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CONSPECTUS: The vertical integration of van der Waals nanomembranes (vdW NMs), -

composed of two-dimensional (2D) layered materials and three-dimensional (3D) ertcarugmess |l
freestanding films with vdW surfaces, opens new avenues for exploring novel physical ‘?@' e
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electronic and optoelectronic applications with unique functionalities. Achieving the desired i % i

functionality through vdW integration necessitates the production of high-quality individual Layem;&m::, e‘”"Q Y

vdW NMs, which is a fundamental prerequisite. A profound understanding of the synthetic =7
strategies for vdW NMs, along with their fundamental working principles, is crucial in =3
guiding the experimental design toward 3D integrated heterostructures. The foremost

synthetic challenges in fabricating high-quality vdW NM:s are achieving exact control over
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thickness and ensuring surface planarity on the atomic scale. Despite the development of s \#
numerous chemical and mechanical approaches to tackle these issues, an all-encompassing &

solution has yet to be realized. To address these challenges, we have developed advanced

spalling techniques, specifically known as atomic spalling or 2D material-based layer transfer, which emerge as a promising
technology for achieving both atomically precise thickness-engineered and atomically smooth vdW NMs. These techniques involve
engineering the interfacial fracture toughness and strain energy in the vdW system, allowing for precise control over the initiation
and the propagation of cracks within the vdW material based on controlled spalling theory.

In this Account, we summarize our recent advancements in the atomic precision spalling technique for the preparation of vdW NMs
and their applications. We begin by introducing the fundamentals of advanced spalling techniques, which are based on spalling mode
fracture in bilayer systems. Following this, we succinctly describe the preparation methods for source materials for vdW NMs, with a
primary focus on chemical synthesis approaches. We then delve into the working principles underlying our recent contributions to
advanced spalling techniques, providing insights into how this method attains unprecedented atomic-precision control compared to
other fabrication methods with a particular emphasis on tuning the interface between the stressor and the vdW system.
Subsequently, we highlight cutting-edge applications based on vdW heterostructures, which combine our spalled vdW NMs. Finally,
we discuss the current challenges and future directions for advanced spalling techniques, underscoring their potential to be
established as a robust methodology for the preparation of high-quality vdW NMs. Our advanced spalling strategy not only ensures
the reliable production of vdW NMs with exceptional control over thickness and atomic-level flatness but also provides a robust
theoretical framework essential for producing high-quality vdW NMs.
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Figure 1. Spalling mode fracture in bilayer system and preparation of source materials for 2D, 3D vdW NMs. (a) Schematic illustration of the
controlled spalling process in a bilayer film. (b, c) Schematic illustration of source material preparation methods for 2D vdW NMs: chemical vapor
deposition (CVD) and chemical vapor transport (CVT), respectively. (d—f) Schematic of three different types of source material preparation
methods for 3D vdW NMs: conventional heteroepitaxy, vdW epitaxy and remote epitaxy.

and experimentally elucidating the crack propagation
behavior in the vdW system. Crack propagation in vdW
materials can be controlled at the atomic level by fine-tuning
the key elements such as the internal stress of the stressor
film.

Moon, J.-Y.; Kim, S.-I; Ghods, S.; Park, S; Kim, S,;
Chang, S.; Jang, H. C.; Choj, J.-H.; Kim, J. S.; Bae, S.-H.;
Whang, D.; Kim, T.-H,; Lee, J.-H. Nondestructive
Single-Atom-Thick Crystallographic Scanner via Sticky-
Note-Like van der Waals Assembling—Disassembling.
Adv. Mater. 2024, 36, 2400091." Representative applica-
tion of advanced spalling for nondestructive crystallographic
scanning of polycrystalline graphene.

1. INTRODUCTION

van der Waals nanomembranes (vdW NMs) refer to material
platforms with thicknesses ranging from the atomic scale to a
few hundred nanometers, <possessing naturally or artificially
terminated vdW interfaces.”® Originally, the concept of vdW
NMs was predominantly associated with two-dimensional
layered materials (2D vdW NMs), but the recent advent of
freestanding three-dimensional single-crystalline films (3D
vdW NMs), which uniquely combine robust internal chemical
bonds with clearly terminated physical bonds at their
boundaries, has expanded the boundaries of this concept.”™
The most notable feature of these vdW NM:s lies in their clean
vdW interface and outstanding mechanical properties,
including high stiffness and Young’s modulus, originating
from their thinness.” These distinctive characteristics enable
ease material integration approaches through the simple
vertical assembly of disparate materials without any restriction
of lattice matching or the requirement for optimal synthetic
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conditions, thereby introducing the innovative idea of vdW
heterostructures.” "

To date, various combinations of vdW NMs have been
integrated into vdW heterostructures with diverse function-
alities, facilitating the exploration of unprecedented physical
phenomena and the successful prototyping of multifunctional
devices.'”"? These advancements have truly revolutionized
multidisciplinary fields over material science, condensed matter
physics, and electrical engineering and present ongoing
opportunities for scientific and technological innovation. To
seize these opportunities and fully exploit the potential of vdW
heterostructures, the preparation of high-quality individual
NMs should be a fundamental and essential prerequisite.

To achieve high-quality vdW NMs, recent synthetic
challenges lie in the accurate control of their thickness and
surface planarity. For 2D vdW NMs, the electronic structure
undergoes dramatic changes depending on their thickness.'*"®
While 3D vdW NMs largely maintain consistent properties
irrespective of thickness, their surface irregularities, when
compared to the ultraflat surfaces of 2D vdW NMs, can result
in incomplete interfacing, thus deteriorating the stability of the
vdW heterostructure and impeding efficient charge transport.
Several approaches have been proposed to produce vdW NMs
and grapple with these challenges, such as chemical synthesis
and mechanical exfoliation for 2D vdW NMs and techniques
such as chemical, optical, and mechanical lift-off for 3D vdW
NMs.'*7*° However, they have encountered fundamental
limitations, including inaccurate control of thickness and
limited material selection.

Recently, a novel synthetic approach known as advanced
spalling has emerged as a promising solution to meet the
stringent requirements for high-quality 2D and 3D vdW
NMs.»>*! Conventionally, spalling is an approach to separate
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Figure 2. Atomic precision spalling of vdW NMs through adjusting binding energy. (a) Schematic illustration of layer-engineered spalling of
graphene by using a metal stressor with different binding energies (7). The inset illustrates the change in the number of exfoliated graphene layers
depending on the relative binding energy between the metal stressor film and graphite. (b—e) Optical images of spalled graphene from graphite
using Au, Pd, Ni, and Co stressors, respectively. (f) Schematic illustration of selectively harvesting a monolayer 2D vdW NM from multilayer 2D
vdW NM grown on a sapphire substrate by stepwise binding energy engineering. (g) Binding energy difference in 2D-Nji, 2D-2D, and 2D-sapphire
interfaces. (h) Photograph of transferred WS, monolayer with a lateral dimension of S cm on an oxidized silicon wafer. (Reproduced from refs 1

and 2. Copyrights 2018 and 2020 AAAS.)

thin layers from their source materials by mechanically
fracturing them off with the help of a stressor film to control
the crack propagation depth.””*’ Advanced spalling refines
these spalling techniques by integrating the adjustment of
binding energy and internal stress parameters of the system,
allowing for atomic-level flatness and precise thickness control
of vdW NMs.

In the following sections, we aim to comprehensively cover
the basics of advanced spalling techniques in our recent
contributions to produce ideal vdW NMs. First, we introduce
the fundamentals of advanced spalling, focusing on its working
mechanism and preparation of source materials. We then
explain the essential elements for designing the advanced
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spalling technique, emphasizing binding energy and internal
stress engineering. Subsequently, we present our representative
research examples of atomically precise spalled vdW NMs for
applications across various fields. Finally, we discuss future
prospects of the technology, highlighting potential advance-
ments and challenges that lie ahead.

2. FUNDAMENTALS OF ADVANCED SPALLING

2.1. Working Principles of Advanced Spalling

The working principle of advanced spalling techniques
fundamentally follows the fracture mode of conventional
controlled spalling in a bilayer system (Figure 1a).”*** To

https://doi.org/10.1021/acs.accounts.4c00425
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achieve successful controlled spalling, the following key
components are required: (i) a stressor, which is a thin
metal film deposited on the surface of source materials with
sufficient adhesion, (ii) brittle source materials, where the
surfaces of the source materials will be separated by a stressor
to produce the vdW NMs, and (iii) the application of external
force, which is necessary for generating reliable crack initiation
in the source material. A flexible handle layer (e.g, tape) is
applied to the surface of the stressor/source material stack. By
gently applying a slight force to the handle layer, a crack is
initiated in the substrate at the edge of the stressor layer. The
crack tip formed by crack initiation will guide the crack
propagation, as the handle layer is mechanically guided,
resulting in the separation of the desired thickness of the vdW
NM from the source material.

When an external force is applied to the stressor/source
material stack, a crack is initiated within the source material
and propagates downward due to the mixed mode fracture of
modes I (opening mode) and II (shearing mode). Under
thermodynamic equilibrium conditions, where the shearing
mode is minimized, the crack tip no longer propagates
downward but instead grows parallel to the interface between
the stressor and the source material. Once the crack tip reaches
the edge of the source material from the initial crack point, the
top surface of the source material is completely separated. The
crack depth, which determines the thickness of the vdW NM,
is dictated by the physical parameters of the source material
and the stressor.

2.2. Preparation of Source Materials

As mentioned above, in the advanced spalling technique, vdW
NMs are obtained by selectively exfoliating the top surface of
the source material by using a stressor. Generally, thick vdW
NM grown on substrate or bulk vdW crystals are used as
source materials, and their preparation methods primarily rely
on chemical synthetic approaches.

In the case of preparing source material for 2D vdW NMs,
several growth methods, including chemical vapor deposition
(CVD) and chemical vapor transport (CVT), have been
widely adopted (Figure 1b,c). The CVD technique provides a
versatile and scalable route to preparin§ thick 2D films (with
multilayer thickness) on substrates.”””’ This is achieved
through the chemical reaction of gas-phase precursors, where
growth parameters such as the vapor pressure, processing
temperature, and precursor concentration are manipulated.
These variables influence the nucleation and growth rates,
surface diffusion of adatoms, and incorporation of precursor
molecules into the growing film, ultimately affecting the
crystallinity and defect density of the resulting 2D vdW NMs.
Meanwhile, to utilize single-crystal bulk vdW crystals as source
materials, the CVT technique is well-suited.”® CVT growth is a
mature technique for crystallizing nonvolatile solids, involving
a chemical reaction that converts a condensed phase to a
gaseous phase at elevated temperatures followed by reconden-
sation into a crystalline solid at lower temperatures. This allows
the precise control of crystal growth, synthesizing a variety of
high-purity vdW crystals that do not naturally exist. Addition-
ally, other synthetic methods such as flux-grown methods and
molecular beam epitaxy (MBE) can be employed to prepare
source materials for 2D vdW NMs.””*

For the source material for 3D vdW NMs, various epitaxy
techniques to realize clearly terminated physical bonds at the
surface can be employed. Typically, the preparation of source
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materials for 3D vdW NMs has relied on conventional
heteroepitaxy, which requires strict conditions, such as low
lattice mismatch, similar thermal expansion coeflicients, and
the same crystal structure between the epilayer and the growth
substrate, thereby limiting the realization of varied source
materials (Figure 1d). However, the recent development of
advanced epitaxy techniques, such as vdW epitaxy and remote
epitaxy, has expanded the range of possible source materials
(Figure le,f).”"*! These techniques leverage the vdW interface
to alleviate the exacting growth requirement while improving
the quality of source materials, resulting in fewer lattice
mismatch-related defects such as threading dislocations in the
epilayer.®>*’

3. DESIGN OF ATOMIC-PRESICION ADVANCED
SPALLING FROM SOURCE MATERIALS

3.1. Adjusting Binding Energy at the Interface

One of the most critical parameters for designing atomic
precise spalling is the binding energy at the interface between
stressor and source materials. In our group, we successfully
separated graphene layers from graphite with atomic precision
of thickness by adjusting the binding energy (y) between
graphene and the stressor (Figure 2a).”** By using different
metal stressors, each with a different magnitude of binding
energy with graphene, we simply controlled the spalling depth,
resultinsg in precise control of the number of graphene
layers.”>*® When a Au stressor, which has a binding energy
(Yawce = 30 meV/atom) similar to the interlayer vdW energy
of graphite (yg.g. = 21—25 meV/atom), was deposited on
freshly cleaved graphite, the topmost graphene monolayer was
selectively exfoliated (Figure 2b). In contrast, by the
deposition of different metal films (Pd, Ni, and Co) that
have higher binding energy (yps.q: = 84 meV/atom, yyiq =
125 meV/atom, and y¢,., = 160 meV/atom) than the Au film,
graphene with a controlled number of layers was obtained; the
higher the binding energy, the deeper the spalling depth
(Figure 2c—e). The graphene samples exfoliated with Pd, Nij,
and Co stressors measured in thickness as bilayer, 7 nm, and
13 nm, respectively. Additionally, the Raman spectra of all
spalled graphene samples showed an absence of the disorder-
related D peak near 1350 cm™’, indicating their excellent
crystallinity.

This approach of adjusting the binding energy to harvest
desired thicknesses of 2D vdW NMs can be applied not only to
vdW crystals but also to multilayer 2D vdW NMs grown on
rigid substrates." For example, layer-resolved splitting through
stepwise control of binding energy provides a universal method
for producing monolayer 2D vdW NMs at the wafer scale
including MoS,, MoSe,, WS,, WSe,, and h-BN (Figure 2f). In
this process, first a Ni stressor is deposited on top of the
multilayer 2D vdW NMs/sapphire substrate. Since the binding
energy of the Ni/2D interface is 1.4 _]/mz, which is much
higher than that of the 2D/sapphire (0.26 J/m?) and 2D/2D
interfaces (0.45 J/m?), crack initiation occurs at the most
vulnerable 2D /sapphire interface (Figure 2g). Then the crack
propagates downward and along the 2D/sapphire interface,
result in exfoliating the entire multilayer 2D vdW NM from the
sapphire substrate. Subsequently, another Ni stressor is
redeposited on the bottom of the exfoliated 2D multilayer,
causing an additional spalling mode fracture. As the binding
energy of the 2D/Ni interface is substantially higher than that
of the 2D/2D interface, the cracks propagate through the

https://doi.org/10.1021/acs.accounts.4c00425
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Figure 3. Atomic precision spalling of 2D vdW NMs through the internal stress modulation of a stressor film. (a) Photograph of spalled mono-, bi-,
and trilayer MoS, from their bulk vdW crystal. (b—d) Optical images of spalled mono-, bi-, and trilayer MoS,. (e) Five different stress release times
for modulating the internal stress of the Ag stressor film. (f) Plot of spalled depth versus internal stress of the Ag stressor film. (g) Optical images of
the spalled MoS, with different stress release times introduced during the stressor deposition process. Scale bars are 100 ym. (h—k) Raman
spectrum and Raman map of spalled mono- and bilayer MoS, with the transition region. (Reproduced from ref 3. Copyrights 2022 Elsevier.)

weaker 2D/2D interface directly above the bottom Ni layer,
resulting in only a monolayer 2D being left on the bottom Ni
stressor. By repeatedly adjusting the binding energy during
each spalling mode fracture process, atomically precise layer-
by-layer exfoliation of monolayer 2D vdW NMs from the
multilayer can be achieved. Figure 2h shows a harvested
monolayer WSe, on a SiO, substrate, which has a uniform and
smooth surface with a root-mean-square (RMS) value of 0.5
nm.

Similarly, it was reported that an epitaxially grown 1.2
monolayer graphene film on SiC, composed of a graphene
monolayer sheet and around 20% bilayer strips, can be
separated into pure monolayer graphene through the
sequential application of stressors with different interfacial
binding energies. By use of a Ni stressor, the entire 1.2-layer
graphene film was released from the SiC substrate.
Subsequently, applying an Au stressor completely removed
the bilayer strips from the graphene sheet, leaving only the
monolayer graphene.”’

The same principle of binding energy engineering can be
extended to create high-quality 3D vdW materials with an
exceptional surface flatness. Recently, the development of
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remote epitaxy, where epitaxy takes place on a substrate coated
with an atomic 2D layer, which is typically continuous
monolayer graphene, has not only enabled the growth of
heteroepitaxial films with less concern regarding lattice
mismatch but also allows for the facile separation of the
epitaxial layer.”®*” While the interior of the epilayer is
bonded by strong chemical bonds, there is vdW bonding at the
interface between the epilayer and the 2D layer. The extremely
low binding energy at this vdW interface acts as a crack
initiation and propagation path during spalling mode fracture.
As a result, the epilayer is quickly and accurately released along
the vdW interface, generating freestanding 3D vdW NMs with
atomically flat surfaces.

However, despite these advantages, remote epitaxy can be
applied only to polarized materials such as compound
semiconductors and complex oxide. More recently, graphene
nanopatterns have been introduced as an advanced platform
for the epitaxy technique, enabling the creation of a broad
range of freestanding single-crystalline 3D vdW NMs including
nonpolar elemental materials such as Ge.”” Graphene nano-
patterns allow the lateral overgrowth of elemental semi-

https://doi.org/10.1021/acs.accounts.4c00425
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the vdW assembly and disassembly processes. (e—i) Multiple vdW assemblies and disassemblies conducted on the same SCG sample. (Reproduced

from ref 4. Copyrights 2024 Wiley).

conductors on wafers while maintaining a reduced binding
energy between the epitaxial layer and the graphene.

3.2. Modulating the Internal Stress of Stressors

Another key parameter for designing atomically precise
spalling is the internal stress of stressors. In our previous
reports, we precisely controlled the crack propagation path
within vdW crystals through internal stress engineering,
allowing us to selectively exfoliate mono- to trilayer MoS,
from their vdW crystals (Figure 3a—d).”*" A 70-nm-thick Ag
thin film was chosen as the stressor material due to several
advantages: (i) Since Ag is a noble metal, there is no need to
consider the side effects of oxidation at the interface with the
2D material. (ii) The magnitude of the binding energy
between Ag and the 2D vdW NMs is similar to the vdW
energy. (iii) The internal stress of the Ag film can be readily
tailored by tuning the deposition parameter during the
deposition process.

In the process of Ag film growth using the Volmer—Weber
mode, it is well established that the evolution of the internal
stress changes dynamically. In the early stage of growth (less
than 4 to 5 nm), before the film has coalesced, the film stress is
compressive because of the surface capillary forces on the
isolated clusters. At the point of island coalescence, tensile
stress develops, associated with the formation of grain
boundaries. When the film becomes continuous, the tensile
stress decreases and shifts in a compressive direction until the
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end of the deposition. If the growth is interrupted at this point,
then internal stress relaxation occurs, and the film stress jumps
to a less compressive value.” Therefore, by introducing a
temporary interruption in the deposition process and
controlling the duration of this period, we can modulate
both the magnitude and direction of the internal stress in the
Ag film. We refer to this temporary interruption as the “stress
release time”. Ag stressors with stress release time showed
lower internal stress compared to the continuously deposited
Ag stressor, with internal stress decreasing gradually as the
stress release time increased. As a result, the internal stress of
Ag stressors at the same thickness can be modulated from
about 430 to 150 MPa (Figure 3e,f).

Since the spalling depth is determined by balancing the total
accumulated strain energy in the Ag stressor/top MoS, layer
with the binding energy of the MoS, crystal, which represents
the thermodynamic equilibrium condition, we were able to
control the number of spalled MoS, layers by adjusting the
internal stress.” As the internal stress in the Ag film decreased,
we achieved a transition from mono- to bi- to trilayer with
transition regions (Figure 3g).

Additionally, to verify the selective separation of the spalled
MoS, from their vdW crystal, we performed Raman analysis on
the spalled samples. Compared to the reference Raman spectra
obtained from mechanically exfoliated MoS,, all spalled MoS,
samples exhibited a blue shift in the Elzg peak, indicating the

https://doi.org/10.1021/acs.accounts.4c00425
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(Reproduced from refs 46 and 47. Copyrights 2024 AAAS.)

presence of compressive strain originating from Ag stressors
(Figure 3h).*" Remarkably, with increasing crack propagation
depth, the Elzg peak of the spalled MoS, showed a slight
downshift, suggesting a gradual reduction in compressive strain
(Figure 3i—k). This observation is consistent with the changes
in the internal stress levels of the stressor film.

This precise thickness control of 2D vdW NMs through
internal stress modulation of the stressor can also be achieved
using nonmetallic stressors.” By adjusting the internal stress of
a nonmetallic Ge stressor, we successfully peeled off monolayer
MoTe, from a MoTe, vdW crystal and transferred it onto the
desired substrate. Furthermore, the water-soluble nature of Ge
eliminates the need for a harsh wet chemical etching processes,
unlike metal stressors. These results have the potential to be
widely employed for the fabrication of high-quality monolayer
TMDCs, offering a versatile approach for the chemically
unstable 2D vdW NMs. This is particularly beneficial for
materials that are difficult to produce in monolayers due to
unavoidable surface oxidation and physical damage during
metal film removal.

4. APPLICATIONS OF ATOMICALLY PRECISE
SPALLED vdW NM

We have delved deeply into advanced spalling strategies
designed to overcome recent synthetic challenges associated
with vdW NM:s in the previous section. After these challenges
are addressed through sophisticated spalling techniques,
pristine NMs can be utilized to design the proof-of-concept
device and explore interesting phenomena across various fields.
This section highlights the applications of atomically precise
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spalled vdW NMs in different domains. Three notable
examples are presented below.

4.1. 2D Crystallographic Scanner

Crystallographic information such as crystallographic orienta-
tion and grain boundaries (GBs) plays a pivotal role in
determining the properties of 2D vdW NMs. Therefore, for the
practical utilization of as-grown 2D vdW NMs, methods to
analyze these structural aspects should be developed.
Recently, our group developed a vdW assembling—
disassembling technique based on an atomic precision spalling
technique, which was utilized for the nondestructive crystallo-
graphic scanning of 2D vdW NMs (Figure 4a).” This method
can unambiguously determine both the GBs and grain
structures within 2D vdW NMs. Similar to how a commercial
sticky note can be readily attached and detached, two
monolayers of graphene can be assembled and disassembled.
When monolayer polycrystalline graphene (PCG) and single-
crystalline graphene (SCG) are assembled, the hidden GBs and
individual grains within the PCG are visualized through twist
angle (0)-dependent interlayer electron—phonon interactions
with the underlying SCG, resulting in differences in the Raman
signal according to each grain.*® Figure 4b shows the Raman
mapping images of assembled PCG/SCG, revealing the
distinct distribution of grains and GBs within the PCG. After
the grains were effectively identified, the PCG was non-
destructively disassembled from the SCG by adjusting the
binding energy of the stressor. The excellent uniformity and
chemical cleanliness of the disassembled graphene were
confirmed by various microscopic and spectroscopic tools,
including atomic force microscopy (AFM) and X-ray photo-
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electron spectroscopy (XPS) analysis (Figure 4c,d). Moreover,
thanks to the contaminant-free and atomically smooth surface
of the disassembled SCG, it can be reserved as the template for
crystallographic scanning, thus facilitating multiple crystallo-
graphic scans on the same SCG sample (Figure 4e—i).

4.2. Enhanced Electrostatic Capacitor

For high-performance electrostatic capacitors without energy
loss, materials with a high maximum polarization and low
remnant polarization are required. Ferroelectric materials such
as HfO,, ZrO,, and BaTiO; typically provide high maximum
polarization, but their high remnant polarization limits the
effectiveness of energy storage. To address this, atomically
precise spalled 2D vdW NMs can be employed to encapsulate
ferroelectric 3D vdW NMs."” This creates a 2D/3D/2D vdW
heterostructure with sharp interfaces, minimizing energy
dissipation and finely controlling relaxation time, thereby
effectively suppressing remnant polarization while maintaining
maximum polarization.

Unlike conventional heterostructures that suffer from lattice
distortion and thermal mismatch issues, this structure
preserves the crystallinity of single-crystalline ferroelectric
materials, thereby maintaining maximum polarization (Figure
Sa). Additionally, the weakly bonded vdW interfaces promote a
substantial enhancement in dielectric relaxation, effectively
decreasing the extent of remnant polarization (Figure Sb,c).

In particular, the MoS,/BTO/MoS, structure shows low
dielectric loss and efficient relaxation time control, out-
performing other vdW 2D NMs such as h-BN and graphene
(Figure Sc). Notably, bilayer Mo$, is more advantageous than
monolayer MoS,, as it shows a higher relaxation time and
decreased dielectric loss. This improvement is attributed to the
lower conductivity at the 2D/3D interface, which offers better
charge screening capabilities. Consequently, this structure
achieves an impressive energy density of 191.7 J/cm?® with over
90% efficiency. This high efficiency addresses the energy
dissipation of dielectrics, making it promising for high-power
applications.

4.3. Monolithic Integrated Al Processor

In addition, 2D vdW NMs obtained through advanced spalling
can be vertically integrated to create monolithic Al processors
with a high degree of integrability and multifunctionality
(Figure 5d,e).* As the core components, WSe,/hBN-based
memristors for storing and computing information and MoS,-
based transistors as driving circuitry to control switching
behavior were successfully fabricated using the advanced
spalling technique. The individual memristor layers showed
good endurance under more than 1000 cycles of the set—reset
process, and the transistor layers exhibited uniform transfer
characteristics with a field-effect mobility of 10.42 + 2.1 cm?/
(V s) and a subthreshold swing of 0.612 + 0.05 V/dec. To
perform Al tasks, the memristor layer was vertically assembled
onto the transistor layer to realize a 1-transistor-1-memristor
structure. In total, three layers of transistor and memristor
stacks were successfully integrated into a 3D nanosystem
(Figure Sf,g). The system was successfully applied for DNA
motif discovery using one-dimensional convolution, demon-
strating precise control of multiple conductance states through
the gate voltage modulation of MoS,-based transistors. This
integration improved latency, reduced the voltage drop, and
minimized the footprint with high density and reduced surface
area.
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5. CONCLUSIONS AND OUTLOOK

In this Account, we have outlined state-of-the-art atomic
precision spalling techniques for producing high-quality vdW
NMs, specifically highlighting our recent contribution and
significant advancements in this field. Despite the considerable
progress in advanced spalling techniques in recent years,
several challenges should be addressed for these methods to be
extensively adopted for fabricating high-quality vdW NMs as a
future technology.

First, automation is needed for the reliable and reproducible
production of vdW NMs. Currently, the advanced spalling
process heavily relies on tedious and labor-intensive manual
handling. Although the theoretical framework and working
mechanism of advanced spalling are well established, this
manual process could compromise the desired atomic-level
control of advanced spalling. Several issues such as
unsatisfactory yields (partial exfoliation or mechanical failures)
and parasitic cracks resulting in irregular thickness and rough
surfaces generally stem from these manual processes.
Implementing an automated system with consistent applied
bending moments and accurate control over displacement
rates during crack propagation could effectively mitigate these
issues and provide an optimal condition for the deterministic
fabrication of vdW NMs.

Second, further development of stressor materials is essential
for the universal production of high-quality vdW NMs.
Typically, metal films such as Ni, Au, and Ag are used as
stressor materials, and their removal process often requires
harsh acid-based etching processes (e.g., FeCl;, KI/I,
solution), which can lead to unavoidable contamination on
the surface of vdW NMs and damage to their lattice structure,
particularly in chemically unstable 2D vdW NMs. Recently, our
group developed a water-soluble Ge thin film as a stressor
material, which eliminates the need for wet chemicals, showing
potential for universal application. However, there is still room
for improvement. Preferably, processes that circumvent the
need for wet processing should be developed. Self-release-type
stressors or stamp-type stressors that can mechanically release
after the spalling process, thereby avoiding the need for any
stressor etching process, could serve as a viable solution to
these challenges.

Additionally, refining our understanding of the interfacial
properties, particularly the binding energy between the
stressors and the source materials, can further enhance the
precision of the spalling process. A deeper exploration of
chemical interactions at the interface will lead to the
development of more effective stressors and surface treatments.
This advancement in chemical understanding is crucial, as it
directly impacts the precision of thickness control and the
atomic-level smoothness of the spalled layers, ultimately
improving the quality and performance of vdW NMs.

Finally, since the intrinsic properties of vdW NMs are
directly dependent on the intrinsic properties of their source
materials, the co-development of controllable synthesis
methods for source materials (e.g., control in composition,
doping concentration, and magnitude of intrinsic lattice
defects) alongside the progress in the advanced spalling
technique is necessary.
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