survey of state-of-the-art gold-mediated exfoliations of sev-
eral TMDCs and beyond

Compared are the implementation of gold as an exfoliation substrate, 
the exfoliated TMDCs and the largest MoS2 monolayer area reported. 
It is important to note that this is just an incomplete selection of gold-
mediated exfoliations and is not exhaustive. Reprinted with permis-
sion from [43]. Copyright 2020 The Authors. Published by Wiley–
VCH GmbH

Au substrate materials MoS2 1L 
exfoliated 
[mm2]

MoS2 1L 
transferred 
[mm2]

Evaporation onto TMDC 
[38]

MoS2 ~1.6 × 10–3  ~1.6 × 10–3

WS2

WSe2

Evaporated thin film [45] MoS2 ~40 None
MoSe2

MoTe2

WS2

WSe2

WTe2

GaSe
Evaporated thin film [44] 40 + 

(beyond 
TMDCs)

~25  ~25

Template-strip mica [32] MoS2 ~2.0 × 10–3  ~1.5 × 10–4

WSe2

Bi2Te3

Template-strip Si-wafer 
[42]

MoS2  ~50  ~50
WS2

MoSe2

WSe2

ReS2

Template-strip Si-wafer 
[43]

MoS2 ~82  ~82
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disorder and contamination. The strong TMDC-Au inter-
actions which normally necessitate the etching step have 
been side stepped by employing a mesh structure. (Fig. 7d) 
[39]. In this gold mesh, the freestanding parts of the 2D 
material can be transferred onto a target substrate without 
the need to etch gold, simply via a mechanical lift-off at 
the gold edges. Using this method, vdW heterostructures 
have been prepared in an array-like fashion [39].

Several devices have been realized using these gold-
mediated exfoliations, most prominently field effect tran-
sistors [38, 39, 41, 44, 49]. It was also shown that the 
previously reported super-acid treatment can boost the 
quantum yield of gold-exfoliated MoS2 [38]. As mentioned 
before, for a very thin electrically discontinuous gold layer 
it was possible to exfoliate and subsequently build field-
effect transistors on the as-exfoliated flakes on gold with-
out the need to transfer onto an insulating substrate [44]. 
Overall, the gold-mediated exfoliations discussed here 
provide the building blocks ready to be integrated into the 
device structures previously discussed. For more insights 

into these 2D device concepts, the reader is referred to 
previous reviews [10, 14, 19, 54, 78].

Finally, to provide some more insights into an established 
exfoliation workflow, a walkthrough of a gold-mediated 
exfoliation and transfer [43] is provided.

3.4 � Guide towards exfoliation substrates—
ultrasmooth template‑stripped gold

The template-stripping procedure describes an experimen-
tally simple replica process, able to transfer the flatness of a 
given template (mica, polished silicon wafers) to the target 
film (metal films, oxide films, polymers) over large areas 
[86, 91]. This method is especially appealing due to its sim-
plicity yet being able to replicate topographic features in the 
angstrom dimensions over large areas. Traditionally depos-
ited gold films (e.g., physical vapour deposition, PVD), typi-
cally grow under the formation of islands, leading to a high 
roughness for these films [86, 92]. Yet, smooth surfaces are 
crucial and the use of ultra-flat templates to yield smooth 

Fig. 6   Schematics of typical exfoliation processes from literature, 
both relying on a gold etching step. a TMDC-Au interface formed via 
mechanical contact [42] and b via Au evaporation [38]. It is noted 
that thermal release tape (TRT) is widely used in exfoliation pro-

cesses, as well as KI/I2 as gold etchant. a From [42]. Reprinted with 
permission from AAAS. b Reprinted with permission from [38], cop-
yright 2016 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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metal films is therefore highly desirable. In the context of 
gold-mediated TMDC exfoliations, the capability to pro-
duce smooth and clean gold surfaces in a robust and simple 
manner renders template-stripping the perfect route towards 
gold-based exfoliation substrates. Magda et al. [32] proved 
the capabilities of a template-strip-based exfoliation early 
on, using mica as template. However, due to micas layered 
nature, it is prone to template residues [86]. Thus, silicon 
wafers are a very attractive template candidate, known for 
their low roughness over very large areas. Template-strip-
ping of gold via polished silicon wafer templates is illus-
trated in Fig. 8.

The polished silicon wafer acts as ultra-flat template, 
a thin gold film is deposited and subsequently an adhe-
sion layer (epoxy glue) is added to attach solid support 
(glass slide). The resulting sandwich can be cleaved at 
the point of weakest adhesion, i.e., the wafer-gold inter-
face, releasing the fresh and ultra-smooth gold interface. 

The roughness of the template is replicated by the gold 
interface, revealing extremely smooth gold surfaces over 
large areas [86, 92]. Furthermore, the smooth gold surface 
is protected from environmental contaminations, due to 
being hidden at the wafer-gold interface. This allows for 
the preparation of ultra-smooth and fresh gold interfaces 
on demand. Thus, mitigating a well-known issue of metal 
surface contaminations via oxygen, thiols and airborne 
hydrocarbons (which is critical for the needed intimate 
contact between metal and layered material as explained 
in Sect. 4.1) [85, 86]. Ultimately, template-stripping is 
not limited to the preparation of smooth metals, but rather 
provides a general route towards smooth films cleaved off 
a template [86]. Thus, rendering it a very valuable tool in 
the context of 2D materials and vdW assemblies, which 
heavily rely on flat interfaces [56, 93]. As we will show 
below template-stripping is the perfect route for exfolia-
tion substrates for gold-mediated TMDCs exfoliation.

Fig. 7   Extensions of gold-mediated exfoliations. a Extending the 
range of exfoliated materials, including monoelemental black phos-
phorus (BP) [44]. It is apparent that the process is not limited to 
chalcogen-containing materials. b Disassembling 2D crystals into 
single layers before reassembling these in large-scale artificial lat-
tices [42]. c Patterned exfoliation of WS2 by etching the gold-TMDC 
structure before transfer [41]. d Exfoliation of freestanding layers 
via gold films on hole-covered substrates [44]. A PL intensity map 
is shown on the right, with quenched PL on gold and emission from 

the suspended structures. e Etch-free and dry exfoliation and transfer 
via gold-mesh structures [39]. The freestanding parts of the exfoli-
ated area can be transferred onto the target substrate without etching 
gold. The non-suspended layers remain on gold. a, d Reprinted by 
permission from Springer Nature: Nature Communications [44], cop-
yright 2020. b From [42]. Reprinted with permission from AAAS. 
c Reprinted with permission from [41]. Copyright 2019 American 
Chemical Society. e Reprinted with permission from [39]. Copyright 
2021 American Chemical Society
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3.5 � Mechanical exfoliation with template‑stripped 
gold—a ready‑to use recipe

The exfoliation process starts with the stripping of both the 
parent crystal and gold, to access fresh interfaces of both. 
Combining MoS2 and template-stripped Au along with a 
mild annealing leads to ultra-large area exfoliation of MoS2 
on gold as depicted in Fig. 9. At this point, a sacrificial 
copper layer (~ 600 nm) below the Au layer (~ 200 nm) 
has been introduced for the transfer, as described later. To 
recap the recipe; it is crucial to start with a smooth parent 
crystal, ideally freshly cleaved MoS2 supported by heat-
resistant tape (Kapton). The MoS2 is paired with a freshly 
template-stripped gold substrate and finger pressure ensures 
conformal contact. Baking the Kapton-MoS2-Au sandwich 
at 200 °C for 1 min on a hotplate leads to the exfoliation 
of MoS2 monolayers, uncovered by stripping off the parent 
MoS2 on the Kapton tape after a short cooldown (~ 2 min). 
The Kapton-tape should cover the MoS2 well to support it 
over its whole dimensions while avoiding large overcuts to 
minimize tape residues on gold. This exfoliation results in 
a robust and accessible route for millimeter-scale TMDC 
monolayers [43]. To address the crystal-limited character 
of the process, a monolayer yield based on the initial crystal 
area in contact with Au (Fig. 9b) is determined, resulting in 
circa 68% monolayer yield. The monolayer yield (Fig. 9b 

right) is clearly impeded by multilayers present in the exfoli-
ated areas. However, the exfoliation of multilayers, to some 
extent, should also depend on the quality of the parent crys-
tal interface, where ripples and defects favor multilayer gen-
eration (e.g., due to tear-in processes at these defects) [43]. 
It is important to note that it might be fruitful to link crys-
tal features to exfoliation results, as done in Fig. 9b. Some 
studies vaguely note the crystal limit of their exfoliation. 
However, if possible, the monolayer yield should be defined 
with respect to their initial crystal dimensions. Additionally, 
parent crystal features (e.g., ripples and wrinkles) deteriorate 
exfoliation results, as previously shown [43]. Henceforth, to 
push the (crystal-) limit of exfoliations, routes for smoother 
and larger crystals are key.

3.6 � Polymer‑free Au‑based transfer—a 
ready‑to‑use recipe

Cu can be etched orthogonally to Au, leaving the Au-MoS2 
foil floating on the Cu etch solution [43]. This way, Au 
can be used for exfoliation as well as transfer. This way a 
polymer-free transfer route is presented. FeCl3 etches Cu 
quickly without damage to MoS2 observable [43]. The trans-
fer process is depicted in Fig. 10. XPS studies of MoS2 on 
SiO2 confirmed the complete etching of Au and Cu [43]. The 
transfer process starts with exfoliated 1L MoS2 on Au and is 

Fig. 8   Template-stripping for ultra-smooth metal surfaces on 
demand. a Schematic of template-stripped Au film fabrication. b 
Gold-coated silicon wafer depicting several glass chips glued onto 
the gold film, ready for template stripping [92]. The smooth metal 
surface is protected until needed, thereby enabling smooth & clean 

surfaces on demand. c AFM study to reveal the much smoother 
template-stripped metal surfaces compared to the as-deposited ones 
(PVD) [92]. b, c Reprinted with permission from [92]. Copyright 
2007 American Chemical Society
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capable of deterministically transferring the latter onto SiO2 
(Fig. 10b). The MoS2 1L area on Au (11 mm2) is conserved, 
as well as the relative positions of the MoS2 features. Further 
atomic force microscopy characterization of the transferred 
single layer proves the wrinkle-free transfer and the expected 
step height [11, 22, 43, 94, 95] (Fig. 10c). Optical characteri-
zations show the typical PL emission for single-layer MoS2 
[9, 21] and the characteristic Raman shifts [96–98], a state-
ment of the monolayer’s integrity after transfer and etching. 
This enables to isolate single layers on arbitrary substrates 
where the quality of the bulk crystal is conserved, which side 
steps the difficult optimization processes needed to grow a 
continuous single layer in bottom-up processes. This defines 
the enabling essence of exfoliations, where once a starting 
crystal is (commercially) available, high-quality monolayers 
can be isolated, opening a whole palette of 2D materials to 
be targeted. The term high quality used here thereby refers 
to the limit set by the starting crystal. This renders the qual-
ity essentially limited by the supplier, a topic that needs to 
be studied in more detail in the future. The results render 
this process a promising route for polymer-free transfer, 

incorporated into an easy-to-use state-of-the-art exfoliation 
process. These high-quality 2D materials might be key to 
further unravel substrate influence on electronic and other 
properties in large areas [99]. Furthermore, no organic sol-
vent is involved in the transfer, which potentially allows for 
polymer-free assembly of complex vdW heterostructures 
tuned with organic interlayers [100].

4 � Conclusion and outlook

This review presents recent developments in gold-mediated 
exfoliations beyond scotch tape accompanied by a methods 
walkthrough for such a process. To date, gold-mediated 
exfoliations allow robust and accessible isolation of millim-
eter-scale single layers, mainly limited in size by the starting 
crystals. A plethora of different layered materials have been 
exfoliated, proving that these gold-mediated interactions are 
not exclusive to chalcogen-terminated TMDCs. Over time, 
many extensions to metal-mediated exfoliations have been 
made, e.g., patterned exfoliations and direct exfoliations of 

Fig. 9   a The exfoliation pro-
cess. The template strip reveals 
a fresh gold surface, which is 
combined with a freshly cleaved 
bulk crystal of MoS2. After 
applying a quick annealing 
step, the cooled-down stack is 
cleaved by removing the tape 
with bulk MoS2, revealing 
exfoliated MoS2 on gold. b Esti-
mation of exfoliation area. The 
monolayer yield, as a fraction 
of parent crystal area in contact 
with Au, is approximately 68% 
and mainly impeded by the 
wrinkles of the parent crystal 
and multilayer generation. The 
largest continuous single layer 
shows an area of 14.5 mm2
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freestanding single layers. However, the modus operandi of 
metal-mediated exfoliations is not clear yet. The two main 
factors are the large binding energy between 2D materials 
and (clean and oxide-free) noble metals, which allows to 
overcome interlayer binding. While the second factor is 
interfacial strain, favoring a slip of the interfacing layer, 
facilitating the high single-layer yield observed experimen-
tally. The balance between binding energies and strain needs 
to be studied in more depth. It is clear, however, that gold is 

in a unique position due to its high resistance to oxidation 
and surface contamination, which allows to employ the high 
binding energies and strain uniformly.

These matured gold-mediated exfoliations unlocked 2D 
building blocks on the millimeter scale, which renders the 
previously envisioned [6] stacking of 2D building blocks 
into artificial 3D layered crystals more relevant than ever. 
This exfoliated palette of 2D building blocks might enable 
the assembly of macroscopic van der Waals heterostructures, 

Fig. 10   Au-based transfer [43] 
(following Au-based exfo-
liation) exploiting orthogonal 
etching of Cu and Au. The Cu-
etchant FeCl3 does not attack 
MoS2. The floating Au-MoS2 
foil is scooped with a wafer 
piece and transferred onto H2O 
for washing off etchant residues. 
The foil is flipped and floated on 
clean H2O, the target substrate 
(silicon wafer) is used to fish the 
foil, MoS2 facing the substrate. 
Finally, the foil is dried to 
ensure conformal contact of 
MoS2 and the target, supported 
by additional annealing (80 °C 
for 1 h). The transfer is finished 
by etching the Au with KI/I2. b 
Deterministic transfer of MoS2 
on Au (left, 1L regions masked 
red) onto a silicon wafer (right, 
red channel image). The MoS2 
features and relative positions 
remain unchanged. The process 
deterministically transfers the 
whole MoS2 area. c MoS2 1L 
step height on silicon wafer 
measured with AFM. No ripples 
or wrinkles are present, proving 
the smooth transfer capabilities. 
d PL and Raman measurements 
(532 nm excitation Laser). c, 
d Adapted with permission 
from [43]. Copyright 2020 The 
Authors. Published by Wiley–
VCH GmbH
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or twisttronics in the near future. In addition, with more 
and more (organic) layered single crystals available, these 
metal-mediated exfoliations might provide a feasible route to 
reach the unexplored two-dimensional limit of newly emerg-
ing materials [101, 102]. Finally, mechanical exfoliation, 
plagued by its low yield and poor scalability, was never con-
sidered as an industry solution for 2D materials. Yet, since 
the described methods are mainly limited by parent crystal 
dimensions, a change of mind might be fruitful, focusing 
on large-scale high-quality parent crystals for even larger 
exfoliated areas, pushing towards up-scalable processes in 
a practical fashion (e.g., roll-to-roll).
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