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Abstract

In the post-Moore era, large-area manufacturing of high-quality two-dimensional (2D)
materials remains a central bottleneck for the industrialization of next-generation micro-
electronic and optoelectronic devices. Conventional mechanical exfoliation is limited by
randomness and small lateral size, whereas chemical vapor deposition inevitably intro-
duces grain boundaries, stress, and interfacial contamination, making it difficult to achieve
both high quality and scalability. Metal-assisted exfoliation (MAE) enables controllable
exfoliation and nondestructive transfer of large-area, high-quality monolayer 2D materials
via precise modulation of metal-2D interfacial interactions dominated by strain-induced
decoupling and atomic intercalation. This article systematically outlines the interfacial
physical mechanisms and technological evolution of MAE, and highlights its state-of-
the-art applications in patterned transfer, high-performance field-effect transistors, and
complementary logic circuits, aiming to provide a firm theoretical and technical basis for
advancing 2D materials from fundamental research toward practical applications.

Keywords: gold-assisted exfoliation; transition metal dichalcogenides; interfacial interac-
tion; strain-induced decoupling; liquid metal

1. Introduction
With semiconductor manufacturing [1] entering the atomic scale, the dimensional

scaling of conventional silicon-based integrated circuits is approaching its physical limit,
posing severe challenges to the continuation of Moore’s Law [2]. The search for new
materials and systems to break through this bottleneck has become one of the most cutting-
edge research directions in modern condensed matter physics and materials science. Two-
dimensional (2D) layered materials [3–8], represented by graphene [9–12], transition metal
dichalcogenides (TMDCs) [13–15], and hexagonal boron nitride (h-BN) [16–19] exhibit
great application potential in nanoelectronics, optoelectronics, and quantum information
by virtue of the quantum confinement effect [20,21] and unique band structure induced by
their atomic-level thickness.

However, the properties of 2D materials [22–24] are closely related to their layer
thickness, crystal quality, and interface cleanliness. Minor defects [25,26], doping [27], or
contamination can lead to significant degradation in performance. For instance, monolayer
MoS2 [28–31] undergoes an indirect-to-direct bandgap transition compared with its bulk
counterpart, accompanied by greatly enhanced optical absorption coefficient and photolu-
minescence (PL) quantum yield, endowing it with prominent advantages in optoelectronic
device [32]. Although the fundamental physical properties of 2D materials have been

Chemistry 2026, 8, 64 https://doi.org/10.3390/chemistry8050064

https://crossmark.crossref.org/dialog?doi=10.3390/chemistry8050064&domain=pdf&date_stamp=2026-05-07
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemistry
https://www.mdpi.com
https://orcid.org/0000-0002-3836-1528
https://orcid.org/0000-0002-0939-8874
https://doi.org/10.3390/chemistry8050064


Chemistry 2026, 8, 64 2 of 18

widely verified, translating these laboratory-scale materials into industrially applicable
and stably performing engineering materials remains a formidable challenge. Therefore,
achieving atomic-precision layer-number control, large-area low-defect exfoliation, and
clean transfer constitutes a critical technical hurdle that must be overcome for 2D materials
to advance from lab research to industrial applications.

Traditional preparation strategies for 2D materials suffer from an inherent trade-off
between quality and scalability. The scotch-tape mechanical exfoliation method [33], which
pioneered early 2D material research, can produce high-quality crystalline monolayers but
suffers from low yield, random flake size, uncontrollable layer numbers, and potential
adhesive residues, making it unsuitable for large-scale industrial production. In contrast,
liquid-phase exfoliation [11,34–36] and chemical vapor deposition (CVD) [37–40] offer scal-
ability but have distinct drawbacks. The former often causes severe degradation of carrier
mobility due to solvent residues and structural defects; the latter, despite enabling large-area
film growth, inevitably introduces grain boundaries, defects, and residual stress. Moreover,
subsequent transfer processes readily generate wrinkles, cracks, and interface residues,
severely restricting the intrinsic properties of materials and the uniformity of devices, thus
failing to meet the requirements of high-end electronic and optoelectronic applications.

In the field of 2D material fabrication, achieving a balance between high quality and
large-area scalability has long been a thorny challenge. Against this backdrop, metal-
assisted exfoliation (MAE) [41–45] has emerged as a promising solution. The core physical
essence of this technique lies in the precise regulation of interfacial interactions between
metals and 2D materials to overcome interlayer van der Waals forces, thereby realiz-
ing the controllable preparation of large-area, intrinsically crystalline, and low-damage
2D materials.

In early explorations, noble metals represented by gold were extensively investigated
to establish the feasibility of this approach. Specifically, Magda et al. [46] first demonstrated
the successful exfoliation of large-area transition metal chalcogenide single layers using
gold substrates, while Desai et al. [47] achieved ultra-large optoelectronically perfect
monolayers by leveraging the strong chemical affinity between gold and chalcogen atoms.
These pioneering works not only validated the feasibility of MAE but also provided a
critical theoretical and experimental foundation for subsequent research.

Building upon these early achievements, the technique has been gradually extended
to low-cost MAE systems represented by silver [44,45,48]. In addition, liquid metals
(Ga) [49–53] with unique fluidity can also be used to exfoliate 2D materials, providing a
new route for their isolation [54]. Studies have revealed that the mechanism of MAE is
not determined solely by the adhesion strength at the metal-2D material interface, but is
governed by multiple factors including interfacial strain distribution, energy dissipation
pathways, and fine-tuning of interatomic interactions [43].

Based on the perspective of condensed matter physics, this paper establishes a compre-
hensive framework spanning from microscopic mechanisms to macroscopic applications.
The core physical mechanisms of MAE are systematically analyzed, with a particular
emphasis on strain-induced decoupling effects exemplified by gold. Subsequently, the
applicable logic and technical advantages across diverse metal systems are revealed. Fi-
nally, the paper summarizes state-of-the-art progress in device integration, leveraging the
high-quality, large-area advantages of this technique, including patterned transfer [55–57],
high-performance field-effect transistors (FETs) [58–61], and complementary logic cir-
cuits [59,62,63]. By reviewing the physical mechanisms and technological evolution of
MAE, this paper aims to provide theoretical insights into interfacial interactions in 2D ma-
terials and offer clear guidance on addressing key challenges such as large-area fabrication,
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interface cleanliness, and cost control, thereby facilitating the transition of 2D materials
from laboratory research to large-scale industrial applications in the post-Moore era.

2. Physical Mechanisms of MAE
Compared to the limitations of traditional preparation methods for 2D materials in

terms of scalability and controllability, MAE demonstrates significant application advan-
tages. As summarized in Table 1, MAE demonstrates superior performance in maintaining
atomically clean interfaces and high crystal quality, significantly outperforming traditional
CVD transfer and liquid-phase exfoliation techniques. Although currently challenged by
high precious metal costs and difficulties in continuous production, its unique advantages
in fabricating high-performance electronic devices and complex van der Waals heterostruc-
tures [64–68] position MAE as a critical bridge connecting laboratory-based fundamental
research with future large-scale manufacturing. However, to achieve precise control over
this technology, merely optimizing the fabrication process is insufficient; it is essential to
delve into the microscopic physical mechanisms. This section will systematically explain
the core physical principles of MAE, laying a theoretical foundation for understanding the
selection of different metal systems and future process development.

Table 1. Comprehensive comparison of mainstream techniques for the preparation and transfer of
2D materials.

Comparison
Dimension MAE

Mechanical
Exfoliation (Scotch

Tape)

CVD Growth +
Polymer Transfer

Liquid-Phase
Exfoliation

Interface Cleanliness
Extremely high,

polymer-free,
atomically clean

High, but risk of
adhesive residue

Low, often contains
polymer/carbon

residues

Low, contains
surfactant/solvent

residues

Crystal
Quality/Defects

Retains bulk
single-crystal quality,

minimal defects

Highest intrinsic
quality

Many grain
boundaries, growth

defects

Small flake size,
many edge defects

Applicable Material
Range Very wide Narrow Moderate Wide

Achievable Size Moderate to large Small Large Moderate

Layer Control High Random High Low

Process Cost High Low Moderate Low

Primary Residues
Trace metal atom
diffusion (usually

negligible)

Potential
adhesive/polymer

residues

Polymers (PMMA,
PS, etc.), metal

etching ions

Surfactants, organic
solvents

Typical Applications

High-performance
logic devices,

quantum devices,
heterostructure

integration

Fundamental physics
research, prototype
device verification

Large-area
photodetectors,

transparent
electrodes

Conductive inks,
composites, energy

storage batteries

According to the thermodynamic theory of mechanical exfoliation [69], the physical
essence of MAE lies in regulating the competitive relationship between the metal-2D
material interfacial binding energy (Eint) and the interlayer binding energy of the 2D
material (Einter), which is generally expressed as

∆G = Einter − Eint
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Theoretically, exfoliation occurs when ∆G < 0 [47]. For typical van der Waals materi-
als [61,70–72] such as graphene and MoS2, the interlayer binding energy is approximately
20 meV/Å2 [73]. The interfacial binding energy depends on the metal type: inert metals
(Au, Ag, Cu) interact with 2D materials mainly via van der Waals forces, with low binding
energies and large interfacial distances, preserving the intrinsic electronic structure. In
contrast, Ni, Pd, and other transition metals [74–77] show much stronger chemical affinity
and form significantly higher interfacial binding energies [78].

Since gold-assisted exfoliation (GAE) stands as the most important and widely em-
ployed approach in MAE, it serves as the primary model system for analyzing the physical
mechanism of MAE. This prominence is underscored by pioneering studies from Magda
et al. [46] and Desai et al. [47], who demonstrated its efficacy in the fabrication of large-area,
high-quality transition metal chalcogenides. Although the strong van der Waals interaction
between gold and 2D materials serves as the core driving force for exfoliation, Ziewer
et al. identified the core mechanism as strain-induced decoupling [43]. As highlighted by
Ziewer et al., the advantage of Au originates not from conventionally perceived “strong
adhesion” but from the unique interfacial strain at the Au substrate. High-frequency Raman
characterization of MoS2 on Au provides critical experimental evidence: the E1

2g mode
of 2–4 layer MoS2 splits into a low-frequency peak, denoted as E(L), near 380 cm−1 and
a high-frequency peak. According to Velický et al., while the splitting of the A1g mode
in this system is typically driven by charge doping, the splitting of the E1

2g mode is at-
tributed to the strain-induced lattice distortion [79]. This phenomenon indicates that, upon
contact between MoS2 and Au(111), the bottommost MoS2 layer undergoes significant
lattice distortion due to the interaction with the gold surface, while upper layers remain
nearly unaffected. Furthermore, as demonstrated by Rodríguez et al., the strong interaction
with the Au(111) surface induces symmetry breaking (reducing the symmetry from D3h to
C3v), which activates specific Raman modes that are otherwise forbidden in freestanding
monolayers [80]. Such strain localization directly weakens interlayer coupling.

These studies indicate that cleavage occurs at the first interface of MoS2 crystals.
To more intuitively illustrate the exfoliation mechanism, Ziewer et al. improved the
linear chain model (LCM), as shown in Figure 1a, to describe the S1 mode of MoS2 on
Au. Quantitative analysis of interlayer force constants (Kα) based on ultra-low-frequency
Raman and the LCM reveals that the interaction strength between the first and second
layers decays sharply with increasing total crystal thickness. For bilayers, Kα is about 80%
of K0 (the force constant between other layers in pristine MoS2); for crystals thicker than
five layers, Kα approaches zero. This means that in thick crystals, the strained bottom
layer becomes nearly fully decoupled from the upper lattice, turning this interface into
the weakest cleavage plane and guiding preferential fracture for monolayer exfoliation.
This conclusion is also supported by first-principles calculations [73]. The exfoliation
energy turns negative when the biaxial strain induced by the substrate exceeds a threshold
(≈3.5%) and the crystal thickness exceeds five layers, proving that efficient exfoliation can
be achieved via strain-induced interlayer decoupling without requiring extremely strong
interfacial adhesion.

In addition, externally applied pressure plays a crucial role during the exfoliation
process [81]. As illustrated in Figure 1b, appropriate pressure improves interfacial contact,
optimizes strain distribution, and expands the effective area of the decoupled region.
Precise pressure control to optimize strain distribution while avoiding lattice damage is a
prerequisite for the exfoliation of large-area monolayer materials, providing new guidance
for the development of efficient and controllable 2D material preparation technologies.
However, the successful exfoliation on gold is also related to the cleanliness and roughness
of the gold surface. Fresher and smoother gold surfaces yield better exfoliation effects.
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Figure 1. (a) Schematic illustration of the modified linear chain model (mLCM) [43]. Copyright by
2025, Jakob Ziewer et al. Advanced Materials published by Wiley-VCH GmbH. (b) Schematic of
the pressure-controlled interface and the exfoliation process [81]. Copyright by 2024, Sikai Chen
et al. Licensee MDPI, Basel, Switzerland. (c) HAADF-STEM image of monolayer MoS2 on 5 nm
Au [41]. Copyright by 2018 American Chemical Society. Reproduced with permission. (d,e) Optical
micrographs of MoS2 exfoliated on 7.5 nm and 100 nm Au, respectively [41]. Copyright by 2018
American Chemical Society. Reproduced with permission.

So, how can it be proven that MoS2 and Au are bonded via van der Waals forces
rather than stronger chemical covalent bonds. The experiments by Velický et al. provide
the answer. They observed a clear MoS2/Au interface through the high-angle annular
dark-field (HAADF)-STEM image in Figure 1c and measured the average distance between
the center of the Mo atomic layer and the Au atomic center to be 5.1 ± 0.3 Å. Based on
this distance, the spacing between the S atomic layer and the Au surface is derived to
be approximately 3.5 Å. Since the typical Au-S covalent bond length is approximately
2.2 Å, it can be determined that the interaction between MoS2 and Au is a strong van der
Waals interaction.

The aforementioned studies indicate that two core conditions must be met for suc-
cessful GAE of 2D materials: first, the formation of good interfacial contact between the
gold and the 2D material, and second, the application of appropriate external pressure.
However, achieving large-area, high-quality monolayer exfoliation depends not only on the
thickness and surface roughness of the gold film but is also closely related to the freshness
of the gold film when exposed to air. The smoother and cleaner the gold film, and the
shorter the exposure time after preparation, the better the exfoliation result. As clearly
observed in Figure 1d,e, a 7.5 nm thick gold film yields better exfoliation results than a
100 nm thick film. Thicker gold films possess rougher surfaces, which weaken the van der
Waals forces between the gold and MoS2. Experiments summarize that thin gold films with
a thickness of 5–20 nm are most suitable for exfoliation. Furthermore, freshly prepared gold
films must be used, as surface aging of the gold film rapidly weakens its van der Waals
interaction with the material.

Early studies indicated that metals such as Pd, Cu, Ni, Ag, Al, and Mo often induced
tearing or phase transitions during exfoliation due to excessive adhesion to the material.
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However, subsequent research by Johnston et al. revealed that this damage was primar-
ily attributed to surface oxidation, which reduced interfacial binding energy and led to
inhomogeneous exfoliation. It has been demonstrated that under ideal conditions of high-
vacuum in situ deposition and an oxygen-free environment, metals like Pd, Cu, Ni, and
Ag can still yield large-area, high-quality, and structurally intact MoS2 monolayers, with
no observable phase transitions or structural damage, by virtue of their strong interfacial
binding energy [82]. The optical microscopy image in Figure 2a intuitively displays the
efficacy of Pd-assisted exfoliation of MoS2. Similarly, experiments by Fu et al. confirmed
the capability of Ag in exfoliating large-area 2D materials; Figure 2b presents an optical
image of Ag-exfoliated 1T-WTe2. Comparative analysis suggests that Ag exhibits the most
superior exfoliation performance among these metals, comparable to that of Au. Further-
more, histograms of the lateral size distribution of MoS2 flakes obtained via Pd, Cu, and
Ni assistance further corroborate the high reproducibility of this method, with the size
distribution for Pd-exfoliated samples shown in Figure 2c. The atomic force microscopy
(AFM) image in Figure 2d clearly depicts the edge morphology of Ag-exfoliated 1L–2L
MoS2 flakes. The measured step height is approximately 0.65 nm, which aligns closely with
the theoretical interlayer spacing of MoS2 [83].

Figure 2. Optical microscope images of ML MoS2 exfoliated via (a) Pd-mediated routes [82]. Copy-
right by 2022 Wiley-VCH GmbH. Reproduced with permission. (b) Optical microscope image of
1T-WTe2 exfoliated on a 15 nm Ag film [44]. Copyright by 2022 Qiang Fu et al. Advanced Science
published by Wiley-VCH GmbH. Yield statistics for (c) four Pd-mediated exfoliation processes [82].
Copyright by 2022 Wiley-VCH GmbH. Reproduced with permission. (d) AFM image of the 1L-2L
edge region [48]. Copyright by 2022 Max Heyl et al. Advanced Materials Interfaces published by
Wiley-VCH GmbH.

In summary, interfacial binding energy serves as the necessary thermodynamic con-
dition for MAE, determining the fundamental feasibility of the process. For metals such
as Pd, Cu, Ni, and Ag, efficient exfoliation can be achieved under oxidation-free in situ
conditions driven primarily by their high binding energies. However, for Au-assisted
exfoliation, adhesion alone is insufficient to guarantee high-quality, large-area monolayer
cleavage. Strain-induced decoupling acts as the key mechanism enabling this superior
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performance. Binding energy and strain regulation function synergistically rather than
independently to govern exfoliation outcomes. Although a binding energy exceeding
the interlayer van der Waals forces is essential for all systems, Au distinguishes itself by
inducing localized interfacial strain through strong interactions. This strain localization
further weakens interlayer coupling and enhances the uniformity of the exfoliated layers.

3. Selection of Metal Types
Since the emergence of graphene in 2004, the mechanical exfoliation method (Scotch

Tape Method) has rapidly become a classic approach for early explorations of the intrinsic
physical properties of 2D materials [9]. It features simple operation, low equipment
requirements, no need for complex experimental setups, and enables rapid acquisition of
monolayer 2D materials. This method uses transparent scotch tape to repeatedly exfoliate
high-quality monolayer materials. However, it suffers from inherent drawbacks including
low yield, small flake size, high randomness, and high contamination risk, which restrict
its application scenarios and make it difficult to meet the strict requirements of high-
performance electronic devices for interface cleanliness and process integration.

Huang et al. proposed a universal GAE technique [42]. As shown in Figure 3a, an
adhesion layer (Ti/Cr) and a gold layer are evaporated onto substrates (e.g., Si/SiO2,
quartz, flexible plastics). Subsequently, bulk crystals are then pressed onto the Au film
under slight pressure and held for 1–5min, followed by slow peeling, which can yield
large-area monolayer regions under optimized conditions on the Au surface. This method
is not only applicable to common TMDCs (e.g., MoS2) but has also successfully exfoli-
ated 40 different types of 2D materials, including black phosphorus (BP) [7,68,84–87],
magnetic materials [88–90] such as Fe3GeTe2 [91,92] and CrCl3 [93,94], superconduc-
tors [95] like FeSe [96,97] and NbS2 [98,99], as well as difficult-to-exfoliate materials such as
RuCl3 [100,101] and PtTe2 [102]. The as-obtained monolayer crystals can reach millimeter-
scale to even centimeter-scale sizes, which are far beyond the micrometer-scale fragments
obtained by the traditional tape method, although the exfoliation is limited by the size
of the bulk crystal itself. Furthermore, no subsequent polymer transfer [103,104] (e.g.,
PMMA) is required, avoiding residual contamination. By tuning the thickness of the Au
film, high-performance electronic devices (e.g., FETs) can be directly fabricated on the Au
film, and the materials can be easily transferred onto arbitrary substrates.

Although the GAE method enables the fabrication of large-area, high-quality 2D
monolayers, it still has two major drawbacks in practical applications. First, the high
cost of gold limits its scalability for industrial applications. Second, the direct contact
between the Au film and 2D semiconductors significantly quenches PL, thereby restricting
the investigation of optical properties [44]. To address these issues, Fu et al. proposed
using Ag as an alternative metal. The exfoliation process is analogous to the gold-assisted
method, as illustrated in Figure 3b. The monolayer dimensions are comparable to those
obtained via gold-assisted methods, demonstrating the excellent large-area exfoliation
capability of silver films. Furthermore, theoretical calculations confirm that the interaction
between silver and 2D materials minimally perturbs the electronic band structure, thus
preserving the intrinsic electronic properties of the materials. Compared to gold, silver is
not only more cost-effective but also exhibits distinct surface morphological characteristics.
Thermally evaporated Ag films possess a highly rough surface composed of aggregated
nanoparticles. This unique roughness excites plasmons, which, rather than quenching
the PL of materials like MoS2, significantly enhances the signal. Characterization of the
normalized PL intensity of monolayer MoS2 and MoSe2 on Ag films of varying thicknesses
reveals that the materials on a 5 nm Ag film substrate exhibits the strongest PL signal.
Additionally, a comparison of PL signals from MoS2 on smooth versus rough Ag films
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shows that while the former exhibits a typical metal-induced quenching effect, the latter
displays an extremely strong A-exciton PL emission peak at approximately 1.86 eV, which
has never been observed in other mechanical exfoliation techniques.

Figure 3. Schematic illustration of the MAE process for different metals: (a) Gold-assisted exfolia-
tion [42]. Copyright by 2020 Yuan Huang et al. (b) Silver-assisted exfoliation [44]. Copyright by 2022
Qiang Fu et al. Advanced Science published by Wiley-VCH GmbH. (c) Exfoliation assisted by other
transition metals [82]. Copyright by 2022 Wiley-VCH GmbH. Reproduced with permission.

Although Au and Ag are excellent choices for high-quality exfoliation, given their
high cost, it is necessary to explore more abundant alternatives. In order to further broaden
the scope of metal choices for MAE, researchers have explored cost-effective alternative
metals such as Pd, Cu, and Ni. The exfoliation processes of MoS2 assisted by these metals
are illustrated in Figure 3c. Although these metals may not induce the same degree
of strain engineering [105,106] effects as gold, they exhibit sufficiently high interfacial
binding energies to facilitate efficient exfoliation. As shown in the previous section, Pd,
Cu, Ni, and Ag can all obtain high-quality monolayer MoS2 through oxidation-free in situ
processes. This indicates that even without the significant plasmonic enhancement or strain
decoupling mechanisms in gold or silver systems, it is sufficient to achieve the preparation
of large-area, high-crystallinity 2D materials, thereby providing a more economically viable
pathway for practical applications.

In addition, Bai et al. innovatively used Ga to intercalate and exfoliate various layered
materials at near-room temperature [54]. Traditional methods for 2D material exfoliation
such as liquid-phase exfoliation and electrochemical intercalation [107–111] suffer from
contamination, extra defect introduction, small lateral product sizes, and poor universality.
Gallium is in a molten state at near-room temperature, combining both fluidity and metallic
properties. In the experiment, molten gallium and layered materials are mixed via magnetic
stirring for 24 h. Ga atoms successfully intercalated into the MoS2 interlayers, significantly
expanding the interlayer spacing from approximately 0.6 nm to approximately 1 nm and
forming pocket-like structures approximately 1 nm in height and 8 nm in width. During
this process, gallium naturally oxidizes to form Ga2O3, which has an adhesion energy
higher than the interlayer van der Waals forces, providing shear force for exfoliation under
gentle stirring. Furthermore, Raman, X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) characterizations confirmed that MoS2 and WS2 [112] underwent a 2H
to 1T’ phase transition after Ga intercalation, a property that holds significant application
value in catalysis [113,114] and other fields.

Collectively, the evolution from the Scotch Tape method to advanced MAE strategies
has not only stimulated enthusiasm for 2D material exploration but also provided a robust
technological pathway for property investigation. While mechanical exfoliation laid the
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foundation, the continuous innovation in MAE, ranging from noble metals [115] to cost-
effective alternatives and liquid metals, has addressed limitations in yield and size. This
diversified metal system, with its coexisting and complementary advantages, empowers
researchers to flexibly select the optimal strategy based on material characteristics and
application demands, truly realizing the tunable and controllable synthesis of 2D materials.

4. Application Expansion of MAE Technology
MAE has evolved from a simple material preparation method into a key bridge con-

necting fundamental research on 2D materials with industrial applications. The core value
of this technology lies in its ability to simultaneously achieve large-area fabrication and
high-quality preservation of materials, providing an ideal platform for maximizing the
intrinsic properties of 2D materials in scalable manufacturing processes. This unique advan-
tage enables MAE not only to focus on preparing high-quality materials but also to promote
their transition from microscopic laboratory exploration to macroscopic system-level inte-
gration. Based on the dual advantages of quality and area of the obtained 2D materials, the
application prospects of MAE can be elaborated from the following two aspects.

4.1. High-Performance Devices Based on High-Quality Characteristics

Benefiting from the low lattice damage and high intrinsic crystallinity of 2D materials
obtained through MAE, they exhibit excellent physical properties approaching theoretical
limits. This material foundation makes it possible to explore the performance boundaries
of micro-nanoelectronics, enabling researchers to construct high-performance transistors,
high-sensitivity sensors, and novel quantum devices, thereby delving deeper into the
application potential of 2D materials at extreme scales.

Although mechanical exfoliation produces high-quality 2D materials, its random na-
ture and limited flake size severely hinder large-scale device integration. CVD enables
scalable production but inevitably introduces structural defects that degrade carrier mo-
bility. The emergence of GAE successfully overcomes these challenges and unlocks the
fabrication of high-performance TMDC field-effect transistors.

Since the gold-tape exfoliation technique directly yields continuous monolayers from
bulk single crystals [116], it completely circumvents the intrinsic grain boundaries and
polycrystalline scattering centers associated with CVD growth. Consequently, carrier
transport is able to approach the intrinsic phonon-limited regime.

Specifically, in the study by Olsen et al. [60], MoS2 FETs fabricated via the modified
gold-tape exfoliation method exhibited a superior room-temperature field-effect mobility of
250 ± 20 cm2 V−1 s−1. This value is approximately 5 times higher than that of CVD-grown
counterparts and aligns closely with the theoretical phonon-limited mobility, providing
direct evidence of the material’s exceptional electrical quality.

To elucidate the microscopic mechanism behind this high performance, Olsen et al.
employed scanning tunneling microscopy (STM) and scanning tunneling spectroscopy
(STS) for atomic-level characterization. As shown in Figure 4a, the surface of the gold-
exfoliated WSe2 [117] monolayer is atomically clean. Notably, it presents equivalent point
defects compared to the Scotch-tape exfoliated WSe2 monolayer from the same mother
crystal (Figure 4b), indicating that the cleanliness of monolayers obtained by both methods
is comparable, with no additional defects or doping introduced by the process. Furthermore,
the STS band structure in Figure 4c reveals that its electronic structure is fully consistent with
that of the intrinsic material. This further confirms that the high performance stems from the
preservation of the material’s intrinsic electronic structure during the exfoliation process.
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Figure 4. (a) STM image of a monolayer WSe2 on graphite obtained by GAE; the inset displays atomic
resolution [60]. Copyright by 2025 American Chemical Society. Reproduced with permission. (b) STM
image of a monolayer WSe2 on graphite prepared using conventional Scotch tape exfoliation [60].
Copyright by 2025 American Chemical Society. Reproduced with permission. (c) Spatially averaged
STS curves of monolayer WSe2 from gold-tape (blue) and Scotch-tape (green) exfoliation. Error bars
correspond to standard deviations of 13 and 19 individual STS spectra, respectively [60]. Copyright
by 2025 American Chemical Society. Reproduced with permission. (d,e) AFM images of (d) MoS2

and (e) WSe2 monolayers on SiO2/Si substrates [59]. Copyright by 2025 Małgorzata Giza et al. Small
Methods published by Wiley-VCH GmbH. (f,g) Histograms showing the statistical distribution of
field-effect mobilities for (f) MoS2 and (g) WSe2 devices [59]. Copyright by 2025 Małgorzata Giza
et al. Small Methods published by Wiley-VCH GmbH.

Meanwhile, the study by Giza et al. validated the stability of this method on a
macroscopic scale [59]. AFM characterization in Figure 4d,e demonstrates that gold-assisted
exfoliated MoS2 and WSe2 monolayers possess atomically flat surface morphologies on
SiO2/Si substrates. Based on device arrays constructed from these large-area monolayers
(comprising over 100 devices), the field-effect mobility statistical histograms in Figure 4f,g
exhibit an extremely narrow distribution.

Based on the high-quality structural and electronic characteristics established above,
the fabricated FETs demonstrate exceptional performance, underscoring the method’s
capability to realize the intrinsic potential of TMDCs in electronic applications.

4.2. System-Level Integration and Manufacturing Based on Large-Area Uniformity

MAE technology has laid a solid foundation for the industrial application of 2D ma-
terials by virtue of its exceptional capability in large-area monolayer preparation. The
exfoliation area is generally governed by the dimensions of the bulk crystal. Figure 5a
presents optical images of four MoS2 bulk crystals with varying sizes and flatness, along-
side the corresponding monolayers prepared from these bulk crystals on SiO2/Si sub-
strates using the GAE method. This large-area monolayer provides an ideal material
platform for constructing high-performance complementary metal-oxide-semiconductor
(CMOS) circuits.
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Figure 5. (a) Optical images of MoS2 bulk crystals with varied sizes and flatness, and the correspond-
ing monolayers obtained by GAE on SiO2/Si substrates [59]. Copyright by 2025 Małgorzata Giza
et al. Small Methods published by Wiley-VCH GmbH. (b) Corresponding optical image of monolayer
MoS2 arrays on a PVA-modified SiO2 substrate [118]. Copyright by 2021 American Chemical Society.
Reproduced with permission. (c,d) Schematic illustration and optical micrograph of back-gated
monolayer MoS2 transistor arrays [118]. Copyright by 2021 American Chemical Society. Reproduced
with permission. (e) Output characteristics of 50 CMOS inverters measured at supply voltages
VDD = 1, 2, and 3 V [59]. Copyright by 2025 Małgorzata Giza et al. Small Methods published by
Wiley-VCH GmbH. (f,g) Cumulative distribution functions of (f) delay time and (g) static power
at VDD = 1, 2, and 3 V [59]. Copyright by 2025 Małgorzata Giza et al. Small Methods published
by Wiley-VCH GmbH. (h) Output and transfer characteristics of a dry-exfoliated monolayer MoS2

device, showing typical ohmic contact behavior [118]. Copyright by 2021 American Chemical Society.
Reproduced with permission.

Building upon this, researchers have further developed lithography-based patterning
techniques, upgrading MAE from a simple transfer tool into a precision manufacturing
platform. By pre-designing the geometry of the gold templates, site-specific and shape-
defined placement of 2D materials can be achieved. Consequently, this allows for the
exfoliation of patterned monolayers as shown in Figure 5b and their direct integration into
the complex circuit layouts depicted in Figure 5c,d, eliminating the need for subsequent
etching processes and significantly reducing potential damage to the material lattice. This
series of advances not only validates the feasibility of MAE technology in constructing
complex electronic systems but also paves the way for its industrial applications in fields
such as flexible electronics and large-scale integrated circuits.

The realization of high-performance CMOS serves as a critical benchmark for any
2D material synthesis technique. In the case of GAE, the production of large-scale, single-
crystalline layers eliminates the grain boundary scattering that typically degrades carrier
mobility in polycrystalline CVD films. This superior material quality enabled Giza et al.
to fabricate balanced n-type and p-type FETs, which were subsequently integrated into
CMOS inverters [59]. These inverters demonstrated clear logic inversion with a switching
threshold near VDD/2 (Figure 5e), confirming the high quality and uniformity of the
exfoliated layers. The devices further exhibited a minimum delay time of 20 µs (Figure 5f)
and static power consumption as low as 44 pW (Figure 5g), demonstrating that GAE is a
highly promising route for the scalable production of energy-efficient 2D electronic systems.

While patterning elevates GAE into a precise manufacturing platform, traditional
Au-film exfoliation necessitates subsequent wet etching [119] using agents such as KI/I2

to remove the Au layer [42,120]. This process inevitably introduces oxidation, doping,
interface residues, and lattice damage to the 2D materials, severely degrading their intrinsic
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properties and device performance. To address this, Li et al. developed a composite
exfoliation tape composed of Au grids and polycarbonate (PC), which combines the strong
van der Waals forces between metals and 2D materials with the superior support and
flexibility of polymers [118]. This method not only enables the efficient exfoliation of
large-area 2D monolayers but also allows for controllable release via the Au-free regions
of the grid holes during subsequent transfer, thereby maximizing the preservation of the
intrinsic properties of the 2D materials. Based on this, high-performance transistors were
constructed. As shown in Figure 5h, detailed electrical characterization reveals that the
output characteristics exhibit linear behavior, indicating the formation of good ohmic
contacts [121] between the metal and the monolayer MoS2. Furthermore, both the drive
current and carrier mobility reach excellent levels for monolayer MoS2 devices. This
approach enables the optimization of material and device performance without requiring
complex contact engineering or top-gate structures.

Beyond device fabrication, this precise control extends to the quantum realm. By
enabling the precise definition and alignment of crystallographic orientations (such as
straight step edges) on the template, this approach permits fine control over the twist
angle of bilayer 2D materials. Such fine angular manipulation is critical for constructing
Moiré superlattices [122,123], where minute variations in the twist angle induce drastic
modifications to interlayer coupling and electronic band structures, leading to emergent
physical phenomena such as flat bands and correlated electronic states. Studies have
confirmed that Moiré superlattices fabricated via this method exhibit angular errors below
0.3◦, providing an ideal platform for investigating correlated quantum states, including
superconductivity and Mott insulating physics [55].

5. Summary and Outlook
This review systematically summarizes the latest advancements in MAE technology for

preparing high-quality, large-area 2D materials. Addressing the bottlenecks of traditional
mechanical exfoliation, such as low yield and small size, and those of CVD, including grain
boundary defects and interface contamination, MAE achieves controllable exfoliation and
non-destructive transfer of high-quality monolayer materials from centimeter to large scale
by precisely modulating the interfacial interactions between metals and 2D materials.

From a mechanistic perspective, the MAE process is governed by a synergistic inter-
play between thermodynamics and mechanical regulation. While the interfacial binding
energy dictates the thermodynamic feasibility of exfoliation, the strain-induced decou-
pling effect is pivotal in determining the quality of the cleavage. In the paradigmatic
gold-assisted system, localized strain, which primarily arises from interfacial interactions
and surface topography, effectively weakens interlayer coupling. This establishes the
bottom monolayer as the preferential fracture plane, thereby enabling the acquisition of
large-area, high-crystallinity monolayers. Looking ahead, the precise engineering of exter-
nal stimuli, such as interfacial pressure, holds promise for optimizing strain distribution.
This represents a critical pathway toward enhancing the uniformity and scalability of the
exfoliation process.

Regarding technological evolution, MAE has expanded from its initial noble metal
systems to include low-cost metals, Ga, and composite media systems. Silver-assisted
exfoliation not only reduces costs but also utilizes its rough surface to activate plasmons,
enhancing the optical properties of the materials. Liquid metal intercalation provides new
pathways for exfoliating difficult-to-process materials and regulating phase transitions.
Meanwhile, the emergence of dry exfoliation techniques effectively avoids oxidation and
residue issues associated with wet etching, maximally preserving the intrinsic properties of
the materials.
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In terms of applications, MAE has become a cornerstone for constructing high-
performance devices. Combined with lithographic patterning technologies, MAE enables
site-specific, shape-defined transfer and precise control of twist angles, providing an ideal
platform for researching Moiré superlattices and correlated quantum states. FETs fabri-
cated using MAE exhibit carrier mobilities approaching intrinsic limits and extremely high
on/off ratios. The successful integration of all-2D CMOS validates its immense potential
for low-power electronic devices in the post-Moore era.

Although MAE technology has achieved significant breakthroughs in laboratory re-
search, bridging the gap from fundamental research to large-scale industrial manufacturing
requires addressing several interconnected challenges. Primarily, the high cost and discon-
tinuous nature of gold films necessitate a shift toward low-cost transition metal alternatives
like copper and nickel, alongside optimized recycling processes and the development of
roll-to-roll technologies [45,124,125] to achieve environmentally friendly, large-scale pro-
duction. Concurrently, achieving atomic-level precision in interface engineering is crucial;
despite MAE’s ability to create clean interfaces, risks such as metal atom diffusion and
oxidation persist, calling for in situ vacuum processing and novel buffer layers to enhance
device stability and consistency. Beyond scaling, the superior interface compatibility of
MAE offers a unique opportunity to construct complex van der Waals heterostructures—
integrating superconducting devices. Furthermore, to fully realize the potential of 2D
materials in optoelectronics [126], future research needs to synergistically optimize optical
and electronic properties by mitigating fluorescence quenching through advanced sub-
strates like silver nanostructures, thereby ensuring simultaneous improvements in carrier
transport and photoelectric response for next-generation high-performance devices.

In conclusion, as a bridge connecting fundamental physics research of 2D materials
with industrial applications, MAE technology occupies a core position in micro-nano elec-
tronic manufacturing in the post-Moore era due to its unique advantages. With deepening
understanding of the underlying mechanisms and continuous innovation in process tech-
nologies, MAE is poised to thoroughly resolve the challenges of scalable preparation of 2D
materials, accelerating the industrial-scale integration of next-generation integrated circuits
and optoelectronic devices.
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