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Etching technology — one of the representative modern semiconductor device makers — serves as a broad
descriptor for the process of removing material from the surfaces of various materials, whether partially or
entirely. Meanwhile, thinning technology represents a novel and highly specialized approach within the realm
of etching technology. It indicates the importance of achieving an exceptionally sophisticated and precise
removal of material, layer-by-layer, at the nanoscale. Notably, thinning technology has gained substantial
momentum, particularly in top—down strategies aimed at pushing the frontiers of nano-worlds. This rapid
development in thinning technology has generated substantial interest among researchers from diverse
backgrounds, including those in the fields of chemistry, physics, and engineering. Precisely and expertly
controlling the layer numbers of 2D materials through the thinning procedure has been considered as a
crucial step. This is because the thinning processes lead to variations in the electrical and optical
characteristics. In this comprehensive review, the strategies for top—down thinning of representative 2D
materials (e.g., graphene, black phosphorus, MoS,, h-BN, WS,, MoSe,, and WSe,) based on conventional
plasma-assisted thinning, integrated cyclic plasma-assisted thinning, laser-assisted thinning, metal-assisted
splitting, and layer-resolved splitting are covered in detail, along with their mechanisms and benefits. Addi-
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tionally, this review further explores the latest advancements in terms of the potential advantages of semi-
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conductor devices achieved by top—down 2D material thinning procedures.

1. Introduction

In the era of technological advancement driving towards the
miniaturization and portability of products, the primary goal of
researchers is to improve the performance and power efficiency
of microelectronic devices. Notably, the enhancement of silicon
(Si) technology has been conducted in complementary metal-
oxide-semiconductor (CMOS) devices, which have served as the
cornerstone of the Si industry for over half a century. In
particular, it has facilitated an exponential increase in comput-
ing ability, following Moore’s law."* Since the Bell laboratory
introduced the centimeter-scale transistor as an alternative to
the vacuum tube in 1947, revolutionary changes have occurred
in the semiconductor industry over the years. These changes
have been driven by the pursuit of reducing transistor size to
fulfill market demands for higher operating speed, less power
consumption, and large process/storage capacity. As physical
gate lengths gradually approach 5 nm or even 3 nm,"® the
challenges of pushing the limits of current semiconductor
technology based on Si are becoming more formidable. In this
regard, researchers have explored various new semiconductor
materials, aiming to keep surpassing the performance of Si-
based devices.®™°

This journal is © The Royal Society of Chemistry 2024
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Since the successful isolation of graphene in 2004 by Novo-
selov et al., its unique physical properties have been extensively
examined, garnering significant attention from the scientific
community."**° Due to its distinctive structure and extensive
n-conjugation, graphene exhibits outstanding electrical and
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optical characteristics, positioning it as a promising candidate
for applications in electronics and optoelectronics.>*?%3173
This has sparked a race to explore high-quality 2D materials
and integrate them into semiconducting devices at economical
prices.**° However, achieving optimal results in applications
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requires precise control over the layer numbers and shapes of
these 2D materials, making it imperative to employ techniques
for thinning them down. For instance, conventional graphene
is typically grown on metal substrates using the chemical vapor
deposition (CVD) method. However, the strong interlayer cou-
pling force between adjacent graphene layers makes it difficult
to control the growth and achieve highly uniform monolayers.
Even with tuning the CVD growth parameters, including tem-
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perature, pressure, and gas composition, it is hard to prevent
adlayers of graphene due to the strong interlayer force.

To date, CVD/molecular beam epitaxy (MBE)/pulsed laser
deposition (PLD) have been proven as representative and
mature bottom-up growth methods of 2D materials.**™** Never-
theless, not all bottom-up growth mechanisms of emerging 2D
materials are fully understood and explored experimentally and
theoretically to date.*? In addition, there is no perfect guarantee
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that these methods do not create defect sites and adlayers during
the unperfected bottom-up growth process for all 2D material
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families in the current status. Therefore, their evolution and
development paths are still in demand. Parallelly, layer-by-layer
thinning technologies via top-down strategies (conventional
plasma-assisted thinning, integrated cyclic plasma-assisted thin-
ning, laser-assisted thinning, and layer-resolved splitting) have
been developed by multiple research groups throughout the world
aiming at effective thinning of the intrinsic multilayer grown-2D
materials. The additional benefit that these thinning strategies
can bring is that they could assist in entirely removing the
impurities/contaminants/defects/adlayers that may remain during
the unperfected bottom-up growth processes. In other words, the
parallel development of both bottom-up growth and top-down
layer-by-layer thinning is likely two faces of a coin. They do not
show conflicts, but they complement each other more and more
completely. Therefore, the top-down layer-by-layer thinning tech-
niques should be more suitable for 2D materials with
strong interlayer coupling forces, while it is difficult to obtain
thinner layers by bottom-up growth methods. Depending on the
intended purpose, thinning techniques can be categorized into
two types: dry thinning and wet thinning.*> And to fabricate
a device, it is necessary to delaminate and transfer the 2D
materials, thinning them onto alternative substrates such as Si/
Si0, and flexible membranes.**™*” Therefore, achieving success-
ful, contamination-free delamination and transfer of thinned 2D
materials is extremely important. To achieve precise control over
the layer numbers or attain a specific micro-nano structure
of 2D materials, the dry thinning technique is regarded as
the most effective method due to its high precision and
cleanliness.**"*
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Fig. 1 Annual publications on “2D Materials” and “"2D Materials Thinning” (2010-2023). (Source: Web of Science).

In this review, we introduce the prominent and widely
adopted practices in thinning technologies, encompassing
both wet thinning and dry thinning. These include plasma-
assisted thinning, conventional-assisted thinning, integrated
cyclic plasma thinning, laser-assisted thinning, metal-assisted
splitting, and layer-resolved splitting. Additionally, recent
advancements in thinning techniques for constructing micro-
nano structures in semiconductor devices are highlighted in
this review. Furthermore, the changes in thinned materials due
to thinning-induced defects, especially concerning their physi-
cal behaviors, are considered and discussed. By addressing
both challenges and opportunities, these distinctive thinning
methods are expected to contribute to the expansion of
research on semiconductor devices utilizing 2D materials in
the future. Fig. 1 reveals a pronounced upward trend in the
annual publications related to the research on 2D materials. In
direct correlation with this, the yearly publications addressing
the thinning of 2D materials have also experienced a rapid

5194 | Chem. Soc. Rev., 2024, 53, 5190-5226

surge in numbers. Fig. 1 reveals the evolution flow through the
annual publications for “2D Materials” and “2D Materials
Thinning” from 2010 to 2023. Drastically, they reached up to
the magnitudes of 6.4 times (from 1715 in 2010 and 11230 in
2023) for “2D Materials” and 12 times (from 132 in 2010 and
1580 in 2023) for “2D Materials Thinning”, respectively.

2. Atomical layer-by-layer thinning of
2D materials: advanced top—down
strategies applicable to
semiconducting devices

The band-gap values of 2D materials vary depending on the
number of layers they have. For instance, while monolayer

graphene lacks a band gap, the introduction of adlayers leads
to a fascinating physical phenomenon called band gap via

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Atomical layer-by-layer thinning strategies of emerging intrinsic multilayer materials to date. The topmost representative top—down methods for
intrinsic multilayer material thinning. (a) Schematic diagram of the plasma treatment of BP. Reproduced with permission from ref. 66. Copyright 2015
American Chemical Society. (b) The concept of oxygen (O,) conventional-assisted thinning for graphene. (c) Schematic of integrated cyclic plasma-
assisted thinning for molybdenum disulfide (MoS,) thinning. Reproduced with permission from ref. 76. Copyright 2022 American Chemical Society. (d)
Schematic of the femto second laser thinning method for graphene thinning. Reproduced with permission from ref. 83. Copyright 2013 Royal Society of
Chemistry. (e) Schematic of metal-assisted splitting with an adhesive-strained layer of nickel (Ni) deposited on graphene. Reproduced with permission
from ref. 88. Copyright 2013 AAAS. (f) Schematic illustration explaining the layer resolved splitting process for 2D material monolayer. Reproduced with

permission from ref. 89. Copyright 2018 AAAS.

twisting®® and gate control.>" By these sophisticated strategies,

the band gap could be precisely controllable. Simultaneously
with the aforementioned strategies, layer-by-layer thinning of
2D multilayer materials through six strategies (see in Introduc-
tion section) is one of the best strategies for controlling the
band gap following the number of layers. These thinning
technologies offer several advantages: (i) they result in a cleaner
surface by removing contaminants and residues, and (ii) they
diminish the thickness of the 2D material film, potentially
leading to alterations in the band gap with varying layer
numbers. This is accompanied by modifications in the optical
and electrical properties of 2D materials. Moreover, these
advanced thinning strategies open up new possibilities for
advanced electronic applications. There are a massive number

This journal is © The Royal Society of Chemistry 2024

of applications that ideally need defect-free single-layered 2D
materials or defect-free multilayered 2D materials, and also,
things that do not need the appearance of a bad-gap such as
flexible displays, touch panels, solar cells, fuel cells, etc. There-
fore, the latest thinning technologies currently being employed
in 2D materials will be scrutinized (Fig. 2) in this section. Here,
the operational mechanisms and assessments of the impacts of
thinning techniques on the quality of the 2D material will be
examined and clarified.

2.1. Plasma technology-based thinning

Plasma can be produced by introducing energy into a gas using
several techniques, including the application of electric fields,
heating, or the exposure of the gas to extremely powerful

Chem. Soc. Rev,, 2024, 53, 5190-5226 | 5195
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Fig. 3 Plasma-assisted thinning of CVD multilayer graphene and black phosphorus (BP). Schematic of two possible graphene thinning mechanisms of
ground electrode O, plasma: (a) anisotropic vertical thinning and (b) anisotropic horizontal thinning. (a) and (b) Reproduced with permission from ref. 60.
Copyright 2014 Springer. (c) The ICP system was illustrated with a vertically symmetrical design, featuring an annular gas inlet (H,, Ar inlet) at the top of
the chamber and an annular gas outlet (connected to a vacuum pump) at the bottom of the chamber. (d) The graphene flake, consisting of 3 layers, was
achieved after an additional 2 minutes of fine thinning. (e) The graphene flake with 2 layers, was obtained after another 1 minute of fine thinning. (f) The
corresponding graphene flake with a monolayer after another 1 minute of fine thinning. (g) The schematic diagram illustrates the transition process from
many layers of graphene to few-layer graphene using the fast-thinning mode, specifically Ar plasma. (h) The schematic diagram of the layer-by-layer
thinning from trilayer to bilayer and finally to monolayer using a fine thinning mode, namely H, plasma. (c)-(h) Reproduced with permission from ref. 65.
Copyright 2018 Elsevier. (i) Schematic diagram of the effects of the plasma treatment of a BP flake: thickness control, and surface defect removal. (j)

Raman spectra BP films with various thicknesses. (i) and (j) Reproduced with permission from ref. 66. Copyright 2015 American Chemical Society.

electromagnetic radiation.”>>* Plasma has proven its potential

to be applied in vast areas including chemistry, physics, engi-
neering, microbiology, and medicine. Plasma-assisted thinning
was introduced into integrated circuits manufactured in the
1960s and is widely applied even in the present day.>*”” In the
field of materials thinning, in order to control the number of
layers of materials, plasma will be combined with a CVD system
to form a plasma enhanced CVD (PECVD). Here, PECVD utilizes
electrical energy by radio frequency (RF) to create an electric
field between the electrodes to generate a glow discharge
(plasma) at low pressure (0.1-10 Pa). The sample is placed on
a cathode electrode and then bombarded by ions which are
accelerated by the self-bias.’®*® Thereby, Al-Mumen et al. have

5196 | Chem. Soc. Rev., 2024, 53, 5190-5226

reported singular sheet thinning from bilayer graphene using
O, using the ground electrode plasma system regarding the
various plasma thinning directions.®® However, this method
introduced a few defects, due to the anisotropically vertical and
horizontal thinning mode (Fig. 3a and b). Additionally, in this
system, both the density of plasma (ions/area) and the kinetic
energy of the ions are dependent on the power supplied to the
lower electrode and cannot be changed independently.

A solution for this issue is inductively coupled plasma (ICP),
where a separate coil is attached above the upper electrode and
a separate RF power is applied to the coil. By first introducing
the gas to the ICP coil and striking plasma there, the plasma
density can be changed by adjusting the power provided to the

This journal is © The Royal Society of Chemistry 2024
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ICP coil. Following the introduction of the ions into the
chamber, they are propelled toward the lower electrode by
using the biasing voltage created by powering the lower elec-
trode, which also regulates the kinetic energy of the ions. These
benefits and characteristics make ICP-plasma-assisted thin-
ning become a potential system for achieving excellent aniso-
tropy and high thinning rates.'**'"*® Recent studies by Pham
et al. and Germain et al. have demonstrated graphene films,
which can obtain less damage and are cleaned, by using
chlorine (Cl) and nitrogen (N,) in the ICP system,
respectively.”>'®?%%* In analogy to the report above, through
the treatment of layer-by-layer thinning of graphene, Xiao et al.
have succeeded in demonstrating a controllable number of
layers of graphene. Here, graphene flakes were thinned using
a planar low-frequency (0.5 M) ICP source (Fig. 3c) at room
temperature. The plasma operated in the transition region
between the capacitive discharge mode (E-mode) and the
inductive discharge mode (H-mode) with medium input power
(300-500 W). Hydrogen (H,) or argon (Ar) (at the flow rate of 10
sccm) gases were used as precursors at a flow rate of 10 sccm,
and the working pressure was 3.4 Pa. Then, the defective
samples were annealed in a tubular furnace under the protec-
tion of a N,-gas environment at high temperatures of 800-
900 °C for 15 min followed by manual cooldown of the furnace
to room temperature. The resultant trilayer, bilayer, and mono-
layer graphene formation was performed in three consecutive
fine thinning steps of 2 min, 1 min, and 1 min, respectively,
as clearly displayed in Fig. 3d-f. Consequently, a fast
thinning mode is achieved under Ar plasma excitement in the
transition region between the E-mode and H-mode. On the
other hand, the fine thinning mode is considered to be suitable
for layer-by-layer thinning of graphene, which is a characteristic
of H, plasma excited in the transition region between the E-
mode and H-mode (Fig. 3g and h). The defects in graphene
caused by direct ion bombardment can be nearly completely
restored through subsequent annealing processes.®® Similarly,
a few-layers of BP were also followed by Ar" plasma treatment of
various durations to achieve thickness-controlled BP films, as
shown in Fig. 3i.°® The modification of BP was observed after
the plasma treatments at 350 W, allowing for control of the BP
thickness by adjusting the duration of plasma treatment with-
out causing damage to the morphology and crystal structure of
the developed films. The Raman spectra results shown in Fig. 3j
depict the BP samples with thickness ranging from 2 to 10 nm.
It exhibits vibrations of the crystalline lattice of BP and matches
the Raman shift attributed to the Ay, B,,, and A; phonons
observed in bulk and exfoliated BP, which indicates that the BP
films maintain their crystalline structures even after plasma
treatment. Furthermore, the adjustment of the number of
layers of 2D materials has been achieved via this method.
Nonetheless, a significant limitation of this approach is the
harsh environment at the surface-plasma interface, which can
result in damage to the surface of the material’s films. The
continuous influx of plasma species leads to the accumulation
of disorder and damage on the surface region.®” This is a major
concern as not only more steps are required to form the thin 2D
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materials, but also a high precision thinning with minimal
non-structural damage is needed. Any unwanted changes in the
intrinsic multilayer material thinning process (layer numbers,
profile) or excessive surface state density caused by plasma
thin-induced damage would alter the behaviors and functions
of semiconductor devices. Furthermore, parameters such as
pressure, RF power, and selecting suitable plasma (O,, H,, Ar
plasma) are also required and considered to avoid damage as
well as defects throughout the thinning process.

2.1.1. Conventional plasma-assisted thinning. An alterna-
tive approach for plasma-assisted thinning is conventional
plasma-assisted thinning, also known as the atomic layer
thinning (ALT) technique, which uses consecutive self-
limiting reactions to remove tiny layers of material, and is
considered to be one of the most promising ways to achieve low
process variability required in the atomic-scale field.®*7° A
thinning cycle of ALT contains separated reaction A and reac-
tion B. Here, in reaction A, the material surface undergoes
modification through chemical adsorption or desorption, while
in reaction B, the tuning of the layer is removed. The control of
the thinning amount per cycle is self-limited in either reaction
A or reaction B. This self-limited behavior means that the
thinning rate gradually decreases with an increase in thinning
time or the amount of reactant. Each cycle involves four states:
(1) injection of the reaction gas into the plasma cavity to modify
the top layer. (2) Cessation of gas injection and venting of
excess gas in the reactor. (3) Thinning of the modification layer
by accelerated high-energy particles. (4) Stopping of high-
energy particles and removal of excess gases and reaction
byproducts from the chamber.

O,, Ar and H, plasma gas-assisted thinning. In a report, Chen
et al. successfully achieved monolayered MoS, from the sample
originally with bilayer MoS, through the ALT method.”* Here,
after each 10 s of O, plasma treatment, the uppermost layer of
MoS, only will detach from the sample (Fig. 4a). Due to the
impact of the O, plasma thinning process, the surface of the
non-thinned layers in MoS, may be influenced by O, bombard-
ment after the removal of the second layer of MoS,. This results
in an uneven surface and numerous defects in the thinned
MoS,. Nevertheless, as some positions in MoS, now become
oxidized MoS,, this can be rectified through an additional re-
sulfurization procedure. Consequently, the remaining film,
which initially contained partially oxidized MoS, introduced
during the layered thinning process, will be reverted to a
complete MoS, film through this re-sulfurization procedure.
As shown in Fig. 4b, the influence of the O, plasma treatment
before and after the re-sulfurization procedure. An Mo®" 3d;,
peak located at ~235.9 eV is observed, which indicates that a
partial oxidation is introduced to the remaining MoS, after the
ALT procedure. After the re-sulfurization procedure, the Mo®"
3d;z, peak disappears, suggesting that the partially oxidized
MoS, film is converted back to a complete MoS,. With con-
trolled time durations of O, plasma treatment, it is possible to
selectively thin off a single-layer MoS, from the bilayer MoS,
sample. Furthermore, the authors have also constructed a
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Fig. 4 Conventional plasma-assisted thinning of CVD multilayer graphene and MoS,. (a) A diagram illustrating the step-by-step removal of MoS, layers
using O, plasma treatment and the subsequent healing process through resulfurization. (b) The X-ray photoelectron spectroscopy (XPS) plots of the
sample are presented in the figure, depicting three curves: the red line represents the sample treated with 10 s of O, plasma before resulfurization, the
blue line shows the sample after the resulfurization process, and the black line represents the as-grown sample. (c) The cross-section HRTEM images and
their HAADF mapping of Mo and W elements of the samples; (a)-(c) reproduced with permission from ref. 71. Copyright 2017 IOP Publishing.

heterostructure of WS,/MoS, by using this method. The cross-
sectional high-resolution transmission electron microscopy
(HRTEM) of the un-thinned stripe and the thinned area away
from the stripe edge are shown in Fig. 4c. The high-angle
annular dark field (HAADF) mappings of the Mo and W
elements are provided for both areas. The un-thinned stripe
shows 7-layered 2D crystals, while the thinned area shows 3-
layered 2D crystals. The difference in the number of layers
corresponds to the thinning time using the 10 s O, plasma
treatment.

MoFs and H,O-assisted thinning. In an alternative approach,
thermal ALT relies on self-limiting surface reactions and mole-
cular modifications that create volatile byproducts for subse-
quent removal. This technique has demonstrated the ability to
generate low surface defects and has found applications across
various material systems. Similar to conventional ALT, the
elementary steps in a thermal ALT process involve the physi-
sorption and chemisorption of vapor-phase reactants onto the
surface, followed by their chemical reaction and the desorption
of by-products from the surface, providing sub-nanometer
precision in the thinning process and earning recognition as
an isotropic etching technology.”” An illustrative application of
this method in thinning MoS, was conducted by Soares et al.”?
Here, molybdenum(vi) fluoride (MoF,) was introduced to the
MoS, sample in a controlled environment, serving as a fluorine
source. The interaction of MoFg with MoS, led to the formation
of volatile MoFs and other reaction products. Concurrently,
heat was applied to enhance the reactivity of MoF¢ with MoS,,
accelerating the chemical reactions and promoting the
desorption of reaction by-products, including MoF.

5198 | Chem. Soc. Rev,, 2024, 53, 5190-5226

Additionally, the presence of H,O can lead to reactions between
MoS,, MoFs, and H,O, resulting in the generation of gaseous
species containing all the elements (H,S, MoF,0,, HF, H,). This
is synonymous with the fact that the layer-by-layer structure of
MoS, can be removed through these reactions (Fig. 5a). The
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Fig. 5 Thermal ALT of MoS,. (a) Schematic of MoS, thinning using MoFe
and H,O. AFM images depicting the exfoliated flake of MoS, without
thinning (b), with an additional 90 cycles of thinning via ALT under
200 °C (c), and with an additional 90 cycles via ALT under 250 °C (d).
Reproduced with permission from ref. 73. Copyright 2023 American
Chemical Society.
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controlled introduction of H,O further contributed to the
precision of the thinning process. As a result, the authors
successfully etched MoS, films with a high degree of crystal-
linity and low defect density of the exfoliated flakes at 0.2 A per
cycle at 250 °C. Moreover, through AFM topography scans, the
MoS, samples were compared before and after exfoliation.
Following etching at 200 °C, the author revealed localized
topography changes and roughening along the edges of indivi-
dual layers, resembling grain boundary decoration. Upon
further examination of the MoS, behavior on exfoliated MoS,
at an elevated temperature of 250 °C and the completion of an
additional 90 MoS, ALT cycles, a reduction in edge site rough-
ness along the MoS, layer perimeter was observed. Despite the
initial loss of smaller crystalline domains, no significant topo-
graphic changes were identified on the flake (Fig. 5b-d). The
absence of defects within the exfoliated flake could hinder
available reactive sites for oxidation and subsequent etching,
resulting in the observed lack of surface changes. This strategy
shows promise for producing a high degree of crystallinity and
low defect density in exfoliated flakes. It also proves to be a
viable method for integrating 2D material thinning into high-
volume manufacturing and is applicable to other layered 2D
materials.

By incorporating these enhancements in adsorption and
desorption processes, along with rapid gas-switching capabil-
ities, notable improvements in cycle times can be achieved.
However, some factors play a vital role in the ALT, such as ion
energy, duration of thinning, and selecting the chemical
adsorption and desorption. Using a very high ion energy leads
to both the modified surface layer and the thinning of the
underlying materials simultaneously, in contrast to using the
very low ion energy, as the modified surface layer of materials is
not possible to occur. Therefore, to attain the perfect thinning
process, finding suitable conditions is one of the mandatory
requirements.

2.1.2. Integrated cyclic plasma-assisted thinning. This
method is based on the mechanism of ALT and plasma-
assisted thinning techniques. The innovative strategy of this
method allows for controlled and customized thinning pro-
cesses, thereby fostering advancements in nanotechnology and
materials science. However, the difference can occur from the
plasma system, with the investigated double mesh grid between
the plasma source and the substrate holder in the ICP gun.
Through the second grid, known as the extraction electrode,
being controlled by applying direct current (DC) bias voltage,
the plasma could be controlled and obtained higher density
using a low energy of ions. This allows an integrated cyclic
plasma process to be repeated after each cycle of thinning the
material without affecting the final results of the material
surface.

Cyclic O, radical adsorption and Ar desorption-assisted thin-
ning. Kim et al. successfully generated a low energy O,-ion and a
low energy Ar'-ion beam by floating the 1st grid of the ion beam
source without applying any voltage, while the 2nd grid was
grounded (Fig. 6a). The implementation of a two-step plasma
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thinning process in the ICP system, involving O, radical
chemical adsorption and desorption, along with Ar physical
ion beam irradiation, significantly minimizes the damage on
the graphene surface. The process was carried out with
controlled-plasma energy reduced to 11.2 eV.”* As shown in
Fig. 6bf, a reduction in the thickness of the pristine bilayer
graphene from approximately 1.45 to about 0.72 nm was
observed after one cycle of thinning, as labeled by the yellow
square. The roughness values before and after one cycle were
around 0.41 nm and 0.43 nm respectively, whereas the average
I,pg was increased from ~1.08 to ~1.78, and the G and 2D
peaks were red-shifted from 2679 to 2675 cm ™. These findings
suggested that the removal of one layer of graphene is uniform
across a large area without causing any noticeable damage to
the surface of the graphene. In the same research direction,
Lim et al. have elaborated that the modification of graphene
thinning has been performed based on this strategy. During the
process, 20 sccm of O, is supplied from the ICP gun as an
adsorbent in order to be reacted on the surface of the graphene,
while applying 300 W of 13.56 MHz RF power. Then, 30 sccm of
Ar was also supplied from an ICP gun using the same RF power
for the desorption step (Fig. 6g).”> Consequently, the multi-
layered graphene was thinned with each monolayer of gra-
phene. The optical transmittance results showed that the
monolayer of graphene was completely removed, as evident in
Fig. 6h, where both the G and 2D peaks disappeared, indicating
the complete removal of bilayer graphene. Furthermore, after
one cycle, the thinning process was observed in the graphene
sheet composed of bilayer/monolayer graphene. In this case,
only the unmasked bilayer graphene area changed to mono-
layer graphene, while the unmasked monolayer area trans-
formed into zero-layer graphene, and the shape of bilayer
graphene remained unchanged throughout the substrate
(Fig. 6j). This proves that there was no undercutting of the
graphene layer during the thinning process.

Cyclic CI (or N,) radical adsorption and Ar desorption-assisted
thinning. Likewise, the controlled method employs CI™ radical
adsorption and Ar" ion beam desorption per cycle for the layer-
by-layer thinning of MoS,. This process effectively removes one
monolayer of MoS, uniformly without causing any damage or
contamination.”® More specifically with the use of a controlled
Ar'" ion beam coupled with a threshold ion energy of 25 eV, the
top sulfur (S) layer alone was successfully removed from the
monolayer MoS, resulting in the formation of a new Mo-S
structure and transits its phase from trigonal-prismatic 2H to
metallic state (Fig. 6i). In addition, a p-type branch kind of
expression was witnessed from the I-V studies of the semicon-
ductor devices, if the removed S top layer is replaced by N
atoms. Moreover, the estimation for the thinning time of each
layer in MoS, has also been presented in detail in reports by
Kim et al. in 2018.”” The author provides a clear explanation
that Cl atoms become trapped between S atoms and Mo atoms.
Following Cl radical adsorption, the higher electronegativity of
Cl in comparison to S leads to a significant decrease in the
binding energy between the top layer of S atoms and the Mo
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axial magnetic field, employed for graphene thinning, and a quadrupole mass spectrometer to measure ion energy and flux of the ion beam. (b) and (c)
Optical image and (d) and (e) AFM images of the initial bilayer graphene, and after one cycle of thinning. (f) Raman data of the pristine bilayer graphene
after one cycle for the corresponding white dots in (b) and (c). (b)—(f) Adopted with permission from ref. 74. Copyright 2017 Nature Publishing Group. (g)
Three-atom-thick monolayer MoS,. (g) Schematic of thinning graphene by O, radical absorption and desorption under Ar neutral beam irradiation. (h)
Raman spectra of bilayer graphene measured after each cycle and after the annealing of the 1 cycle thinned graphene. (g) and (h) Adopted with
permission from ref. 75. Copyright 2012 Elsevier. (i) Schematic of thinning MoS,, S top layer removal using a controlled Ar* ion beam, and the Mo-S
bottom structure after S top layer removal. Subsequently N, chemical adsorption using a controlled N/N,* ion beam on the Mo-S bottom structure. (i)
Reproduced with permission from ref. 76. Copyright 2022 American Chemical Society. (j) Change of the S/Mo ratio on the MoS, surface using X-ray

photoelectron spectroscopy (XPS) during the thinning process. (j) Reproduced with permission from ref. 77. Copyright 2018 IOP Publishing.

layer. In Fig. 6j, during the Ar' ion desorption, the layer
containing S atoms is removed as S-Cl for the Ar' ion
desorption lasting for the duration ranging from 0 to 30 s.
After the removal of the top layered S atoms, the trapped Cl ions
form a bonding between Mo and Cl ions as Mn-Cl and Mo are
removed, as Mo-Cl for the Ar" ion desorption lasts for a
duration of 30-60 s. Ultimately, the bottom S atoms bonded
to the 2nd MoS, layer through van der Waals force are left
alone, and their binding energies are also reduced after the
removal of Mo atoms. Consequently, the bottom S atoms are
eventually removed during the Ar' ion desorption with a dura-
tion of 60 to 120 seconds. This process could be continuously
performed as a function of time for further thinning of MoS,.

5200 | Chem. Soc. Rev,, 2024, 53, 5190-5226

Cyclic O, radical adsorption and N, desorption-assisted thin-
ning. Besides, layer-by-layer of h-BN has been performed by Ma
et al.”® The top layer of h-BN undergoes deformation due to the
chemical bonding with O, atoms. To rectify this, energetic N,
ions produced by a 100 W plasma are utilized for a 90 s
duration to eliminate the deformed top layer of h-BN.
(Fig. 7a-c). Fig. 7d displays atomic force microscopy (AFM)
images of the h-BN flake subjected to single ALT processes.
Both the as-transferred h-BN film and the film after a single
cycle of ALT formed a smoother surface. The AFM height profile
in Fig. 7e confirms that the h-BN film thickness remains
unaffected after O, processing, indicating that the applied O,
plasma does not thin the h-BN layer. On the other hand, the
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Integrated cyclic plasma-assisted thinning of multilayer h-BN. (a) The mechanical exfoliation method and the concept of single ALT are depicted

in a visual representation. (b) The process of O,-adsorption, utilizing O, plasma, is illustrated in a schematic. (c) A schematic showcasing the step of single
layer removal, accomplished through N, plasma. (d) AFM images of the h-BN are provided to demonstrate the single ALT process. (e) The thickness of the
h-BN film is measured under three different conditions: as-transferred, O,-modified, and after undergoing one cycle of single atomic layer etching. (a)—
(e) Reproduced with permission from ref. 79. Copyright 2019 Royal Society of Chemistry.

thickness of the h-BN film decreases by 3 A following N, plasma
treatment, equivalent to the thickness of a single layer of h-BN.
This suggests that the top layer of h-BN is removed after one
cycle of the single ALT process. This study further investigated
the impact of N, plasma on another exfoliated h-BN flake to
demonstrate that it does not physically thin pristine h-BN
layers. These experimental results confirm that the role of O,
plasma treatment is to induce instability in the top h-BN layer,
preparing it for the subsequent thinning process. Additionally,
another mode of atomic layer thinning is also involved in a
report by Kwon et al. through the use of ultraviolet (UV) light as
an excited source for a photochemical reaction to form the
oxide layer first and then using water to resolve phosphorus
oxide.”®

Cyclic O, adsorption and potassium hydroxide (KOH)
desorption-assisted thinning. In an alternative approach, You
et al. employed O, and KOH as a wet method to thin WS,.
The O, plasma treatment, conducted for 30 s using a plasma
cleaner in remote mode with a radio-frequency power of 50 W
and a flow rate of 5 scem, played a crucial role.®’ Throughout
the downstream plasma-based oxidation process, a protective
WO, layer formed on the surface, acting as a passivation layer
to impede further process.®’ Following this, the WO, layer
was selectively oxidized. Notably, WS, oxidation proved to be

This journal is © The Royal Society of Chemistry 2024

a self-limiting elimination by reacting with a 1 M KOH solution
for 60 s, revealing the underlying WS,. The self-limiting oxidation
of WS, occurred in either a single or bilayer, facilitating precise,
atomical thin layer-by-layer removal. Consequently, the integra-
tion of remote O, plasma treatment and the KOH wet-thinning
process allowed for meticulous control of WS, channel thickness
in layer units by iteratively executing the recess cycle.

Integrating this technology could allow the construction of a
unique structure in semiconductor devices, which leads to new
breakthroughs in the electronic and optoelectronic devices
fabricated by using 2D materials through atomic rearrange-
ments, and it is possible to provide new advances for various
applications through covalent bonding with rearranged func-
tional groups within it.

2.2. Laser-assisted thinning

The laser-assisted thinning technique is a relatively new tech-
nique for modifying layers of 2D materials. Zhou et al. have
successfully reported on thinning a multilayer graphene oxide
(GO) film to a tri-layered film using laser-induced oxidative
burning in an air environment. The laser thinning arose
from the oxidative burning of the GO films in air.®*> Here, the
high-energy laser beam directly thinned down the functional
graphene without using any lithography on it. This process
consists of laser heat processing and cold processing. The

Chem. Soc. Rev,, 2024, 53, 5190-5226 | 5201
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working principle of laser heat processing technology is that
the material is gradually melted and evaporated by local heat-
ing on the surface, while cold processing works by a photo-
chemical reaction, which breaks the chemical bonds contained
in the material when a high-energy laser radiates on the
surface.

Lu et al. have demonstrated a new approach for fabricating
thinner graphene using this laser thinning technology, where
graphene with a controlled number of layers was obtained
through femtosecond (fs) laser thinning of few-layered gra-
phene with single atomic layer precision,® as shown in
Fig. 8a. Here, the fs laser is employed and is integrated into
a four-wave mixing (FWM) system, which allows for real-
time monitoring of the laser thinning process using graphene’s
significant optical nonlinearity. By employing Raman

5202 | Chem. Soc. Rev, 2024, 53, 5190-5226

spectroscopic mapping and characterization tools, differentiat-
ing monolayered graphene from bi-layered and multilayered
graphene is very straightforward. However, distinguishing
between multilayered graphene with various layer thicknesses
is very challenging (Fig. 8b and c). Furthermore, the mono-
layered/bi-layered graphene is sensitive to the Raman I,p/Ig
ratio; in contrast, there is not much difference in the Raman
L/l ratio for few-layered or multi-layered graphene (Fig. 8d).
In another innovation of Ermakov et al., the laser was used as
an excited source to generate a heat sink on the surface of
graphene for preventing the high-temperature region, which
causes the burning and break down of C-C bonds, and leads to
the reaction of carbon and O, atoms in the surroundings, in
order to become carbon monoxide (CO), carbon dioxide (CO,),
and carbon trioxide (CO;) molecules (Fig. 8e and f).** Thereby,

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Metal-assisted splitting (MAS) of CVD multilayer graphene. Photographs depicting the consecutive steps of the MAS of graphene from (a)—(c). The
process involves monolayer graphene on a Cu foil after: (a) metallization with Ni, (b) application of thermal release tape, and (c) peeling the metallized
graphene off the Cu foil, revealing cracks shown in the insets. (a)—(c) Reproduced with permission from ref. 87. Copyright 2015 IOP Publishing. (d) A
diagram illustrating a technique to eliminate double-layer stripes from graphene exfoliated from a SiC substrate. The process involves depositing a
second adhesive-strained layer (Au) on the graphene/Ni/tape stack that was exfoliated from the SiC substrates. The Au layer selectively removes the
graphene stripes forming double layers, resulting in a complete monolayer graphene sheet without the stripes. The monolayer graphene is subsequently
transferred onto a SiO,/Si substrate (A-2). Moreover, the removed graphene stripes are transferred onto another substrate. Optical characterization was
conducted on the graphene transferred after the first exfoliation (A-1), including an optical microscope image (e), a map of the 2D/G peak ratio from the
Raman spectra (f), and a distribution plot of the 2D/G peak ratio (g). The results revealed that approximately 20% of the transferred graphene displayed a
double-layer structure. Similarly, after the second exfoliation (A-2), optical analysis was performed, encompassing an optical image (h), a map of the 2D/G
peak ratio from the Raman spectra (i), and a distribution of the 2D/G peak ratio (j). The findings indicated that the second exfoliation selectively removed
the graphene stripes without causing any damage to the monolayer graphene. (d)—-(j) Reproduced with permission from ref. 88. Copyright 2013 AAAS.

the number of layers of graphene would be thinned from multi-
layered graphene to single-layered graphene. The laser used in
Raman spectroscopy can also be applied in thinning multi-
layered MoS, to the monolayered one, which is similar to the
thinning of graphene.®® Phosphorene oxides and suboxides
with unique optical and fluorescence properties were produced
on the top surface of laser-thinned BP in ambient
environments.®® In this technique, the precision of laser heat
processing is low, and this results in damage to the crystal, and
the formation of rough and non-uniform surfaces and edges of
the thinned materials. This is a quick thinning method with
high precision; however, approximately 20% of the area of the
graphene sheets from the first exfoliation exhibited a double-
layered region (Fig. 9e-g). Thus, Au was utilized as a second

This journal is © The Royal Society of Chemistry 2024

adhesive-strain to selectively remove the double-layer region. As
a result, the distribution of the 2D/G peak ratio revealed that
99% of the transferred graphene area, achieved through the
two-step exfoliation process, consisted of a monolayered region
(Fig. 9h-j). Inarguably, this method offers the advantage of
being environmentally friendly, straightforward, and suitable
for roll-to-roll processing, facilitating the transfer of large-area
single-layered graphene onto flexible substrates. Nevertheless,
there are still some limitations encountered using this techni-
que, such as it depending on the thickness of the adhesive-
strained layer. If the thickness of the metal tape is either too
substantial or excessive, it can compromise the robustness
required for the MAS process, resulting in an anisotropic
cracking. Future developments based on this technique may
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promise to overcome as well as optimize the above issues,
making it a simple yet highly effective technique for transfer-
ring graphene film at a low cost.

2.3. Metal-assisted splitting (MAS)

Simpler techniques of producing thinner graphene are typically
of interest, and one of the most promising ones is the MAS
process, which produces a high-quality graphene film at a low
cost and with ease through the controlled delamination of
graphite layers. It entails weakening the van der Waals forces
between graphene layers in order to enable their separation,
which is accomplished by using a metal catalyst layer. More-
over, the selection of appropriate metals plays a crucial role,
considering their interface binding energy with the graphene.
Typically, metals such as Ni, cobalt (Co), and gold (Au) are
commonly employed to cleave graphene due to their significant
binding energies corresponding with that of the carbon in the
MAS technique in the recent past as implemented by Zaretski
et al. and Kim et al.®”"®® A top-notch, smooth graphene film is
produced through epitaxial growth using CVD on both metal
foil and the silicon face of silicon carbide (SiC) wafers. A Ni film
was carefully coated onto the graphene, followed by the appli-
cation of thermal release tape. By gently lifting the thermal
tape, the metal/graphene layers were effectively exfoliated from
the underlying substrates, as illustrated in Fig. 9a-c. Thereby,
Zaretski et al. have succeeded in splitting a single-layered
graphene from Cu foil (Fig. 9d). Here, the Raman spectra
studies have revealed that the 2D/G ratio of graphene is at
2700 cm " and 1580 cm ', indicating the presence of mono-
layered graphene. Nevertheless, the rise in the D-peak intensity
in the graphene transferred via the MAS process results from
the mechanical harm caused during the metal-assisted exfolia-
tion. This is not expected when the graphene film is not
completely uniform. In another effort by Kim et al. to obtain
high-quality monolayered graphene, Ni and Au adhesive-
strained layers have been investigated to split graphene from
the SiC substrate. Following the exfoliation of an epitaxial
graphene layer from SiC using Ni as the initial adhesive-
strained layer, a graphene film was obtained. However, the
analysis of the 2D/G peak ratio distribution revealed that
approximately 20% of the area of the graphene sheets from
the first exfoliation exhibited a double-layered region (Fig. 9e-
2). Thus, Au was utilized as a second adhesive-strain to selec-
tively remove the double-layer region. As a result, the distribu-
tion of the 2D/G peak ratio revealed that 99% of the transferred
graphene area, achieved through the two-step exfoliation pro-
cess, consisted of a monolayered region (Fig. 9hj).
Inarguably, this method offers the advantage of being envir-
onmentally friendly, straightforward, and suitable for roll-to-
roll processing, facilitating the transfer of large-area single-
layered graphene onto flexible substrates. Nevertheless, there
are still some limitations encountered using this technique,
such as depending on the thickness of the adhesive-strained
layer. If the thickness of the metal tape is either too substantial
or excessive, it can compromise the robustness required for the
MAS process, resulting in an anisotropic cracking.
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Furthermore, the damage of graphene could appear from
mechanics during the metal-assisted exfoliation. This innova-
tive technique may promise to overcome as well as optimize the
above issues, making it a simple yet highly effective technique
for transferring graphene film at a low cost.

2.4. Layer-resolved splitting

This method presents a universally applicable approach for
thinning 2D materials on a wafer scale. The delamination
process encompasses the initial growth of thick multilayer
material on the wafer under relaxed growth conditions, suc-
ceeded by the extraction of multilayers into separate mono-
layers through a wafer-scale splitting process. In this method,
2D materials are initially grown on an arbitrary substrate using
vapor phase epitaxy. Then, a thick metal film is deposited on
the multilayer, and thermal release tape is applied on the metal as
a handler. This process sets the stage for subsequent steps in the
thinning procedure. By delaminating the tape-metal, the weakest
layers of the 2D material-substrate interface are separated, result-
ing in the complete release of the entire 2D material film from the
substrate. During the second stage, a metal layer is continuously
added to the bottom of the 2D material film while preserving the
top tape/metal/2D materials stack as exfoliated. Analogous to
peeling the metal/2D materials stack off the substrate, a momen-
tum is applied from the top metal to imitate spalling mode
fracture, guiding the cracks downward. Due to the significantly
higher interfacial toughness (I') between 2D materials and metals
in comparison to that of the I',p_,p, cracks tend to propagate near
the bottom metal, passing through the weaker 2D-2D material
interface located directly above the bottom layers of the metal
layer. As a result of the metal/2D materials stack separated during
peeling, the bottom metal strongly adheres to the monolayer of
2D materials, leaving a monolayer of 2D materials on the bottom
metal layer (Fig. 10a and b). Thereby, a report by Shim et al. has
succeeded in the use of the LRS method to develop monolayered-
tungsten disulfide (WS,) with the support of a 600 nm-thick Ni
film.®® The iterative application of LRS resulted in the continuous
production of a uniform monolayer WS, film (Fig. 10c), evident
from the spectra showing a rightward shift of the E;, peak
compared to the initially exfoliated WS, films (Fig. 10d) after
three cycles. Following the third cycle, the remaining WS,
appeared as a non-continuous triangular domain on the Ni film,
suggesting that the LRS process had reached the uppermost layer,
where nucleated islands did not merge during growth.

In analogy, the fabrication of a monolayer of hexagonal-
boron nitride (h-BN), molybdenum diselenide (MoSe,), tung-
sten diselenide (WSe,), and MoS, before and after the LRS
process has also been presented and the results are shown
in Fig. 11(a)-(h). Moreover, this method revealed the
possible applications in the fabrication and investigation of
materials into 2D heterostructure devices with quasi-dry stack-
ing (Fig. 11i). Indeed, these heterostructure devices have
demonstrated much consistent and uniform performance on
the entire wafer. This high-throughput manufacturing of 2D
heterostructures serves as a crucial stepping stone towards the
commercialization of devices leveraging 2D materials

This journal is © The Royal Society of Chemistry 2024
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Reproduced with permission from ref. 89. Copyright 2018.

3. Parameters that influence atomical
layer-by-layer thinning of 2D materials

The thinning of 2D materials is a crucial process that signifi-
cantly impacts their electronic, mechanical, and optical
properties.’*®® One of the key parameters that influence the
thinning process is the choice of the thinning processes, in
which, the top-down thinning strategies have been presented

This journal is © The Royal Society of Chemistry 2024

in the above sections as the best solution, which can be
employed to reduce the thickness of 2D materials. The selec-
tion of appropriate thinning methods depends on factors like
material composition, desired thickness, and device applica-
tions. In addition, other parameters, such as the influence of
technology, etchant type, and substrates also hold a vital role in
determining the efficiency and controllability of thinning.
Proper optimization of these parameters is essential for
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achieving high-quality, ultrathin 2D materials,”*°® enabling

their integration into next-generation nanoelectronic and
optoelectronic devices.”® %3

3.1. The influence of technologies

Thinning methods such as plasma-assisted thinning and ALT
often use a plasma system for surface treatment. However,
defects could be formed in the material, due to the etchant as
it undergoes chemical reactions with the material’s surface,

5206 | Chem. Soc. Rev., 2024, 53, 5190-5226

leading to the removal of atoms or molecules from the top
layers. The rate of these chemical reactions depends on the
concentration of the reactive species, which is again directly
influenced by the partial pressure of the etchant. For instance,
in 2013, Geng et al. reported the formation of fractal and
dendritic etched holes in a graphene film through the buffer
gas of H,~Ar."®* Again, hexagonal etched holes were formed
under high H, partial pressure, whereas fractal etched holes
with six branches were obtained while further decreasing the

This journal is © The Royal Society of Chemistry 2024
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H, partial pressure. This implies that in the process of layer-by-
layer thinning of the material, the concentration or controlling
ion beam is of paramount importance over the partial
pressure of etchants for achieving precise control and ensuring
high-quality thinning of 2D materials. This is also one of the
reasons behind an integrated cyclic plasma-assisted thinning
technique’®”*771%>71%8 gppearing and overcoming some limita-
tions of plasma-assisted thinning and ALT methods in terms of
the flux control. Here, a “‘double grid” setup refers to a specific
configuration of electrodes used to control the ion density and
distribution of the plasma.”*”%7719371%% The double grid
configuration is commonly employed to achieve better control
over the ion flux and energy during the thinning processes,
especially for delicate and precise thinning of 2D materials. As
the reports mentioned above, the layer-by-layer thinning of 2D
materials could be obtained using this method. However, the
spacing between two grids and their configuration influences
the electric field and ion trajectories within the plasma. Proper
adjustment of the grid spacing and configuration is essential to
achieve uniform ion density and energy distribution on the
substrate surface. Additionally, all aforementioned four meth-
ods need to consider other parameters such as thinning time,
temperature control, and post-thin treatments, which have
impacted in achieving the high quality of the material.****°
In contrast, the influencing parameters to obtain a high quality
of 2D materials from MAS,5 88111112 and LRS®*® methods
mostly come from the metal catalyst choice. Because the metal
catalyst interacts with the 2D materials at the interface during
the delamination process, the nature of this interaction affects
the adhesion between the catalyst and the material. A strong
interaction enhances the efficiency of exfoliation, which leads
to a higher success rate in obtaining the delamination of the
layers. Additionally, the adhesion strength between the metal
catalyst and the 2D material is also very vital. A metal catalyst
with good adhesion promotes efficient and uniform delamina-
tion, resulting in high-quality, defect-free thinning. Moreover,
the shear strength occurring at the interface of the catalyst and
2D materials further influences the ease of exfoliation. Cho
et al. have reported comparative studies on the influence of
selective metal catalysts on the exfoliated number of layers of
WS,.'"? In particular, through the exfoliation of Au and Ag
layers, WS, flakes with several layers have been obtained from
bulk WS,. In this report, it has been clearly indicated that at the
very same 10 layers of WS,, the adsorption of WS,/Au (~0.93) is
much higher than that of WS,/Ag (~0.5), suggesting that the
quality of the exfoliated WS, from the Au layer is better. This
result has demonstrated the importance of choosing a suitable
metal catalyst for the removal of 2D materials with precise
uniformity and purity in the LRS and MAS methods. To date,
the integrated cyclic plasma thinning’*’®”71%>1% and LRS®*’
methods are considered as two of the best methods for fabri-
cating 2D material thinning due to their advantages and unique
capabilities in comparison to the other thinning methods such
as plasma-assisted thinning, ALT, laser-assisted thinning, and
MAS. Some of the parameters in these two methods can over-
come the limitations that are involved in other methods. For
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example, in integrated cyclic plasma thinning methods, the
double grid in ICP allows for precise control over the thinning
process. The use of two grids, an extraction grid, and a bias
grid, enables fine-tuning of the ion energy and ion density,
leading to better control of the thinning rate and uniformity.
The LRS method is able to control the formation layer-by-layer
and is also considered as a non-invasive technique, as it does
not require direct contact with the 2D material and thus,
minimizes the potential damage to thinned materials.
Plasma-assisted thinning and ALT methods make it very diffi-
cult to control the ion beam, which leads to damage on the
surface of the material, while laser-assisted thinning is a non-
contact and fast thinning process, but suffers from non-
uniformity, localized thinning and metal-assisted thinning,
which lead to the formation of cracks on the surface of the
material. Therefore, considering the aspects of layer-by-layer
thinning for 2D materials, integrated cyclic plasma thinning
and LRS are the most preferable methods for integrating 2D
material thinning due to their high controllability, scalability,
and ability to achieve precise layer control. Nevertheless, the
choice of the thinning methods depends on the specific 2D
material, its properties, and the desired application. Each
method has its unique advantages and may be more suitable
for particular applications or material systems. Researchers
often prefer to select the thinning method that best suits their
requirements for achieving high-quality and tailored 2D
materials.

3.2. The influence of substrates

The substrate on which 2D materials are grown or transferred
can have a significant influence on the thinning process. The
choice of substrate and its properties can affect the overall
quality, adhesion, and uniformity of the thinned 2D materials.
In a comparison of using the different substrates for the
thinning process of graphene, Yao et al. have demonstrated
that under H, plasma, uniform monolayer graphene was
obtained on the Fe substrate after 10 minutes of thinning,
while a shorter thinning time was observed on substrates of Ni,
Co, and Cu with 5 minute, 5.5 minute, and 1.5 minute thin-
ning, respectively. The findings suggest that H, exposure plays
a crucial role in reducing the carbon in metals and, effectively
suppresses the precipitation process. This is particularly sig-
nificant since the carbon solubility in metals follows the order:
Fe (>25 at%) > Co (4.1 at%), Ni (2.7 at%) > Cu (0.04%)."** In
another report, the choice of substrates significantly influences
the etching process of h-BN. For instance, Stehle’s experiments
demonstrated that the thinning of the bottom layer in h-BN,
which directly contacts with the CuNi alloy substrate, occurs
much faster in comparison to that of the upper layers.***> On the
other hand, no thinning of multilayer hBN was observed while
using a SiO,/Si substrate under the same experimental condi-
tions. Currently, the exact mechanism by which the substrates
affect h-BN thinning at the atomic level remains unclear, and
further theoretical and experimental studies need to be
explored for obtaining a controlled h-BN thinning.
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Overall, the choice and properties of the substrates have a
significant influence on the thinning process for 2D materials.
Adhesion, mechanical compatibility, chemical interactions,
surface roughness, and thermal properties are some of the
critical factors that are to be considered while selecting the
substrate and designing the thinning process. Proper substrate
preparation and control are essential for achieving high-
quality, uniform, and defect-free thinned 2D materials that
are suitable for various applications in nanoelectronics, photo-
nics, and other fields.

3.3. The influence of etchants

An etchant is a chemical substance or solution used to selec-
tively remove or dissolve material from the substrates. Etchants
are commonly used in various industrial and research pro-
cesses for material processing, surface preparation, and thin-
ning of materials, including 2D materials. The choice of
etchant depends on the material being processed and the
specific goal of the process. In the context of thinning 2D
materials, an etchant is used to selectively remove layers of
the 2D material, reducing its thickness while preserving its
properties. Different etchants are employed depending on the
specific 2D material being thinned and the desired thinning
technique. Felten et al. have reported using three types of gas
precursors, namely: H,, O,, and carbon tetrafluoride (CF,), to
obtain monolayered graphene via plasma treatment.'*®

Here, the monolayered graphene appears to be less defective
as revealed from Raman spectroscopic studies, whereas the CF,
plasma leads to functionalization without thinning and gra-
phene becomes an insulator at saturation coverage. This occurs
due to the absence of chemical thinning of carbon by F atoms
and the presence of a large number of negative ions in CF,
plasma suggests that ion bombardment of the sample is not
taking place, and CF, plasma is an electronegative medium. In
the case of H, plasma, graphene is exposed to atomic H, and
other more energetic species such as H" and H;" ions. These
positive ions can be accelerated towards the graphene and gain
sufficient energy to surpass the hydrogenation barrier for both
mono and bilayer graphene, resulting in a similar modification
rate. Additionally, the reactivity of bilayer graphene was
observed to be lower in O, and CF, plasma, whereas no such
distinction is observed in the case of H, plasma. However, in
another report, Ghasemi et al. have mentioned not observing
any changes in MoS, flakes while using H, plasma (H, passi-
vates sulfur vacancies), but a slow thinning rate is observed for
O, plasma (O, physical thinness MoS, through sulfur vacan-
cies), and a high thinning rate (F free radicals react highly with
MoS, and thin it)'"” is witnessed for sulfur hexafluoride (SF)
plasma.

Another significant influence may arise from the use of
chemical etchants, particularly in the ALT technique. The
careful selection of materials and an examination of their
impact on the structure and bonding between them with the
thinned 2D materials are crucial, as they can affect the material
surface and properties of 2D materials. For instance, in obtain-
ing monolayer graphene, a uniform monolayer C-O bonding
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must be formed on the high-oriented pyrolytic graphite (HOPG)
surface. Kim et al’s study demonstrated that increasing the
exposure time to O, radicals enhances the percentage of C-O
bonding on the HOPG surface.'*® Through Ar beam irradiation,
the monolayer C-O bonding on the HOPG surface can be
completely removed. After 1 minute of Ar beam irradiation,
the carbon binding state of the HOPG surface transforms to 57
atoms % of sp> C-C bonding and 43 atoms % of sp® C-C, with
no observable C-O bonding. However, the authors also
observed that after one ALT cycle, the sp® bonding formed after
0, radical adsorption was not fully recovered to sp> C-C
bonding. This is believed to be partially related to damage to
the graphene substrate during O, radical adsorption and Ar
beam irradiation. The graphene surface can only be restored
after annealing the etched graphene in an H,:He gas mixture.
In another example of thinning MoS, using the ALT method, Cl
radicals are used and adsorbed on MoS,.'*® As Cl is a better
oxidizing agent than S, the adsorbed Cl weakens the covalent
bonding between Mo and S. The Cl adsorption not only
changes the Mo-S binding energy but also decreases the van
der Waals force between the MoS, layers. Ar" ion bombardment
during the desorption steps breaks the Mo-S binding and
removes the broken MoS-Cl/S-Cl from the MoS, surface.
Raman spectra observations confirmed that after each ALT
cycle, one monolayer of MoS, can be completely removed
without noticeably damaging the exposed MoS,.

Therefore, the choice of etchant is a vital aspect of the
thinning process for 2D materials. Etchants affect the etching
rate, selectivity of the enactment, surface morphology, and
controllability of the thinning process. Proper selection and
understanding of etchants are crucial for achieving high-
quality, defect-free, and well-controlled thinning of 2D materi-
als that are suitable for various technological applications.

4. Semiconducting devices associated
with atomical layer-by-layer thinning
of 2D materials

A plethora of 2D material-based electronic and optoelectronic
devices with diverse functionalities, such as photodetectors,
photodiodes, and field-effect transistors (FETs), have been
developed. The integration of 2D material thinning into semi-
conductor devices has sparked tremendous interest from phy-
sicists/chemists/nanotechnologists, primarily owing to their
ultrathin structure, robust light-matter interactions, and com-
patibility with existing Si photonic technology (Fig. 12 and
Table 1)‘60,66,75,76,80,89,107,108,111,112,1207129 These 2D materials
possess a wealth of electronic and optoelectronic properties,
encompassing light emission, optical modulation, saturable
adsorption, and electrically modulated field effect
characteristics."**'*® Harnessing these unique properties, sig-
nificant endeavors have been channeled towards the explora-
tion of 2D materials-based on electronic and optoelectronic
applications, capitalizing on the advantages that are offered by
top—down thinning strategies. As the thickness of the material
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Fig. 12 Modern layer-by-layer thinning technologies applicable to 2D materials utilizing: (a) plasma-assisted thinning, (b) conventional plasma-assisted
thinning, (c) integrated cyclic plasma assisted-thinning, (d) laser-assisted thinning, (e) metal-assisted splitting, and (f) layer-resolved splitting.

decreases to the atomic-length scale, vertical quantum confine-
ment comes into play. This transformation from bulk to 2D
planar introduces significant alterations in the material’s elec-
trical and optical properties, thereby enabling the realization of
semiconductor devices that can be scaled down to ultrasmall
sizes. For example, FETs and photodetectors utilizing various
2D materials have demonstrated significant potential for prac-
tical applications.’**™® Or even, using 2D materials with
narrow bandgaps have been designed for infrared photonic
devices, and exhibited impressive performance.'*>'*° In parti-
cular, 2D materials characterized by van der Waals-stacked
heterojunctions and homojunctions exhibit compact dimen-
sions, extremely thin profiles, straightforward fabrication, and

This journal is © The Royal Society of Chemistry 2024

unique physical phenomena, making them promising for uti-
lization in electronic and optoelectronic applications.***™**3

However, contradictorily, the thickness during the fabrica-
tion of 2D material thinning is still very difficult to obtain
cleanliness, less damage, and defects on the surface of the
material, partly due to environmental influences and the synth-
esis process. Therefore, in this section, we summarize and
discuss the developments of integrated 2D materials into
semiconductor devices based on the thinning strategies for
further clarification. In Fig. 12, the top-down thinning strate-
gies could be applied for the fabrication of 2D materials
integrated into electronics and optoelectronics applications
with the desired properties in achieving specific targets.
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Table1 A classification of atomical layer-by-layer thinning strategies on representative 2D materials and the relative applications. Here, "—" means “not

applicable”

2D materials on
substrates

Thinning strategy

Thinning parameters

Application of thinned 2D
materials

Performance

Multi-layer graphene/
SiO,
Bi-layer graphene/SiO,

Multi-layer graphene/
Sio,

Multilayer MoS,/sap-
phire and multilayer
WS,/sapphire

Bulk BP/SiO,

Bi-layer MoS,/p-type Si
Tri-layer graphene/SiO,

Multilayer WSe,/SiO,

h-BN flakes/Al,O5/Si

Multi-layer WS,/SiO,

Monolayer MoS,/p-type
Si

Multi-layer MoS,/SiO,

A few layers graphene/

Sio,

Multilayer MoS,/SiO,

Bulk MoS,/SiO,

Bulk BP/SiO,

Bulk MoS,/Cu

Multi-layer MoS,/sap-
phire, multi-layer h-BN/
sapphire, multi-layer
WS,/sapphire, multi-
layer WSe,/sapphire

5210 |

Conventional plasma-
assisted thinning + post
annealing (Ar/O,)
Conventional plasma
assisted thinning by
ICP

Conventional plasma-
assisted thinning
Conventional plasma-
assisted thinning

Conventional plasma-
assisted thinning
Integrated cyclic
plasma-assisted
thinning
Integrated cyclic
plasma-assisted
thinning
Integrated cyclic
plasma-assisted
thinning

Integrated cyclic
plasma-assisted
thinning
Integrated cyclic
plasma-assisted
thinning
Integrated cyclic
plasma assisted-
thinning of MoS,

Integrated cyclic
plasma-assisted
thinning

Laser-assisted thinning

Laser-assisted thinning

Metal-assisted splitting

Metal-assisted splitting

Metal-assisted splitting

Layer-resolved splitting
of MoS,, h-BN, WS,,
WSe,, MoSe,

Chem. Soc. Rev., 2024, 53, 5190-5226

100 sccm N, and 5 sccm
Ar/O,

10 sccm O,, processing
pressure of 313 mTorr
to 326 mTorr

200 sccm Ar/H,, pres-
sure 0.05 of mbar
Pressure of 0.4 Torr
with a 30 scecm O,

Ar maintains the pres-
sure at 30 mTorr

63 sccm Cl,, and 70
scem Ar

20 sccm O, and 30 sccm
Ar

O, + Ar plasma

The gas flow is fixed at
400 sccm for both O,
and N,

5 scem O,, 1 M KOH

First grid 25 V, ion
energy Ar of 25-28 eV

Cl radical adsorption
and Ar' ion beam
desorption per cycle

Femtosecond laser
excitation energy of
532 nm

532 nm of laser

Monolayer-deep pattern'*®

60

__125

A top-gate of WS,/MoS, het-
erostructure transistor’"

A few-layers of BP was used in
FET®

Thinned monolayer MoS,
applied for FET'%”

CMOS device”®

A lateral p-i-n homojunction
based WSe, diode*’

A gate dielectric based on a
few layers of h-BN"®

FETs based thickness of WS,%°

Removal of S top layer of
monolayer MoS, from the
metal contact area of a Mo-S
structure in FET device”®

A mono/multi-layer nano-
bridge multi-heterostructure
through the selective layer

control of multi-layer MoS,'®

__ 126

Photodetector of MoS,
homojunction®*®

Monolayer MoS,-based
FETs'!!

A few layers BP was used
FET112

Multi-layer MoS, was applied
in solar cells"*®

2D heterostructure of mono-
layer MoS,/double layers h-BN
based FETs®*®

Thinned graphene with good
quality and few defects

High drain currents are
observed for the device

Achieved a high I,n/I¢ ratio of
~10° at room temperature
The field effect mobility was
estimated to be 2.02 cm® V!
s~ " after one thinning cycle
Poor electrical transport prop-
erties due to high energy
damage

Open circuit voltage of

340 mW, a responsivity of

0.1 AW, and a specific
detectivity of 2.2 x 10" Jones
The dielectric constant is
about 3.5, which is similar to
the earlier reports

After eight recess cycles, the
transfer characteristics exhib-
ited as n-type behavior

The on/off ratio improved
from 3.44 x 10° to 2.24 x 107

A photodetector with ultra-
sensitive optoelectronic per-
formances (photoresponsivity
0f 2.67 x 10° at 2 =520 nm and
1.65 x 10° AW " at A =

1064 nm)

The few layers of graphene
obtained after transferring
and micro ribbon of graphene
formed from laser thinning
without the formation of
amorphous carbon.

At the maximum responsivity,
the detection rate is 1.04 x 10°
Jones

The high mobility (~30 cm?
v~' s7') and large on-off ratio
(~10")

The hole mobility of 68.6 cm®
v~ ' 57" and the current on/off
ratio of 2 x 10°

Reasonably good power-
conversion efficiencies up to
2.8% under AM 1.5G
illumination

The FETs exhibited the

field effect mobility from
6.3cm*> Vs to

12.8ecm®*V st
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4.1. Photodiodes and FETs using thinned graphene, black
phosphorous (BP), and WS, through conventional plasma-
assisted thinning

Owing to its high carrier mobility, graphene is a novel
form of electronic material, yet its zero bandgap and low
absorption properties make it unsuitable for semiconductor
technology.'>°® Extensive research efforts have been dedi-
cated to both bridging and surpassing the graphene bandgap,
resulting in remarkable advancements in this field. Extensive
research has been conducted to tailor the graphene bandgap.
For instance, Ohta et al. and Y. Han et al. have employed a dual-
gate structure to control bilayers of graphene and introduced
doping techniques for creating graphene nanostructures.'>”*>®
Wang et al. have suggested a gas-phase chemical approach to
reducing the thickness of graphene from its edges, thereby
decreasing the material’s surface area. They employed O,
plasma to oxidize graphene under high-temperature conditions
in a reduced environment (H,, Ar, and NH;).">® In another
application, BP films were fabricated with various thicknesses,
which were obtained by applying Ar plasma treatment to it and
integrated into FETs (Fig. 13a and Table 1).°® The character-
istics of current-voltage indicated the p-type dominant beha-
viors. Besides, the decrease of layer number of BP enhanced the
mobility of the device from 70 ecm®* V"' s ' to 415 cm®* V' 57,
and the on-off ratio increased while decreasing the hysteresis
(Fig. 13b). This enhancement can be ascribed to the synergistic

a Ar*plasma
Plasma treatment

(thickness control,
Defect removal) .

Black phosphorus _)

P

Metalization
and Lift-off

Lithography

ﬂLi(lmgruph)

Plasma treatment &
PMMA passivation

View Article Online
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effects of thickness reduction and the removal of defects
through plasma treatment. For photodiode applications,
achieving a high-performance diode relies on the presence of
high-quality p—n junctions coupled with a low resistance. Using
the 2D materials and integrating them into devices based on
homogeneous p-type/intrinsic/n-type (p-i-n) is also interesting
research. As an example, by utilizing O, plasma treatment, the
uppermost layers of WSe, are oxidized, resulting in the for-
mation of a substoichiometric tungsten oxide (WO,) layer,
while the underlying WSe, layers remain unaffected and
unchanged."?” As a result of the oxygen-vacancy-induced abun-
dant band gap state near the conduction band, oxygen-deficient
WO, behaves as a highly conductive n-type semiconductor with
a remarkably deep work function. Moreover, WO, exhibits a
low-lying Fermi level, making it an efficient p-type dopant
due to its strong electron-withdrawing ability. On the
other hand, introducing n-type doping in WSe, can also be
accomplished.’® In addition, due to the Ar plasma thinning
process, the bombardment of Ar* ions leads to the formation of
substoichiometric WSe,, namely WSe,_.. Thus, the presence of
huge vacancies of Se confers a substantial electron donor
capacity to the interface of the WSe,_, layers. Consequently,
when a fully assembled p-i-n structure was implemented
(Fig. 13c, d and Table 1),"*’ the resulting p-i-n diode exhibited
exceptional photodetection capabilities. It showcased an
impressive linear dynamic range of 48 dB, which is a

b 10%,
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=
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Fig. 13 Plasma-assisted thinning for BP and WSe, in FETs and photodiode devices. (a) Schematic diagram depicting the impacts of plasma treatment on
BP flakes: device fabrication process. (b) The variation of current on/off ratio and field-effect mobility concerning the thickness of the BP film. (a) and (b)
Reproduced with permission from ref. 66. Copyright 2015 American Chemical Society. (c) Three-dimensional schematic illustration of the process flow
for the formation a p—i—n structure. (d) Optical image of the device. The scale bar represents 10 pum. (c) and (d) Reproduced with permission from ref. 127.
Copyright 2021 American Chemical Society.
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Fig. 14 ALT for multilayer graphene and WS, in FETs. (a) The process of creating a complete graphene device, consisting of a graphene source,
graphene drain, and graphene channel, is described. (b) Drain current (/p)—source voltage (Vp) measurements were conducted for various graphene
device channel layers, with the device channel width set at 2 um and length 10 um. (a) and (b) Reproduced with permission from ref. 75. Copyright 2012
Elsevier. (c) Schematic illustrating the fabrication process employed to create the recessed-channel WS, FET. Layer-by-layer thinning of the multilayer
WS, was accomplished using remote O, plasma and a KOH solution. (d) Drain current (/ps)—drain-source voltage (Vps) output curves after 10 recess
cycles. (c) and (d) Reproduced with permission from ref. 80. Copyright 2023 IOP Publishing.

remarkable responsivity of 0.1 AW, and an excellent specific
detectivity of 2.2 x 10" Jones when exposed to illumination.
The limitation of plasma-assisted thinning, that is the damage
to the surface of the 2D materials, could be overcome and
replaced by studies associated with the formation of p-n, or p-
i-n structures, which can be applied to electronics and optoe-
lectronics (Fig. 12).

4.2. FETs using thinned graphene, WS,, and h-BN through
conventional plasma-assisted thinning

Lin et al. have made pioneering efforts on 2D material thinning
into semiconductor devices via the ALT method. In this study,
the ALT process was employed to fabricate CMOS devices with a
graphene source, graphene drain, and graphene channel. To
precisely control the number of graphene layers in the channel,
a trilayer channel was selectively thinned through ALT, using
an Au mask at the source/drain region (Fig. 14a and Table 1).”
The electrical characteristics revealed that reducing the num-
ber of graphene layers in the channel resulted in an increase in
the channel resistance (Fig. 14b)."®" In another report, the
layer-by-layer thinning of WS, is applied to CMOS devices,

5212 | Chem. Soc. Rev., 2024, 53, 5190-5226

which is witnessed with very encouraging properties.®’ The
WS, surface was treated by using remote O, plasma, leading
to the formation of WO, oxidation. Subsequently, a layer-by-
layer removal of the target material is achieved through a
selective reaction between the KOH solution and WO,. This
selective reaction primarily targets the oxide layer, exposing the
pristine WS, surface (Fig. 14c and Table 1).*° Following ten
recess cycles, the current-voltage output curves displayed char-
acteristics of n-type behavior, with a noticeable increase in the
number of electrons being induced into the channel as the gate
bias was incremented in the positive direction (Fig. 14d). As
efforts continue to enhance the gate dielectric in FET devices,
h-BN has been emerging as a promising 2D dielectric material,
offering the potential to fabricate high-performance devices. To
achieve stronger gate control over the channel’s potential, the
thickness of h-BN plays a critical role, especially when it
approaches just a few atomic layers. However, preserving the
dielectric properties of the h-BN film presents a significant
challenge. Nonetheless, Ma et al. managed to successfully
obtain a monolayer of h-BN from an initial 8-layer h-BN flake
using the ALT process.”® The capacitance of h-BN films exhibits

This journal is © The Royal Society of Chemistry 2024
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Integrated cyclic plasma-assisted thinning for multilayer MoS, in FETs and photodetectors. (a) The drain current versus gate voltage

characteristics of the bottom-gate MoS, FETs were measured for different samples, including those fabricated with exfoliated bilayer MoS,, exfoliated
monolayer MoS,, and exfoliated bilayer MoS, after one cycle of MoS, with 120 s (monolayer thinning conditions) and 200 s (over exposure Ar*-ion) of
Ar*-ion exposure. (a) Reproduced with permission from ref. 107. Copyright 2017 American Chemical Society. (b) A schematic illustration depicting the
carrier transport mechanism of the type (6) photodetector. (c) Comparison of the photoresponsivity and (d) photoresponse time for type (3) and (6)
photodetectors across varying the laser wavelength, where type (3) represents the mono/multi-layer parallel heterojunction, while type (6) refers to a
mono/multi-layer serial nano-bridge multi-heterojunction. (b)-(d) Reproduced with permission from ref. 108. Copyright 2019 Nature Publishing Group.

an inverse relationship with their thickness. Other than the
capacitance, another critical factors that influences the suit-
ability of the film as a capacitive material is the leakage current
flowing through the dielectric.

Although there have been some positive results, the inves-
tigated 2D material thinning into semiconductor devices via
the ALT method is still difficult and challenging. In general, as
the recess process is repeated a greater number of times to
reduce the thickness of the 2D material channel, the on-current
tends to decrease. Simultaneously, the width of the channel
diminishes significantly with an increase in the number of
recess cycles. Therefore, the optimal thinning process of ALT
became very essential to produce 2D material thinning-based
electronic and optoelectronic devices with high performance
(Fig. 12).

4.3. Photodetectors and FETs using thinned MoS, through
integrated cyclic plasma-assisted thinning

The integrated 2D material into semiconductor devices based
on the integrated cyclic plasma thinning method was intro-
duced by Kim et al. in 2017." In order to assess the extent of

This journal is © The Royal Society of Chemistry 2024

damage to the monolayered MoS, resulting from thinning the
bilayer MoS, using the one-cycle method, bottom-gate MoS,
FETs were constructed. The FETs were fabricated using exfo-
liated pristine bilayer MoS,, exfoliated intrinsic monolayered
MoS,, and an exfoliated monolayered MoS, obtained from one
cycle of exfoliated bilayer MoS,. The MoS, FETs showed drain
currents versus gate voltages and estimated field effect mobi-
lities for the exfoliated bilayer MoS,, exfoliated monolayer
MoS,, and exfoliated bilayer MoS, after one cycle: 5.78, 2.65,
2.03, and 2.02 cm® V' s', respectively (Fig. 15a and
Table 1)."”” Notwithstanding, this method is also allowed to
remove layer-by-layer MoS,, which means that S atoms of
the top layer from the monolayer MoS, could be completely
removed to form a Mo-S bottom structure.”® Through
the application of N'/N," ion exposure on the Mo-S bottom
structure, a transformation to the p-type branch was
achieved in the I-V curve, resulting in a field effect mobility
of 40.3 ecm?* v s,

In another application, an ultrasensitive photodetector of
MoS, has been reported with high performance.'*® By employ-
ing a cyclic plasma thinning process, a series of nano-bridge

Chem. Soc. Rev,, 2024, 53, 5190-5226 | 5213
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Fig. 16 Laser-assisted thinning for multilayer WS, and MoS; in the enhancing of photoluminescence (PL) and photodetector devices. (a) Schematic
showing the laser thinning of the WS, layer. (b) PL spectra of the WS, with repeated laser thinning. (a) and (b) Reproduced with permission from ref. 164.
Copyright 2017 American Chemical Society. (c) Output characteristic curves before and after thinning. (d) Energy band diagram of a few layers/multi-
layer homojunction of MoS,. (c) and (d) Reproduced with permission from ref. 128. Copyright 2023 IOP Publishing.

multi-heterojunctions of MoS,, consisting of mono/multi-
layers, were fabricated and utilized in the devices (Fig. 15b-d
and Table 1).*°® An ultra-sensitive photodetector exhibiting an
excellent optoelectronic performance across a wide spectral
range has been discovered in the recent past. It also witnesses
a remarkable photoresponsivity of 2.67 x 10° A W' at . =
520 nm, and 1.65 x 10* AW ™" at 1 = 1064 nm. The nano-bridge
multi-heterojunction, through a selective layer control process,
has proven to be a crucial device technology with vast applica-
tions in broadband light sensing, highly sensitive fluorescence
in broadband light sensing, highly sensitive fluorescence ima-
ging, ultrasensitive biomedical diagnostics, and ultrafast optoe-
lectronic integrated circuits.

Thorough and precise execution of the integrated cyclic
plasma thinning process holds the potential to address the
limitations of advanced 2D semiconductors in electronic and
optoelectronic devices. This technique involves the replace-
ment and rearrangement of atoms and the attached functional
groups within the covalent bonding (Fig. 12).

4.4. Light-emitting diode (LED) and photodetectors using
thinned WS, and MoS, through laser-assisted thinning

Laser-assisted thinning is known as an excellent method to thin
down materials with high quality."®>'®® Using confocal Raman
spectroscopy as both the thinning laser source and the

5214 | Chem. Soc. Rev., 2024, 53, 5190-5226

characterization tool allowed this method to become a simple,
convenient, and rapidly obtained characterization technique of
the same areas before and after thinning. In 2017, Bissett et al.
reported that the photoluminescence (PL) yield of WS, could be
increased by up to 8-fold through a laser thinning procedure."®*
Through controlling and repeating the thinning process, the
increase of the PL spectra is shown as a function of layer
number of WS, (Fig. 16a, b and Table 1),'** which makes it
suitable for use in LEDs. Furthermore, the laser thinning
process not only removes the topmost layers of WS,, but also
exposes the underlying layer, creating a highly reactive surface.
This surface is rapidly passivated by atmospheric oxygen and
water, resulting in dopants that increase the free carrier
concentration of WS,. This, in turn, contributes to the enhance-
ment of the PL intensity. The investigation between a few
layers/multi-layers of MoS, via laser-assisted thinning to form
a grating-like homojunction via selective laser thinning has
also been performed in applications of photodetectors.'*® Prior
to the laser treatment, the output characteristic curve shows a
slight nonlinear variation, mainly due to the presence of a weak
Schottky barrier between the metal electrode and the multi-
layer sample. However, after laser thinning, the devices exhib-
ited characteristics resembling a p-n heterojunction, which is a
significant application in the field of photoelectric detection
(Fig. 16c, d, 12 and Table 1)."?%1%°

This journal is © The Royal Society of Chemistry 2024
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Chemical.

4.5. Solar cells and FETs using thinned MoS, and black
phosphorous (BP) through MAS

Exfoliation using metal-assisted splitting has been on the
market for a long time with the development of 2D materials.
However, the reports mentioned are based on the applications
of these methods that have been published and are not yet
commensurate with the dramatic growth of 2D materials year
by year. A recent invention demonstrated by Huang et al. was an
Au/titanium (Ti) adhesion layer to control the number of layers
of MoS, in applications of FETs."'" Here, the authors demon-
strated that the exfoliation method is not limited by the Au
thickness and allows a large-area 2D crystal to be exfoliated
using both conducting and non-conducting Au-coated sub-
strates. Consequently, FETs can be directly constructed on as-
exfoliated monolayer MoS, channels. The FETs, regulated by an
ionic-liquid top gate (Fig. 17a, b and Table 1),"** demonstrated

This journal is © The Royal Society of Chemistry 2024

excellent performance, with a high on-off current ratio (>10°
at T =220 K) and field-effect mobility ranging from 22.1 to 32.7
ecm® V' 57! In addition, a superconducting transition was
observed at 4.5 K, indicating the FET’s promising performance.
The device was directly fabricated on the ultrathin metal
adhesion layer and also there is potential for further improve-
ment (Fig. 17c). Monolayers or a few layers of BP were also
exfoliated and integrated into FET devices using this method
(Fig. 17d and Table 1).""* In contrast to the conventional
scotch-tape method, the MAS method significantly enhances
the yield of few-layer BP exfoliation by 100 times, yielding much
larger BP areas. Moreover, the electrical properties of BP-FETs
provide further evidence of the high quality of the few-layered
BP, with a hole mobility of 68.6 cm®> V' s™', and a current on/
off ratio of 2 x 10°. Again, Wi et al. have successfully demon-
strated multilayered MoS, obtained from bulk MoS, by
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applying the Cu adhesion layer to support the exfoliation
process."?® By employing the plasma-assisted doping approach,
the response of the solar cells was significantly enhanced.
Furthermore, the research has demonstrated MoS,-based solar
cells with remarkably high short-circuit photocurrent density
values of up to 20 mA cm > and reasonably good power-
conversion efficiencies of up to 2.8% under AM 1.5G illumina-
tion, as well as high external quantum efficiencies (Fig. 17e, f
and Table 1).*°

Even though it is a simple and economical method,
the exfoliation using the MAS from bulk crystals has not

o
o

MoS,
Without h-BN

View Article Online

Review Article

been deemed technologically scalable so far (Fig. 12). How-
ever, as this technology becomes increasingly consistent,
producing 2D layers solely determined by the source of
the crystal’s dimensions and crystallinity, materials
research may shift its focus towards optimizing high-
quality layered bulk crystal growth. Ironically, the fabrication
of 2D materials for applications has been a long agenda
followed by other thinning strategies, notably successful in
Si technology, where the extraction of wafers from large,
high-quality single crystals has been demonstrated for indus-
trial applications.
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Fig. 18 Layer-resolved splitting for multilayer MoS,/h-BN and WSe,/graphene heterostructures in FETs. (a) Schematic of MoS,/h-BN-based field effect
transistor. (b) Exemplary drain current—gate voltage (/p—V¢) characteristics of the MoS,/h-BN-based FET at Vps = 1 V. (c) and (d) 2D color maps illustrating
the hysteresis voltage extracted from Ip—V curves at Vps = 1V in transistor arrays fabricated without h-BN (left) (c) and with h-BN (right) (d), respectively.
(e) Schematic of the graphene/WSe, vertical transistor. (f) Ip—Vp characteristics measured as Vgs from —70 V to 70 V with a 35 V step. (a)-(f) Reproduced

with permission from ref. 89. Copyright 2018 AAAS.
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4.6. FETs using thinned MoS,/hBN and graphene/WSe,
heterostructures through LRS

LRS is a technique involving the deposition of metal thin films
onto the surface of a bulk crystal, enabling the formation of a
robust and uniform bond between the metal and the surface
layer of the crystals. Metals such as Au or Ni are commonly
evaporated to exfoliate various monolayers, and this method
facilitates the easy transfer of the exfoliated monolayer onto a
different substrate. LRS holds potential applications in the
fabrication of semiconductor devices and research exploring
the intrinsic properties of 2D materials (Fig. 12). This strategy
was developed as a layer-resolved technique to separate stacks
of few-layered thick 2D materials grown on a Si wafer. The 2D
material-based FETs using the LRS techniques were also intro-
duced by Shim et al.*® FETs were formed by quasi-dry stacking a
heterostructure of MoS, and h-BN multilayers on a SiO,/Si
wafer (Fig. 18a and Table 1).*® Besides, the comparison between
FETs with and without containing the h-BN has also been
evaluated. Despite having a high on-off ratio (>107), the FETs
without h-BN suffered from significant hysteresis in their drain
current-gate voltage sweep, hence negatively affecting the per-
formance of their transistor operation. However, FETs with h-
BN demonstrated considerable suppression of hysteresis
(Fig. 18b). Furthermore, the FET arrays with h-BN exhibited a
remarkable reduction in hysteresis during a gate voltage sweep
applied uniformly across the wafer (Fig. 18c and d). Likewise,
the advantage of the quasi-dry stacking process was also
emphasized by the fabrication of array WSe,/graphene FETs,
which exhibited a high on/off current ratio (Fig. 18e and f).

In general, all aforementioned thinning strategies make it
possible to obtain 2D materials thinning and integrate them
into semiconductor devices. The approach to the limitation of
2D materials could generally appear and bring breakthroughs
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in the application of electronics and optoelectronics. As a
result, the thinning strategies are a suitable solution to obtain-
ing high quality 2D materials.®"***"""* In particular, the inte-
grated cyclic plasma thinning demonstrated by Kim et al. was
supposed to be the most viable method to attain layer-by-layer
2D materials as well as less damage and defects on the surface
material. Nevertheless, the integrated 2D material thinning
using the top-down strategies still encounters some problems,
which need to be addressed in the coming days. For instance,
the LRS and MAS are typically not scalable for large-scale
production. Furthermore, it is also challenging to achieve uni-
form thickness and quality across a large area, leading to
device-to-device variations. Other factors such as surface, and
edge roughness are also very important and can have high
sensitivity to defects and chemical functionalization. Top-
down approaches often result in irregular and rough edges,
which can decrease the performance of the devices and can
introduce scattering sites for charge carriers. Moreover, the
top-down processes for thinning 2D materials can result in
significant loss of the material and low yields for device
fabrication, making it less economical- for large-scale produc-
tion. Moreover, these processes are enabled for controlled and
tailored thinning of 2D materials to achieve desired properties
for specific applications. In addition, the consideration and
selection of the thinning method in the fabricated semicon-
ductor devices must be matched and consist of those created
through bottom-up growth techniques, which can offer higher
material quality and uniformity. Despite these limitations, the
top—down thinning strategies remain crucial for research, pro-
totyping, and generating a proof-of-concept for making semi-
conductor devices using 2D material thinning. As the field of
2D materials synthesis and processing evolves, efforts are being
made to address these limitations and improve the overpack
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Fig. 19 Pros and cons of thinning/splitting strategies of 2D materials.
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quality and scalability of thinning strategies for 2D materials in
semiconductor devices applications.

5. Conclusion and outlooks

2D material thinning is a viable building component for
usage in semiconductor devices due to its superior physical
and chemical properties brought forth by its distinctive
structure.>®**'”>77 The manufacture of 2D material thinning
with the specified layered numbers and regulating structure is
necessary to realize their practical uses."’® In fact, thinning
technologies have been demonstrated to obtain 2D material
thinning, including a few layers, bi-layer, or even monolayer.
There are transfer methods that are currently available that do
not involve thinning, making it feasible to move 2D materials
from the growth substrate to a Si substrate. This integration of
2D materials with Si microelectronics presents a promising
technological avenue for creating efficient and cost-effective
systems. Such advancements could play a pivotal role in next-
generation electronics and optoelectronics.'”*™*#" Moreover,
thinning has been demonstrated to have various applications,
such as understanding the growth mechanism, identifying
defective sites in 2D materials, enhancing material quality
through thinning-regrowth approaches, increasing grain size
via controllable nucleation density, and promoting heterojunc-
tion growth. Consequently, gaining profound insights into the
thinning of 2D materials holds significant importance in
advancing our understanding of the fundamental mechanisms
behind graphene growth and enabling controlled processes for
thinning 2D materials.

Recently, substantial advancements have also been made in
comprehending the thinning process of 2D materials."®*™"%° A
general model of 2D material thinning has been established on
the atomic scale through plasma-assisted thinning, ALT, and
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integrated cyclic plasma thinning, which have been success-
fully applied to get 2D material thinning. Using these methods
leads to a reduction in the number of layers due to the
bombardment of ions such as H, and Ar with low energy or
adsorption and deposition of the reaction gas injected onto the
material surface, which reacted with as well as destroyed
chemical bonds on the surface of the 2D materials. Contrast-
ingly, laser-assisted thinning is a non-contact and non-
chemical process, which uses the energy of a laser as an
excitation source for the burning of 2D material layers. For
applications to transfer and exfoliate 2D materials to arbitrary
substrates, MAS and LRS are two of the most popular methods.
Here, due to the support of a metal film, such as Au or Ni
deposited on the 2D materials, the monolayer could be
obtained via the peeling of the metal film supported by a
thermal tape layer. In fact, each thinning technique revealed
its own merits and demerits that they encountered throughout
the fabrication process of 2D material thinning, as shown in
Fig. 19. Thus, depending on the purpose and use of the 2D
materials, selecting, and using a suitable method for applica-
tions to achieve high efficiency and optimization is necessary.

In addition, various experimental factors such as H,, Ar, or O,
partial pressure, etchant species, substrate, and buffer gas have
also been observed to significantly influence the thinning beha-
vior of 2D materials. Extensive theories have been explored and
the mechanisms underlying the effects of parameters on 2D
material thinning have been shown, but similar studies in
another material thinning are still rare if these thinning meth-
odologies are not only applied to 2D materials, but also applied to
other materials and investigated for semiconductor devices such
as polymer materials,"®”™** transition metal carbides, nitrides,
carbonitrides (MXenes),"** "% perovskite,?*°2** or thinning
metal-based nanowire, nanotube, and nanorod structures.??>2%”

The thinning advances in processing materials have the
potential to open up new opportunities for the development

Development Roadmap of 2D Materials Thinning

“*Neuromorphic computing
«*Quantum computing
“»*Ferroelectric-memory

> Power-gate transistor
> Optical Interconnects

v’Electrode-Solar cells
v'Biosensor
v'Camera and Spectrometer

Fig. 20 Prospective development roadmap of thinned 2D materials for integrated modern electronics/optoelectronics.
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of high-quality 2D materials that are needed for electronics and
optoelectronics for suitable applications. The controlled band
gap of 2D materials can lead to significant improvements in the
current on-off ratio, PL, and other unexplored exotic proper-
ties. The layer-by-layer thinning of 2D materials by integrated
cyclic plasma thinning technology is regarded as the most
promising method due to its minimal physical and chemical
damage. Research in this direction will be of great importance.
Moreover, new thinning techniques such as crystallographic

A Knlght as
“Advanced Thmnmg Strategles
at the atoml_c_ sc_ale

P
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thinning, or metal-assisted chemical thinning, are
also well worth waiting for in the fabrication of thinned
materials. However, for the applications of 2D material thin-
ning, they need more time to demonstrate the exactness, and
stability in the future and if successful, it could open routines
for new thinning strategies with low cost and high quality. In
the context of future technological advancements, the potential
application of thinning top-down strategies holds significant
promise. This approach involves streamlining and optimizing
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Fig. 21 A knight is atomically slicing the topmost thinned layer of 2D materials as represented by the advanced top—down layer-by-layer thinning
strategies at the atomic scale applicable to artificially representative grown multilayer materials.

This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev., 2024, 53, 5190-5226 | 5219


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00817g

Open Access Article. Published on 08 April 2024. Downloaded on 2/21/2026 8:12:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

complex systems, processes, or devices by strategically remov-
ing unnecessary components, layers, or functionalities. By
identifying non-essential features, redundant components,
and excessive layers of materials, the top-down thinning stra-
tegies can easily design devices that offer the same function-
ality but with a smaller environmental footprint and enhanced
user experience. This might involve leveraging artificial intelli-
gence and machine learning algorithms to dynamically adjust
device settings based on individual usage patterns, thus con-
serving power and optimizing performance. The thinning top-
down strategies could also be beneficial in sectors like trans-
portation. With the development of self-driving cars, the inte-
gration of numerous sensors, processors, and communication
systems can lead to a highly complex and potentially unwieldy
vehicle architecture. Apply thinning strategies could help prior-
itize critical safety components while minimizing the layer
number of materials, leading to more reliable and efficient
autonomous vehicles. Energy storage is another area where 2D
materials hold promise.>*®>*?> Thinning strategies could be
utilized to optimize the thickness and structural uniformity of
2D material-based electrodes in batteries and supercapacitors.
This could improve energy storage capacity and cycling stabi-
lity, addressing challenges related to volume expansion and
contraction during charge-discharge cycles. In optoelectronics,
2D materials exhibit remarkable light-matter interactions that
could lead to highly efficient photodetectors, solar cells, and
light-emitting devices.”**>** By using thinning top-down
approaches, it may be possible to fabricate ultra-thin, flexible,
and transparent devices that efficiently harness and manipu-
late light at the nanoscale. This could open up new avenues for
applications in wearable technology, displays, and advanced
imaging systems. As illustrated in Fig. 20, various electronic
and optoelectronic systems that could use graphene or other
material thinning in contemporary devices are highlighted and
projected future trends till 2030 such as power-gate transistors,
quantum computing, or ferroelectric memory. These thinned
2D material-based devices could potentially be given the top-
most attention in the coming time from the research
community.>*°>%7

To visualize the development roadmap of this research
direction, the top-down layer-by-layer thinning strategies were
expressed as a knight that is atomically slicing the topmost
thinned layer of 2D materials, which can be applied to artifi-
cially grown multilayer materials to date (Fig. 21). The intention
is to guide readers in better understanding and visualizing
advanced layer-by-layer thinning technologies at the atomic
scale through the depiction of a slicing knight. This image
serves as a representative symbol, illustrating the impact of
chemical bonds and interactions (such as covalent bonding,
ionic bonding, and n bonding). Importantly, it aligns seam-
lessly with the chemical-related scopes. The combination of
top-down thinning strategies and 2D materials is poised to
drive innovations across multidisciplinary industries, revolu-
tionizing electronics, photonics, energy harvesting and storage,
and beyond. As research and development in this field continue
to progress, these layer-by-layer thinning strategies hold
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significant potential to unlock new transformative technologies
with superior performance, efficiency, and versatility.
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