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Two-dimensional (2D) metals, which are appealing for a plethora of emergent phenomena and technological appli-
cations, stand as one of the highly sought-after goals in condensed-matter physics and materials science. In stark contrast
to the widely-studied 2D van der Waals (vdW) layered materials in which their weak interlayer interactions facilitate the
isolation from their bulk, 2D metals are extremely challenging to achieve because of their thermodynamic instability and
non-layered nature. In this review, we highlight the recent advances in the reliable production of atomically thin 2D metals,
including but not limited to vdW squeezing technique, top-down exfoliation, mechanical pressing, chemical etching, epi-
taxial growth, and confinement growth. We also present our perspectives and discuss the future opportunities and research

directions in this new field.
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1. Introduction

Two-dimensional (2D) materials, starting with the
ground-breaking exfoliation of graphene in 2004, have
changed the way we think about materials and ushered in a
new era of fundamental research and technological innovation,
owing to the unique electronic, photonic, magnetic, and topo-
logical properties unattainable in their bulk counterparts./!=6!
Over the past two decades, the 2D family has markedly ex-
panded and now includes hundreds of laboratory-accessible
species with diverse properties, for example wide-bandgap in-
sulators (e.g., h-BN), semiconductors (e.g., MoS, and black
phosphorus), quantum spin liquids (e.g., RuCl3), ferromag-
nets (e.g., Crlz), and high-temperature superconductors (e.g.,
BiySr,CaCu,0g., 5).1>"131 However, these 2D materials are
largely limited to van der Waals (vdW) layered crystals in
which their weak interlayer interactions facilitate the isolation
from their bulk, for example, by mechanical exfoliation. Ex-
ploring new atomically thin materials beyond 2D vdW crystals
could not only significantly broaden the 2D family, but also
bring more surprises and exotic insight into exciting phenom-
ena and potential technological innovations. 141!

Atomically thin 2D metals composed of metallic ele-
ments from the periodic table stand as one of the highly
sought-after goals in condensed-matter physics and materials
science, which can not only broaden the 2D family beyond 2D
vdW layered materials but also possess promising prospects

for the exploration of completely new physics and device ar-
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chitectures, such as new quantum optical effects, topolog-
ical edge states, superconductivity, metallic ferroelectricity,
quantum Griffiths singularity, superior nonlinearity, catalysis,
and all-metallic transistors. >33 However, unlike the widely-
studied 2D vdW layered crystals, 2D non-vdW metals with
highly symmetric crystal lattices tend to be thermodynami-
cally unfavorable and typically become discontinuous when
scaling the thickness down to several nanometers. Conse-
quently, it is a great challenge to achieve intrinsic, large area
(especially larger than 1 um), uniform thickness, and ambient-
stable 2D metals down to one-unit-cell thick. We note that
when referring to 2D metals, we mean crystalline systems in
which their thickness is of atomic scale (<10 nm), while their
lateral dimensions are at least close to the wm-scale.

Over the past few years, substantial developments and
progresses on producing atomically thin 2D metals have been
witnessed. Especially, a universal vdW squeezing method has

[19,34]

been developed recently, producing, for the first time,

large-scale (> 100 pm), truly 2D metals down to the dngstrom

19.331 This represents a major advance in the

thickness limit.!
important research field of 2D metals (Fig. 1).13] Here, we
review the recent advances in the available methods for top-
down exfoliation from bulk materials and for bottom-up syn-
thesis of atomically thin 2D metals, and evaluate their relative
merits (Table 1), including but not limited to the vdW squeez-

ing technique, mechanical exfoliation, mechanical pressing,
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chemical etching, epitaxial growth, confinement growth, and

surface-nanoconfined growth. Finally, we conclude with per-

2011: The first monolayer

MoS, transistor transistors

Top gate

2004: The discovery
of graphene

o

2014: Black phosphorus 2018: 2D ferroelectric and

spectives on future research directions, opportunities and chal-

/

lenges in this new field.

magnetic materials

-9,

Fig. 1. Timeline of selected major advances in the 2D field with an emphasis on material systems. Adapted with permission from Refs. [1,10-13,19].

Table 1. Comparison between the available methods for the production of 2D metals.

Methods Prepared 2D metal Tbmnest .Later.al Env1rorTrr.1ental Single Intrinsic properties
thickness ~ dimensions stability crystal
vdW squeezing Bi, Sn, Pb, In, and Ga ~5.8A ~ 100 um Stable Yes Non-bonded interfaces; intrinsic
Mechanical exfoliation Bi and Sb ~12A ~ 3 um Unstable Yes Non-bonded interfaces; intrinsic
Mechanical pressing Ag, Au, Ni, Cu and Fe ~29 A ~ 1 pm Unstable No Etchant residues; non-intrinsic
Chemical etching Au ~19A ~ 40 um Unstable Yes Etchant residues; non-intrinsic
Solid-melt exfoliation Ga >30A ~ 100 pm Unstable No Chemical interaction with substrates
VPD Sb ~40 A ~ 10 um Unstable Yes Non-bonded interfaces; intrinsic
Confinement growth Ga, Sn and In ~5A Stable Yes Covalently bonded to substrates
Surface-nanoconfined growth Pd ~8A ~ 10 um Stable Yes Forming compounds; non-intrinsic

2. The vdW squeezing

Recently, a convenient, universal method dubbed vdW
squeezing has been developed for preparing 2D metals.[!"]
First,

a certain amount of metal powder is placed on the bot-

Figure 2(a) illustrates the vdW squeezing process.

tom monolayer MoS,/sapphire anvil and then heated until it
melts to form a droplet (panel I in Fig. 2(a)). Then, an-
other monolayer MoS,/sapphire, serving as the top anvil, is
placed face to face on the bottom anvil. The two anvils
move towards each other until contact is made, with liquid
metals sandwiched in between (panel II in Fig. 2(a)). Sub-
sequently, external pressure is applied to both the top and
bottom MoS,/sapphire anvils and the metal droplet is grad-
ually squeezed flat at a high pressure of ~ 200 MPa (panel
IIT in Fig. 2(a)), roughly double the pressure at the bottom
of the Mariana Trench. With squeezing, the droplet metal
spreads rapidly between the MoS, monolayers and decreases
its thickness. The squeezing process is maintained until
the two opposite anvils are cooled down to room tempera-

ture naturally and 2D metals are formed eventually. Finally,

the as-achieved sapphire/MoS,/2D-metal/MoS,/sapphire as-
sembly is unloaded and mechanically cleaved. Since the
vdW interaction of metal-MoS; is larger than that of MoS,—
sapphire, the cleaved interface occurs at the MoS,/sapphire
interfaces, resulting in MoS;-encapsulated 2D metals on sap-
phire (Fig. 2(a), panel IV).

‘We highlight that a key trick to realizing 2D metals is the
use of single crystalline monolayer MoS, epitaxially grown
on sapphire as bottom and top anvils:'*’! (1) the atomically
flat and dangling-bond-free surface of MoS,/sapphire anvil
is critical to thickness uniformity of 2D metals over a large
scale; (2) the high Young’s modulus of both sapphire (about
430 GPa) and monolayer MoS; (around 300 GPa) is important
to withstand the exerted high pressures, enabling 2D metals
formed inside the two anvils to approach their angstrom thick-
ness limit. We envision that graphene, h-BN and other 2D
layered materials can also be used as vdW anvils for preparing
atomically thin 2D metals.3#!

With the vdW squeezing methodology, diverse 2D met-
als (including Bi, Ga, In, Sn and Pb) are realized (Fig. 2(b)).
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Remarkably, the thicknesses of these as-produced 2D met-
als can all reach to the angstrom limit, e.g., ~ 6.3 A for
Bi, ~ 5.8 A for Sn, ~ 7.5 A for Pb, ~ 8.4 A for In, and
~ 9.2 A for Ga, as revealed in the atomic force microscope
(AFM) images (Fig. 2(c)). The vdW squeezing represents
a ground-breaking approach for producing 2D metals, fea-
turing parameter metrics unattainable by previous methods.
First, 2D metals by vdW squeezing technique can be reach-
able in large sizes, e.g., ~ 100 pm for single crystalline Bi
monolayer (Fig. 2(b)), two orders of magnitude larger than
those reported previously. ['828:32.331 Second, the full-vdW en-
capsulated characteristics also ensure that the as-produced 2D
metals present non-bonded interfaces (i.e., ‘all-vdW’ nature),
facilitating the access of intrinsic physical properties. By
contrast, most 2D metals previously prepared are covalently

5,126

bonded to substrates,?®! and thus the measured properties are

usually non-intrinsic. Third, the as-produced 2D metal films
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are full-vdW encapsulated by atomically-smooth MoS; mono-
layers, and therefore are extremely environmentally stable.
Notably, the encapsulated monolayer Bi can last at least one
year in an atmospheric environment without degradation or
oxidation. Fourth, the vdW squeezing methodology facilitates
the realization of 2D metals with various thicknesses (such as
one-, two- and three-unit-cell thick) by controlling the squeez-
ing pressure, providing a firm basis for the exploration of fasci-
nating layer-dependent physical properties. Last but not least,
the vdW squeezing strategy can engineer the crystal orienta-
tion of 2D metals by controlling the twist angle between the
top and bottom vdW monolayers. This promises the prospect
of designing new moiré superlattice systems composed of 2D
metals and 2D vdW layer materials, highlighting the great po-
tential for new physics and technological advances in electron-
ics, optoelectronics, and twistronics.[*!

Il - Squeezing

IV - Peeling

2D metals

Pressure

400 nm

Fig. 2. The vdW squeezing for 2D metals. (a) Schematic of vdW squeezing process. (b) Optical microscope images of as-produced 2D metals
by vdW squeezing, including Bi, Ga, In, Sn and Pb. (c) Atomic force microscope images of as-produced 2D metals in (b). The height profiles
are superimposed on each individual image. Adapted with permission from Ref. [19].

3. Top-down strategy

Mechanical exfoliation Mechanical exfoliation from
bulk crystals has proven to be an extremely effective method
and plays a pioneering role in the production of high-quality
2D materials at the atomically thin limit. With the advance-
ment of research, the top-down exfoliation approach has been
improved accordingly to isolate a greater variety of 2D mate-
rials with larger lateral dimensions. For example, introducing

a mediation layer (e.g., AlO3 and Au) to enhance adhesion
of the substrate with the target crystal can facilitate more ef-
ficient exfoliation.[>*~4% Notably, Jiang ef al. have recently
refined the mechanical exfoliation by involving a calendar-
ing pretreatment to drive lateral sliding between close-packed
planes (Fig. 3(a)). The lateral sliding shifts the positions of
atoms from the most stabilized ‘groove’ site and transforms

the structure from a stable to a metastable phase. This largely
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weakens the interlayer binding and reduces the exfoliation en-
ergy, making the mechanical exfoliation of non-layered 2D
metals feasible. Indeed, the scotch tape mechanical exfoliation
of the bulk counterpart after lateral sliding successfully pro-
duces two 2D metals, i.e., Bi of ~ 1.3 nm and Sb of ~ 1.2 nm

Calendering

Strong interlayer binding
Stable phase

5nm

Weakened interlayer binding
Meta phase

(Fig. 3(b)).['8 In addition, we would like to point out that
further work is needed to improve mechanical exfoliation of
2D metals as the currently obtained 2D metals have not yet
reached the monolayer limit and lateral size is relatively small
(in the order of a few microns).

(c) - Folding)calendering *
e —

Folding |

v
) Calendering
—_— +
|

Repeat
v

Selective Etching 4

(d)

5nm

75 min

19 nm

10nm|[

115 min

145 min

~ 190m|

00 100pm 00 10.0 ym

Fig. 3. Some 2D metals prepared by top-down methods. (a) Schematic of mechanical exfoliation by involving a calendaring pretreatment to
drive lateral sliding. (b) AFM images of Sb and Bi films by mechanical exfoliation. (c) Schematic of the fabrication of 2D metals by repeated
mechanical rolling. (d) AFM image of 2D Ag prepared by mechanical pressing with thicknesses of 2.9 nm, 0.9 nm, and 3.4 nm. (e) Left: schematic
illustration of the atomic-level precision etching approach. Right: Optical transmission micrographs of a gold film thinned down by chemical etching.
(f) Hlustration of the solid-melt exfoliation process. (g) Left: optical image of exfoliated Ga films on SiO; substrate. Right: AFM images of Ga film
exfoliated on GaAs and Si substrates. Adapted with permission from: (a), (b) Ref. [18]; (c), (d) Ref. [41]; (e) Ref. [44]; (f), (g) Ref. [45].

Mechanical pressing Given metals generally exhibit
superb ductility and malleability, mechanical pressing is ex-
pected to offer a possible route to thin down bulk metals and
achieve 2D metal films. Indeed, repeated mechanical rolling
and hot-pressing methods have been developed to produce 2D
metals with thickness thinned down to a few nanometers (al-
though not yet reaching the monolayer limit), and sizes of the
order of micrometers.[41=43] Figure 3(c) illustrates the fabrica-
tion of 2D metals by repeated mechanical rolling.[*!l The fab-
rication begins from stacked heterogeneous metal sheets (e.g.,
Al/Ag binary metal plates). By repeated folding and calender-
ing (RFC) process with a rolling machine (e.g., 20 times), mul-
tilayered metallic plates with heterogeneous metals stacked
alternately are obtained. Concurrently, the thickness of each
heterogeneous metal layer is significantly reduced to a few
nanometers. Finally, 2D metals can be prepared by selective
chemical etching of the sacrificial metals. For example, 2D Ag
can be prepared by dissolving the Al from Al/Ag multilayered
structure in alkaline solutions (Fig. 3(d)). The repeated RFC

can also offer a general strategy to fabricate other 2D metals,
such as Au, Cu, Ni, and Fe. However, it is noteworthy that
the 2D metals by repeated RFC are not single crystalline but
polycrystalline. 4]

Chemical etching An atomic-level precision chemical
etching approach has been developed for fabricating single
crystal 2D Au flakes (Fig. 3(e)). 144 Large-area single crys-
tal Au flakes synthesized on a substrate with an atomically
smooth surface (e.g., mica) are used as the starting materials.
Then, the Au single crystals are immersed into a cysteamine
solution to initiate chemical etching. By controlling the etch-
ing parameters, the surface Au atoms can be gradually etched
in layer-by-layer manner via an oxidation-reduction process,
ultimately resulting in the production of 2D Au flakes. The
right panel of Fig. 3(e) presents the optical transmission micro-
graphs of the as-produced 2D Au flakes taken at various etch-
ing times. The minimum thickness can be as thin as ~ 1.9 nm
It is
worth noting that because of the thickness fluctuations of the

and the lateral size can reach dozens of micrometers.
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initial materials, it is essentially impossible to obtain large-
area, sub-nanometer 2D metals with this chemical etching ap-
proach. In addition, the chemical etching often leaves etchant
residues on the surface of as-synthesized 2D metals, which can
compromise the intrinsic physical properties of the 2D metals,
especially when the thickness is only one or a few atomic lay-
ers.

Solid-melt exfoliation A solid-melt exfoliation approach
has been developed for fabricating 2D Ga layers (Fig. 3(f)).[*]
The low-melting Ga metal is first heated at a high temper-
ature to achieve uniform melting, and then the temperature
is reduced to 30 °C, slightly above the melting point (i.e.,
~ 29.7 °C). At this point, a clean substrate (e.g., Si/SiOy) is
brought into contact with the surface of the Ga droplet. The
lower temperature of the substrate will result in the solidifica-
tion of the surface Ga and thus the formation of a 2D Ga layer,
which can be exfoliated onto the substrate. Although the size

of the as-produced 2D Ga can be hundreds of micrometers,

Pd source

the thickness is far from the atomically thin limit and thicker
than 3 nm (Fig. 3(f)).[* In addition, the solid-melt exfolia-
tion method typically requires the strong chemical interaction
of metal with the substrate, preventing the access to the intrin-
sic physical properties of 2D metals.

4. Bottom-up synthesis

Epitaxial growth Molecular beam epitaxy (MBE) has
been employed for growing atomically thin metals for a long
time, even before the discovery of monolayer graphene.[404°]
Although these early studies have certainly advanced our un-
derstanding of the exotic quantum phenomena of metals with
atomically thin thickness, the achieved metals typically fea-
ture nanometer-size segmented islands (that is, are not truly
2D metals, Fig. 4(a)) or are strongly bonded to substrates
thus preventing the investigation of their intrinsic properties
(Fig. 4(b)).[21:23:28.31=33,50-53] Consequently, the short review

here does not focus on the MBE growth.

© &% ce
B LN T,
sublimati ..u' ->¢
oy ‘;‘:.‘x‘z‘az..‘;‘a‘:. *.‘:*.‘:‘“‘z‘z

Graphene formatio Defect generation el mercataton

-~
Two-layer EG
B f"

- ‘ o

Three-layer EG

Fig. 4. Some 2D metals grown by bottom-up methods. (a) STM image of 3-phase Bi films on NbSe;. (b) In-plane (upper) and cross-sectional
views (lower) of monolayer Bi on SiC substrate. Monolayer Bi is strongly bonded to substrates. (c) Schematic illustration of the VPD synthesis
configurations. (d) AFM images of 2D Sb films on mica substrate. The scale bars in left and right panels are 1 pm and 50 nm, respectively.
(e) Schematic illustration of confinement growth showing graphene growth, plasma treatment and intercalation steps. (f) Cross-sectional view
TEM images of Ga, In and Sn films confined between graphene and SiC substrate. (g) Cartoon illustration of the surface-nanoconfined growth
of 2D metals. (h) Cross-sectional view TEM images of monolayer WTe, (upper) and crystalline 2D Pd synthesized. Adapted with permission
from: (a) Ref. [52]; (b) Ref. [32]; (c), (d) Ref. [59]; (e), (f) Ref. [26]; (g), (h) Ref. [62].

106104-5



Chin. Phys. B 34, 106104 (2025)

Vapor-phase deposition (VPD) has been proven as a
facile technique in synthesizing 2D materials and their
heterostructures.!”3*8! Ji et al. have demonstrated the vdW
epitaxy growth of few-layer Sb crystals on fluorophlogopite
mica substrates by VPD method.>”! Figure 4(c) schematically
illustrates the VPD process. Commercial Sb powder placed in
the source zone is vaporized via heating. The evaporated Sb
is transported downstream through the carrier gas, deposited
onto the mica substrate and finally grows into 2D Sb. The typ-
ical 2D Sb features a thickness down to ~ 4 nm, and a lateral
size around 5-10 um (left panel, Fig. 4(d)). Very tiny samples
can be as thin as ~ 1 nm, but only ~ 100 nm in size (right
panel, Fig. 4(d)).1>°! In the future, further investigations are
required to elucidate whether the VPD method can facilitate
the synthesis of other 2D metals and whether thicknesses can
be pushed to the monolayer limit.

Confinement growth A free-standing metal monolayer,
in principle, is thermodynamically unstable, and environmen-
tal confinements are typically required to stabilize a 2D metal
structure. Consequently, confinement growth offers a pos-
sible route for 2D metal preparation. Previous studies have
widely demonstrated that metal atoms can intercalate into the
interfaces between a 2D vdW layered material and its growth
substrate through defects.[9%6!1 By defect engineering of the
epitaxially grown graphene on silicon carbide (SiC) substrate,
the increased intercalation sites facilitate the vaporized metal
precursors’ adhesion and transport to the graphene/SiC inter-
face (Fig. 4(e)).I?®! Notably, large-area, environmentally sta-
ble, single-crystal 2D metals such as Ga, Sn and In that are
one to three atomic layers thick are realized (Fig. 4(f)). We
highlight that the encapsulating layer graphene protects the as-
produced 2D metals from environmental degradation, which
greatly facilitates ex-situ characterization and enables facile
processing and device fabrication. In addition, it is noteworthy
that the 2D metals present a non-bonded vdW interface to the
graphene overlayer, but are covalently bonded to the SiC sub-
strate below. In other words, as-produced 2D metals are only
‘half-vdW’ metals, rather than highly sought-after ‘all-vdW’
metals, hindering the access to truly intrinsic properties.2®]

Surface-nanoconfined growth Recently, Jia ef al. un-
cover a surface-nanoconfined growth method for preparing
2D metals, as illustrated in Fig. 4(g).[°?! Predeposited Pd
source above/underneath crystalline monolayer WTe, under-
goes a rapid, long-distance, non-Fickian transport when the
temperature exceeds a certain value (~ 190 °C), resulting
in the formation of a uniform atomically thin 2D Pd layer
on monolayer WTe,. Surprisingly, the critical temperature
is far below the melting point of Pd (~ 1550 °C). The as-
produced 2D Pd has seven atomic layers and is ~ 0.8 nm
in thickness (Fig. 4(h)).192! The surface-nanoconfined growth

method is very surprising, as the metal source can achieve
fast, non-Fickian mass transport at a temperature much lower
than the melting point. In addition, highly uniform thick-
ness is also astonishing. Although the authors have tried
to provide some possible explanations (for example, the au-
thors suspect that the surface layer of Pd that directly contacts
with WTe, might melt and form an atomically thin 2D liquid
metal), further experiments and theories are needed to eluci-
date the underlying physical mechanisms of this novel growth
method. Meanwhile, we are also curious about whether this
surface-nanoconfined method can achieve 2D metals of only

one atomic-layer thick.

5. Conclusions and perspectives

Because 2D materials are one of the highly sought-after
goals in condensed-matter physics and provide a wide range of
possibilities for the exploration of completely new physics and
device architectures, researchers have been dedicated to their
scalable synthesis, despite significant challenges. Substantial
developments and progresses on producing atomically thin 2D
metals have been witnessed over the past few years. In this re-
view, we highlight the recent advances in the reliable produc-
tion of atomically thin 2D metals, including but not limited to
vdW squeezing technique, top-down exfoliation, mechanical
pressing, chemical etching, epitaxial growth, and confinement
growth. Among these, we believe that vdW squeezing stands
out and represents a breakthrough in the field of 2D metals,
because it produces, for the first time, large-scale, truly ‘all-
vdW’ 2D metals.

Undoubtedly, this is just the beginning of 2D metal field,
and there are plenty of new opportunities and emerging tech-
nological applications to be eagerly awaited. First, the cur-
rently as-produced 2D metals are very limited. For example,
only five 2D metals with low melting points have been pre-
pared by the vdW squeezing method. Consequently, one in-
triguing research direction is to develop new design paradigms
and manufacturing technologies under extreme conditions
such as high temperature and pressure and to break through
the current bottleneck, achieving a greater variety, larger size,
and controllable phase structure of 2D metals, and expanding
the research boundaries of 2D metals. Second, the physical
properties of 2D metals are a ‘new frontier’ but have not yet
been explored. Consequently, another future research frontier
is to develop advanced transport and spectroscopy methods,
and combine with external degrees of freedom engineering
to explore the unique properties of 2D metals, underpinning
emerging quantum states of matter, addressing important fun-
damental problems in condensed-matter physics and materials
science, and initiating original breakthroughs ‘from O to 1°.
Last but not least, 2D metals, by integrating with other systems
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(e.g.

, optical cavities, resonances, silicon-based waveguides,

and fibers), will undoubtedly outline a bright vision for nu-

merous emerging electronic, photonic and optoelectronic ap-

plications.
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