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ABSTRACT

Two-dimensional (2D) nanomaterials constitute one of the most advanced research targets in materials science and engineering in this century.
Among various methods for the synthesis of 2D nanomaterials, including top-down exfoliation and bottom-up crystal growth, chemical exfolia-
tion has been widely used to yield monolayers of various layered compounds, such as clay minerals, transition metal chalcogenides (TMDCs),
and oxides, long before the discovery of graphene. Soft chemical exfoliation is a technique to weaken the layer-to-layer interaction in layered
compounds by chemical modification of interlayer galleries, which promotes monolayer exfoliation. The chemical exfoliation process using
organic substances, typically amines, has been applied to a range of layered metal oxides and hydroxides for two decades, establishing high-yield
exfoliation into their highly crystalline monolayers and colloidal integration processes have been developed to assemble the resultant 2D nano-
materials into well-organized nanoscale devices. Recently, such a strategy was found to be effective for TMDC and MXene nanosheets, expand-
ing the lineup of functionalities of solution-processed 2D nanomaterial devices from dielectrics, optics, magnetics, and semiconductors to
superconductors. Throughout this review, we share the historical research flow, recent progress, and prospects in the development of soft-
chemical exfoliation, colloidal integration, and thin film applications of oxides, TMDC, and MXene nanosheets.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0083109
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graphene has also triggered intensive research focusing on novel 2D
nanomaterials, including graphene derivatives such as graphene oxide
(GO)," fluorographene,” and hydrogenated graphene® as well as gra-
phene analogs such as monolayered or few-layered transition metal
chalcogenides (TMDGCs),” black phosphorus (phosphorene),” silicon
(silicene),” and boron (borophane).'’ These 2D nanomaterials exhibit
unique functionalities not found in their bulk forms. For example, tun-
able bandgaps and direct to indirect semiconducting transitions
depending on the layer number have been found in semiconducting
TMDCs'' and phosphorene.'” The modulated electronic structures
are beneficial for device applications, such as photo-detectors (PDs)
and electroluminescence (EL) devices.”'* A controllable degree of val-
ley freedom in the 2D electronic states is attractive to develop valley-
tronics.”” Furthermore, van der Waals (vdW) heterostructures formed
via heteroassembly of different 2D nanomaterials as building blocks
serve as a powerful platform to explore new physical phenomena by
coupling different electronic states.'* '® Because of their extreme thin-
ness, atomically or molecularly thin inorganic crystals are structurally
flexible and exhibit very limited absorbance in the visible region, mak-
ing it possible to develop flexible and transparent devices that are diffi-
cult to be fabricated with conventional inorganic materials such as
brittle ceramics.'” Next-generation electronics would be created owing
to their novel physical properties and tunability superior to the
polymer-based materials used as general components for flexible
devices.

Although 2D nanomaterial research has emerged as a relatively
recent topic, the chemical exfoliation of layered crystals into isolated
monolayers, so-called “nanosheets,” was conducted before the discov-
ery of graphene. For example, exfoliated GO nanosheets were already
synthesized in 1962°° and then investigated as a unique monolayer
material,”’ although they were denoted as “graphite oxide sheets”
because of lack of the technical terms “graphene” and nanosheet at
that time. The exfoliation of MoS, into monolayers via lithium interca-
lation was reported in 1986.”* The exfoliation of layered oxides into
oxide nanosheets, one of the main target materials of this review, has
been systematically studied since the 1990s.”** Simultaneously, colloi-
dal integration techniques using nanosheet dispersions have been
applied to construct ultrathin devices, especially for dielectrics, in the
past two decades.”””° In fact, the interface between 2D nanomaterials
and nanoelectronics was found by a series of studies conducted far
before the first synthesis of graphene.

Recently, such chemical exfoliation followed by thin film deposi-
tion using nanosheet colloids has also been adopted for a wider range
of nanoelectronics, owing to the discovery of highly efficient exfolia-
tion methods for other types of layered crystals, including TMDCs
and MXenes, with semiconducting, metallic conducting, and super-
conducting properties. Importantly, the latest and most efficient exfoli-
ation methods of these new members rely on the same principle as
one developed for exfoliating oxide nanosheets [Figs. 1(a) and 1(b)],
where insertion of bulky organoammonium cations into the interlayer
space weakens the layer-to-layer interaction, leading to high-yield
exfoliation.””** Although, of course, the physical properties of exfoli-
ated nanosheets depend on the crystalline structures and chemical
compositions of the resultant nanosheets, these three types of nano-
sheets exhibit colloidal chemistry similar to each other. This is because
they commonly exhibit negative surface charges, which originate in
their parent layered structures. As a result, integration techniques to

REVIEW scitation.org/journal/are

fabricate thin films can be shared for these three types of negatively
charged nanosheets. Therefore, reviewing them together not only pro-
vides an efficient understanding of the synthesis, integration, and pos-
sible applications of each class of nanosheets but also emphasizes the
current common issues to be solved for further development of high-
performance devices using these exfoliated nanosheets. 2D metal
oxides, TMDCs, and MXenes cover a wide range of functions to con-
struct nanodevices such as insulators, dielectrics, semiconductors,
metallic conductors, superconductors, and ferromagnets. Thus, the
information provided in this review will be of practical use for
researchers in a broad field of applied physics. In this review, we first
focus on outlining the advantages of chemical exfoliation by compar-
ing the features of other synthetic methods to obtain 2D nanomateri-
als, including adhesive tape exfoliation, ultrasonic exfoliation, gas-
phase growth, and solution-phase growth methods [Figs. 2(a)-2(e)
and Table I]. Note that the 2D nanomaterials synthesized by the other
methods are also denoted as nanosheets hereafter. Subsequently, we
will explain the principle, processes, and advantages of the chemical
exfoliation of layered compounds. Next, we introduce integration tech-
niques of exfoliated nanosheets into thin films for use in nanoelec-
tronic devices. Finally, examples of ultrathin device applications will
be provided, followed by a discussion to share the current status and
perspective of 2D nanomaterial research based on chemically exfoli-
ated nanosheets.

Il. SYNTHETIC METHODS OF NANOSHEETS
A. Adhesive tape exfoliation [Fig. 2(a)]

Mechanical exfoliation is one of the most widely used methods to
obtain isolated nanosheets from 2D vdW crystals due to its simplic-
ity.”” In general, 2D vdW crystals can be cleaved because their layered
structures are based on strong intraplane and weak interplanar bonds.
The method is simple in that single crystals are repeatedly cleaved
using adhesive tape until thin layers are obtained. Mechanical exfolia-
tion was applied for the isolation of graphene in 2004' and then has
been used for the discovery of monolayers of 2H-MoS,,”" hBN,”
phosphorene,ﬁ etc. Recently, mono-, bi-, and trilayers of Crl; were
obtained by this method, leading to the discovery of unique ferromag-
netic and antiferromagnetic behavior depending on the number of
layers.”” Hence, this method is still important in the search for new 2D
nanomaterials with yet-unrevealed physical phenomena. However,
this method is not generally suitable for practical device applications
because the yields are low and the sizes of the monolayered and few-
layered sheets are rather small.

B. Ultrasonic exfoliation [Fig. 2(b)]

Ultrasonic exfoliation is a technique in which the polycrystalline
grains of 2D crystals are dispersed in a polar solvent and exfoliated
into nanosheets by ultrasonication.” The advantage is that it can be
applied to the mass production of 2D nanomaterials cost-effectively.
This approach has been continuously developed as a method to pro-
duce graphene inks after the tape exfoliation was first achieved.”
Ultrasonic exfoliation of various 2D vdW crystals such as TMDCs has
been systematically investigated by Coleman et al. For example, effects
of solvents and sonication conditions on exfoliation were examined in
detail.® However, thus far, sonication methods yield a mixture of
monolayers, few layers, and multilayers with a broad lateral size distri-
bution.” Ultrasonic treatment not only induces delamination but also
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FIG. 1. (a) Crystalline frameworks of exfoliatable layered oxides, TMDCs, and MXenes and (b) their common chemical exfoliation—colloidal integration processes.

breaks the flakes.”® As a result, the thinner sheets obtained by ultra-
sonic exfoliation tend to have smaller lateral sizes. Typically, the sheet
sizes are as small as a few hundred nm for a few layers. There would
be potential applications of these nanoflakes for electronic devices.” **
However, it is difficult to offer intriguing features derived from
extremely thin thickness, such as transparency and tunability in elec-

tronic structures and physical properties.

C. Gas-phase growth [Fig. 2(c]]

For the application of atomically thin materials to devices, it is
necessary to develop a technique to fabricate high-quality atomic-layer
thin films. Various gas-phase processes, such as chemical vapor depo-
sition (CVD),"” atomic layer deposition (ALD),” pulsed layer deposi-
tion (PLD),”! sputtering,52 and electron beam deposition (EBD)™**
have been studied for this purpose. The most successful case of these
methods is CVD,” which is a method of depositing films by chemical
reaction on the substrate surface by supplying a carrier gas containing
the components of the desired thin film. During the last decade, CVD
growth has been employed to fabricate a wide variety of 2D nanomate-
rials, such as graphene,56 hBN,”” chalcogenides,58 and phosphorene.sg
Moreover, certain key issues including large domain size, layer number
control, and crystallinity control have been resolved to some extent.”’
The CVD method is the most promising method for application to

semiconductor devices in the future, as it can grow high-quality 2D
TMDC nanosheets at a relatively reasonable cost. Nevertheless, the
CVD process involves a complex growth mechanism, such as sublima-
tion and diffusion processes of multiple precursors. Thus, maintaining
the controllability, reproducibility, and high quality of large-scale
growth has been a major challenge. Additionally, CVD growth
requires high temperatures above ca. 700°C. As a result, the CVD-
grown nanolayer needs to be peeled from the growth substrate fol-
lowed by transfer onto the polymer substrate in the fabrication of flexi-
ble devices. Such complex and multiple processes not only make the
nanocoating process more costly but also result in imperfect quality in
large-scale coatings.

D. Liquid-phase growth [Fig. 2(d)]

In this method, 2D crystals are grown by the precipitation of a
metal ion precursor dissolved in a solvent with an appropriate miner-
alizing agent. Layered crystals commonly tend to grow in a plate-like
shape, as growth in the in-plane direction is kinetically favored. In
such a solution growth method, nanosheets consisting of single to sev-
eral layers can be grown by using appropriate solvents and surfactants
to further facilitate 2D anisotropic growth. For example, surfactant-
assisted 2D anisotropic growth has been demonstrated with layered
metal oxides such as lepidocrocite-type TiO, (Ref. 61) and birnessite-

Appl. Phys. Rev. 9, 021313 (2022); doi: 10.1063/5.0083109
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a. Adhesive Tape Exfoliation

b. Ultrasonic Exfoliation
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c. Gas-phase Growth
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FIG. 2. Synthetic methods for nanosheets. Schematics for (a) tape exfoliation, (b) ultrasonic exfoliation, (c) gas-phase lateral growth, (d) solution-phase growth, and (e) chemi-
cal exfoliation. Figure data in panel (b) are reproduced with permission from Varrla et al., Chem. Mater. 27, 1129 (2015). Copyright 2015 American Chemical Society. Figure
data in panel (d) are reproduced with permission from Ramakrishna Matte et al., Angew. Chem. Int. Ed. 49, 4059 (2010). Copyright 2010 Wiley-VCH.

type MnO,.°>** As a unique advantage, this approach can also be used
to produce nanosheets of compounds other than layered forms. For
example, Sun et al. used inverse lamellar micelles to achieve molecular
self-assembly synthesis of ultrathin 2D nanosheets of transition metal
oxides.”* This synthesis procedure has been successfully applied to the
preparation of 2D nanostructures of nonlayered metal oxides such as
TiO,, ZnO, Co;0,4, and Fe;0,. Additionally, there are several other
solution-based nanosheet growth routes, such as CO capping (Pd),"”
2D oriented attachment (CeQ,),"° and surfactant-assisted lamellar
formation [ZnO,”” CeO, (Ref. 68)]. The general advantage of liquid

TABLE |. Characteristics of the listed synthetic methods for nanosheets.

phase growth is that mass-scale synthesis is possible by utilizing a
relatively inexpensive process, making it suitable for applications
that require large quantities, e.g., electrode materials. Nevertheless,
these nanosheets have rarely been used to fabricate electronic devi-
ces. The small lateral size of nanosheets, generally less than 1 um,
may be a reason for the lack of device applications. Additionally, the
low crystallinity of the products, which is a general drawback of any
nanomaterial synthesized by low-temperature solution growth,
would also make these nanosheets unsuitable for device applications.
Furthermore, the synthesis of nanosheets with a complex chemical

Synthetic method Strategy Crystallinity Yield of monolayer Cost Applicable materials
Adhesive tape exfoliation Top-down Excellent Low Low TMDC
Ultrasonic exfoliation Top-down Moderate-Low Low Low TMDC/MXene
Gas-phase growth Bottom-up Excellent-moderate High High Oxide/TMDC
Solution-phase growth Bottom-up Low Low-high Low Oxide/TMDC
Chemical exfoliation Top-down Excellent-low High Moderate-low Oxide/TMDC/MXene
Appl. Phys. Rev. 9, 021313 (2022); doi: 10.1063/5.0083109 9, 0213134
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composition has not been attained because of difficulties in control-
ling the solution reaction.

E. Chemical exfoliation method [Fig. 2(e)]]

The chemical exfoliation of layered metal oxides has been systemati-
cally studied over the past two decades. In this method, large cations are
inserted into the interlayer galleries to weaken the binding forces between
the host layers so that high-yield exfoliation into single-layer nanosheets is
achieved by applying a small external force. Importantly, all the interlayer
galleries in a layered crystal pose equivalent chemical reactivity. Therefore,
in principle, all the host layers can be separated into monolayer nano-
sheets. In contrast, the disintegration of a layered crystal by adhesive tape
exfoliation and ultrasonic methods are based on cleavage, where the lay-
ered crystal splits into two thinner flakes. Thus, the probability of obtain-
ing a monolayer sheet is inevitably low. The so-called soft-chemical
exfoliation route has been extensively investigated to produce oxide nano-
sheets. Recently, the approach has also played an important role in the
synthesis of high-quality TMDC and MXene nanosheets. In this section,
we first describe the chemical exfoliation into oxide nanosheets so that
researchers in the field of applied physics can understand the principle
and chemistry behind the exfoliation process. It would be easy to assess
the chemical exfoliation processes to TMDC and MXene nanosheets after
understanding the exfoliation process to oxide nanosheets.

1. Chemical exfoliation of metal oxides

Exfoliatable layered metal oxides are commonly composed of
negatively charged host layers and interlayer alkali metal cations. For
example, layered perovskites form a large category of exfoliatable lay-
ered systems. Figure 1(a) displays KCa,Nb;O;, as a representative
exfoliatable Dion-Jacobson (DJ) phase denoted as A'[A, 1B, 03,.1],
where 7 is the number of BOg octahedral units along with the layer
normal and A’ is the alkali metal ion located between the layers. The
Ruddlesden-Popper (RP) phase denoted as A, [A,_1B,03,.1], such
as K,SrTa,0, (n=2), K,CaNaTa;0;0 (1 =3),”” and Aurivillius (AV)
phases denoted as Bi,O,[A,,.1B,,03,. 1], such as Bi,SrTa,0o (n=2)""
are also exfoliatable layered perovskites. The chemistry of intercalation
and exfoliation of these layered perovskites has been recently reviewed
by Mallouk et al.”" A series of layered transition metal oxides, such as
titanates,” niobates,”” manganates,” titanoniobates,”"”” tantalates, ®
tungs'[e1‘[es,77‘78 and ruthenates,”” etc., can also be exfoliated. The lineup
of oxide nanosheets is reported in our previous review.” If the doped
and solid solution types of layered oxides are included, the number of
potentially exfoliatable layered oxide candidates is quite large.

As a general principle, the exfoliation, or infinite swelling, of lay-
ered metal oxides can be achieved when the electrostatic interaction
between the adjacent layers is weakened, typically started by a high
degree of interlayer expansion via osmotic swelling [Fig. 3(a)]. In this
step, the interlayer galleries of the layered oxides are filled with a mas-
sive amount of water or solvents. Natural clay minerals with low layer
charge density undergo spontaneous swelling and exfoliation reactions
in contact with water. On the other hand, layered metal oxides such
as Cso7Ti; 42504 (or Ko.sTil473Lio42704)»21 KCa,Na,,_3Nb, O3, for
n=3—-6"" KyssMn0,,** and K,,RuO,,,”’ typically composed of
corner-shared or edge-shared MOy octahedra (M = Ti, Nb, Mn, Ru,
etc.) as the host slabs bound with alkali metal cations (K™, Cs™, Rb™,

scitation.org/journal/are

etc.) have a high layer charge density, providing strong electrostatic
attraction between the host layers and interlayer counterions. Such
electrostatic attraction causes spontaneous exfoliation similar to clay
minerals unfavorable. Thus, preconversion into hydrated protonic
forms, such as Hy;Ti; 5504 H,0, H, ;Ti; 7304-H,0, HCa,;Na,,_3Nb,,
03,41 - 1.5H,0 for n=3— 6, Hy13Mn0,-0.7H,0, and Hy,RuO,;-n
H,O, is required. This process can be conducted by treating them
with an acid solution, facilitated by the ion-exchangeable nature of
interlayer alkali metal ions. The protonated forms show unique reac-
tivity known as osmotic swelling when brought into contact with
an aqueous solution of organoammonium hydroxides, e.g., tetrabuty-
lammonium hydroxide [(C4Ho)sNTOH ", TBATOH ] and tetrame-
thylammonium hydroxide [(CH3)sN"OH ", TMATOH ]. A large
volume of the solution itself is taken up to greatly expand the inter-
layer galleries, reducing the electrostatic interaction strength between
the layers. Consequently, exfoliation can proceed upon applying a
small external force, such as shearing by manual or mechanical agita-
tion of the mixtures, yielding a colloidal dispersion [Fig. 3(b)].”” The
Tios70,>>>" nanosheets thus obtained exhibit unilamellar entities
with micrometer-scale lateral dimensions and atomic-scale thicknesses
(~1nm) [Fig. 3(b)]. Along with the grain size of the initial layered
oxide, the size of the resultant nanosheets generally depends on the
exfoliation conditions. For example, when TMA is used for exfoliation,
the resulting dispersions show a stream-like Schlieren appearance,
indicating a higher degree of anisotropy of the exfoliated products
coming from the larger lateral size (~10 um) of the nanosheets than
that of those exfoliated with TBA. The standard agitation using recip-
rocal shaking yields titania nanosheets with a lateral size of ~0.5 um,
while gentler hand-shaking results in larger nanosheets up to several
tens of micrometers. TEM observation confirms that individual nano-
sheets are single crystals and free from extrinsic defects possibly
induced by the exfoliation process [Fig. 3(c)],”* which is a common
feature for other nanosheets such as Ca,Nb;O;, (Ref. 85) and
TiNbOs."" The parent layered oxides are synthesized by high-
temperature solid-state reactions typically at 900-1300°C. Such a
high-temperature process allows the formation of highly crystalline
products with uniform chemical composition, and nanosheets derived
from them inherit such a well-defined nature. Synthesis of TMDC and
MZXene nanosheets by chemical exfoliation can also start with highly
crystalline bulk precursors. Thus, high crystallinity can be a common
advantage of chemically exfoliated nanosheets. Nevertheless, we must
keep in mind that if redox reactions of the host layers are involved in
the ion-exchange and/or exfoliation processes, defects or vacancies can
be introduced. Thus, careful control of these chemical processes is
required to optimize the crystallinity, i.e., device performance.

As a general physical property change associated with monolayer
exfoliation of layered oxides, an increase in bandgap is observed in
many oxide nanosheets as well as in TMDCs. For example, the
bandgap of the titania nanosheets was determined to be 3.84 eV from
the ultraviolet (UV)-Vis absorption and photo-electrochemical action
spectra,” which is larger than the energy gap of the parent layered tita-
nate (3.2¢eV) [Fig. 4(a)].%8 Using the same photo-electrochemical anal-
ysis, the bandgaps of Ca,Nb;O,,, TiNbOs , and Ti,NbO’~
nanosheets were determined to be 3.44, 3.68, and 3.64 €V, respec-
tively.”” These values are larger than that for the parent layered oxides,
KCa,Nb;0;, (3.33eV), KTiNbOs; (3.51eV), and CsTi,NbO,
(3.56eV). It was further found that the bandgap expansion by
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exfoliation was suppressed by increasing the n number (increasing the
number of NbOg octahedra in the nanosheet thickness) in a
Ca,Na,,_3Nb,Os,,,; series for n=3-6."" The enlarged bandgaps of
oxide nanosheets by exfoliation generally maintain after the re-
stacking [Fig. 4(5)].5" The random stacking of nanosheets might
prevent interactions of the electronic orbitals between adjacent nano-
sheets.”” The enlarged bandgap preserved in multilayer films can
enhance the insulating properties beneficial for dielectric applications
as will be discussed in Sec. IV A 1.

Several theoretical studies have been conducted to describe the
electronic structure of the lepidocrocite titania nanosheet.”” *” In the
first Density Functional Theory (DFT) study by Sato et al, the
bandgap of monolayer TiO, is calculated to be 3.15 eV, which is larger
than that of rutile (2.28 eV) and anatase (2.67 ¢V) likely due to the
quantum size effect in the two-dimensional structure [Fig. 4(c)].”” The
density of states of the TiO, nanosheet is a resemblance of anatase,
indicating closely related crystal-field splitting and bonding character-
istics. In addition, the calculation revealed the highly anisotropic

dielectric constant and mechanical flexibility of the TiO, nanosheet. A
more recent DFT study by Zhou et al. predicts that the lepidocrocite
TiO, nanosheets exhibit intriguing physical properties such as direct
bandgap (5.3 eV), high hole mobility (1069 cm® V' s7'), and huge
exciton binding energy (1.23 ev).*

Factors that control the osmotic swelling process have been
revealed to be guidelines in the high-yield exfoliation of oxide nano-
sheets. According to systematic studies on the exfoliation of layered tita-
nates using TBA" as an exfoliation agent,” " the TBA"/H" ratio
was found to be a key to the massive interlayer expansion required for
the subsequent exfoliation, where TBA* and H" correspond to the
molar amount of TBA™ in the solution and that of H' in the proton-
ated titanate, respectively. Figure 5(a) shows XRD data for the proton-
ated titanate powder (Hy;Ti;8,504-H,0) and the colloidal solutions
themselves, obtained via reaction at different TBAT/H" ratios. The
Hy;Ti; 82504-H,0O reacted with TBAOH and exhibited a series of new
diffraction peaks in the low 20 region together with a large halo at
approximately 20°-50° attributable to background scattering from
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water. A sample at TBA™/H™ = 0.1 showed two immiscible diffraction
peaks, which correspond to the TBA-intercalated titanate (intercalation
phase) as well as the original titanate. Samples at TBA*/H* = 15 and 25
displayed a series of ordered basal reflections, which are attributable to
highly expanded layered structures via osmotic swelling. Diffraction
peaks coming from such a swollen structure disappeared at TBA™/H*
=5, suggesting the occurrence of exfoliation. XRD data taken on
colloidal aggregates recovered from the colloidal mixtures via centrifuga-
tion are of great help in gaining a deeper understanding of the swelling
and exfoliation phenomena [Fig. 5(b)]. At a TBA™/H" ratio of 2, the
sample showed a broad halo-like hump, which shows a close match to
the square of the structure factor calculated based on the architecture of
the titanate layer. This resemblance, as well as the absence of basal reflec-
tions, indicates that the individual titanate layer scatters x-rays without
interference, providing strong proof of the exfoliation status. The broad
hump gradually disappeared accompanied by the evolution of pro-
nounced ordered basal reflections as the TBA"/H™ ratio increased, indi-
cating that osmotic swelling is predominant at high doses of TBA ions.
The sample at TBAT/H™ = 25 showed an intersheet distance of 4.2 nm,
which was equal to the value observed from the colloidal suspension
itself. The higher concentration of TBA™, as an inevitable result, leads to
a smaller volume of the solution required to compensate for the negative
charge of the host layers and vice versa. According to the interpretation
of XRD data, a phase diagram of the intercalation/exfoliation/osmotic
swelling of layered titanate can be drawn, as depicted in Fig. 5(c).
Although the intercalation chemistry of each exfoliatable layered oxide
depends on the composition, structure, charge density, and Bronsted
acidity,” the description elaborated above can be applied to explain the
boundaries of intercalation/exfoliation/swelling for other exfoliatable
layered metal oxides, such as layered manganese oxide [Fig. 5(d)].”
Recent studies using flux-grown platelet crystals of several tens of
micrometers provide further insights into the mechanism at the osmotic
swelling/exfoliation boundary.””'"’ Interestingly, the reaction between
HysTi;5Fep4O4H,O and an  aqueous 2-(dimethylamino)ethanol
[DMAE, (CH;),NC,H,OH] solution yielded stable monolithic swollen
crystals, exhibiting gigantic one-direction expansion to ~100 times larger
than their original thickness (2-3 um).”” The optimum amine to proton
ratio induced a huge interlayer separation of up to 90 nm [Fig. 5(¢)]. The
expanded galleries should be primarily filled with water containing a
trace amount of DMAE molecules.”’ A range of organoammonium
ions was also found to bring out a similar enormous swelling behavior
[Fig. 5(f)]. However, the stability of the swollen crystals is affected by the
chemical nature of ammonium ions. Species with relatively smaller size
and higher polarity, such as DMAE, stabilize the swollen structure, while
those with opposite natures, such as TBA" or TMA™, favor exfoliation
[Fig. 5(f)]. Similar expansion-exfoliation behavior upon reaction with
various organoammonium ions was also observed in Dion-Jacobson-
type layered perovskite niobates (KCa,NbsOyp). """ > More recently,
Dudko et al. found large interlayer expansion and delamination of
sodium hectorite (NagsMg, sLiy 5514010F») by osmotic swelling in vari-
ous organic solvents, including propylene carbonate (PC), ethylene car-
bonate, formamide, etc.'”” These new insights have deepened the
fundamental understanding of the swelling—exfoliation phenomena of
layered compounds. As will be introduced in Secs. 11 E 2 and II E 3, exfo-
liation with organoamines has been recently utilized as a powerful
approach to producing TMDC and MXene nanosheets. On the basis of
the knowledge obtained through studies on the exfoliation of layered
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oxides and clay minerals, the role of solvents should be considered to
improve the exfoliation yields to TMDC and MXene nanosheets.

2. Chemical exfoliation of TMDCs

Approximately 60 transition metal dichalcogenides (TMDCs) with
a layered structure have been reported to date,'”* apart from solid solu-
tions. Their structural framework consists of a sheet of hexagonally
arranged metal ions, M, which is sandwiched by two sheets of chalcogen
atoms, Ch. [Fig. 1(b)]. The M-Ch bond ionicity gives rise to two possi-
ble coordination environments: octahedral and triangular prismatic
configurations. The octahedral structure arises from the repulsion
between the upper and lower Ch atoms linked to the core M when the
ionicity is high. The triangular prism-shaped environment, on the other
hand, is preferred when the covalent nature of the bonding is high. As a
result, group 4 (Ti, Zr, Hf) and group 6 (Mo, W) compounds mainly
adopt octahedral and trigonal prismatic configurations, respectively,

while group 5 (Nb, Ta) compounds have both configurations. In their
single-layer form, the common polymorphs are categorized into the
trigonal-prismatic 1H-phase, the octahedral 1T-phase, and the distorted
1'T"-phase. Note that monolayer 1H MoS, is often referred to as 2H to
connect it to the corresponding bulk state.

Ton-exchangeable interlayer cations are absent in the original
TMDCs. However, layered structures can serve as hosts for the inter-
calation of a wide variety of electron-donating species ranging from
Lewis bases to alkali metals. Therefore, similar to the layered oxide
described above, modification of the gallery space by insertion of
appropriate cations can lead to chemical exfoliation. Taking MoS, as
an example, the preparation of single-layer materials can be realized
by using n-butyl lithium in hexane as the intercalation agent to insert
Li" ions into the layered structures followed by exfoliation in water
with ultrasonication [Fig. 6(a)]. Here, it is suggested that lithium plays
dual roles.” First, the insertion of Li" ions expands the interlayer
distance, which weakens the vdW interactions between the layers.
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Second, the intercalated Li reacts with water to produce H, gas, cleav-
ing layer-to-layer bonding. Several drawbacks of this original process
should be addressed here. First, it requires a high reaction temperature
(e.g., 100°C) and a long reaction time (e.g., three days) for lithiation.
Second, the size of the resultant nanosheets is rather small, less than
1 um, and they are highly defective due to the harsh reductive reaction
from Mo*" to Mo®" in the Li intercalation and the delamination pro-
cess forming H, gas inside the gallery.

Zheng et al. explored a two-step expansion and intercalation
method to solve these problems.'’” In the process, first, MoS, powders
were expanded in a hydrothermal condition by reacting with hydra-
zine (N,H,). A redox rearrangement, in which part of N,H, is oxi-
dized to N,Hs upon intercalation, is a plausible mechanism behind the
expansion. When the intercalated MoS, is heated to a high tempera-
ture, the intercalated N,Hs decomposes into N,, NHj;, and H,. An
alkali metal naphthalenide (A" C,oHg) is used for reductive insertion
in the next step. Note that they used Na and K as intercalants in the
synthesis. Because the ionic radii of Na and K ions are larger than that
of Li ion, these ions can expand the gallery height to a larger extent. In
addition, they explained that Na and K intercalation compounds react
more violently with water than Li compounds, implying that single-
layer TMDs should be obtained more efficiently. In fact, they attained
a high yield of single-layer MoS, sheets with a larger lateral width of
approximately 10 um, which is ten times larger than those obtained
using n-butyl lithium [Fig. 6(b)]. Additionally, the intercalation

reaction was conducted in a shorter duration of 5 h than the conven-
tional method. Improved exfoliation of TMDC crystals by using Na
and K interactions has been confirmed in subsequent studies.'’>'"”

Although the exfoliation route via alkali metal intercalation is
quite effective, the use of reactive alkali metals and H, generation is
dangerous for mass production. To avoid this problem, Jeong et al.
established the “tandem molecular intercalation (TMI)” approach to
produce single-layer 2D TMC nanosheets from colloidal TMDC mul-
tilayer nanostructures benignly and effectively.'”” The method
employs two distinct Lewis base intercalates [Fig. 6(c)]. To start the
gap-widening process, short-length “initiator” Lewis base molecules of
propylamine are inserted into the interlayer space of 2D TMDCs. A
subsequent ion exchange with long “primary” molecules, butylamine
or hexylamine, increases the interlayer distance, allowing for facile
exfoliation. This simple process is operative at room temperature with-
out sonication or H, generation. Single-layer nanosheets of group IV
(TiS,, ZrS,), group V (NbS,), and VI (WSe,, MoS,) TMDCs have
been successfully synthesized using the proper intercalates.

Phase control is crucial for the potential applications of exfoliated
TMDC nanosheets. Monolayer TMDCs, such as MoS,, WS,, MoSe,,
and WSe,, exhibit two polymorphs [Fig. 1(b)]: a thermodynamically
stable 2H phase and a metastable 1T phase. 2H-phase TMDC:s typi-
cally show a semiconducting property with bandgaps in a range of
1-2eV depending on the layer number, while 1T-phase TMDCs
exhibit metallic features. Thus, for example, a metallic 1T monolayer
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can be used for transparent conductors, while 2H monolayers make them
attractive for semiconductor channels in transistors and optical detectors.
The 1T phase is dominant for exfoliated TMDC nanosheets synthesized
via alkali metal insertion because of heavy electron doping in the interca-
lation steps. The 2H phase can be restored from the metastable 1T phase
nanosheets by postannealing at approximately 200 °C (Refs. 109 and 110)
and local heating with a near infrared laser [Fig. 5(2)].""

More recently, Lin et al. developed the electrochemical intercala-
tion of quaternary ammonium cations (such as tetraheptylammonium
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bromide, THAB) into TMDC crystals followed by mild sonication for
exfoliation as a general and powerful approach to obtain phase-pure
semiconducting TMDC nanosheets [Fig. 7(2)].”” Because of the large
size of THAB of ~20 A, the number of ions intercalated and, corre-
spondingly, the number of electrons injected are limited, hampering
the 2H to 1T phase transition [Fig. 7(b)]. The expanded MoS, crystal
by insertion of quaternary ammonium ions was sonicated in a solution
of N,N-dimethylformamide (DMF) containing polyvinylpyrrolidone
(PVP) in the exfoliation stage. PVP acts as a stabilizing agent,
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FIG. 7. Electrochemical exfoliation of TMDCs. (a) Schematic of the electrochemical intercalation of MoS, and amine-intercalated MoS,. (b) Photograph of THAB-exfoliated
MoS, nanosheets in isopropanol and Li-exfoliated MoS, nanosheets in water. Li-exfoliated MoS, nanosheets were prepared via lithium intercalation, followed by sonication
and exfoliation in water. (c) AFM image of THAB-exfoliated MoS,. Scale bar, 2 um. (d) High-resolution TEM image of THAB-exfoliated MoS, nanosheets. Scale bar, 2nm. (e)
Isd-Vqg transfer characteristics of FETs made from a single THAB-exfoliated MoS, nanosheet (red) and from a single Li-exfoliated MoS, nanosheet (black) on a 300-nm-thick
SiO,/Si substrate and with Vsd =1 V. The semiconducting 2H-phase THAB-exfoliated MoS, exhibited a much higher ON/OFF ratio than the metallic 1T-phase Li-exfoliated
MoS,. Reproduced with permission from Lin et al., Nature 562, 254 (2018). Copyright 2018 Springer Nature Publishing. (f) Photographs of a series of TBA-exfoliated TMDCs
dispersed in PC solvent. (g) AFM images and height profiles of the 1T-NbTe, and 2H-TaS, monolayers. Reproduced with permission from Li et al., Nat. Mater. 20, 181 (2021).
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preventing MoS, nanosheets from restacking. The resultant 2H MoS,
nanosheets were dispersed in isopropanol [Fig. 7(b)]. AFM and TEM
observations showed the presence of MoS, nanosheets with a few-
layer thickness without noticeable defects [Figs. 7(c) and 7(d)].
Furthermore, the electrochemical amine-intercalation approach can
be applied for the exfoliation of various TMDCs, including WSe,,
Bi,Ses, NbSe,, In,Ses, and Sb,Tes, demonstrating its potential for gen-
erating versatile solution-processable 2D materials. The approach is
reproducible’'>''* and has been extended to other TMDCs.""*

Li et al. pointed out that an increase in the cation size inevitably
raises the intercalation barrier, lowering intercalation and exfoliation
rates of bulk TMDC crystals upon an electrochemical exfoliation pro-
cess. Thus, they employed a cointercalant of organoammonium cati-
ons solvated with a large number of neutral solvent molecules to
improve the yield of monolayer exfoliation.''” In their synthesis, THA
dissolved in propylene carbonate (PC) was employed to verify
cathodic exfoliation of seven different types of bulk TMDC materials
[Fig. 7(f)]. These layered materials demonstrated rapid volumetric
expansion and exfoliation into monolayers when a voltage of 5V was
applied to the working electrode of a TMDC crystal [Fig. 7(g)]. A
key to high-yield monolayer exfoliation is the insertion of PC mole-
cules with THA ions, which is analogous to the swelling processes
observed in the intercalation—exfoliation process of layered oxides in
an aqueous solution. The crystallinity of the exfoliated monolayers is
superior to that of monolayer flakes synthesized by the MBE and
CVD techniques, according to scanning TEM (STEM) analyses.
Such an electrochemical intercalation route is being developed to
achieve high-yield solution-phase exfoliation of TMDC monolayers
in high purity.''°

3. Chemical exfoliation to MXenes

MXenes are a category of nanosheets obtained through the exfoli-
ation of trielement layered metal carbides and nitrides named the
M, 1AX, (MAX) phase. The MAX phase is characterized by a layered
hexagonal crystal structure, as shown in Fig. 1(c). The structure is
based on an M¢X octahedron, where the X atoms (C and N) fill the
octahedral sites between M atoms such as Sc, Ti, Cr, Zr, and Nb.
These octahedra alternate with layers of A elements such as Al Si, Ga,
and Ge located at the center of the triangular prism. When the number
nis 1,2, or 3, the A layers are separated by two, three, or four layers of
octahedra, respectively. More than 60 types of MAX phases have now
been found. In addition to the typical M,,, ;AX,, there are also M,A,X
and M,,, 1AX,, ;. Furthermore, a wide range of solid solutions can be
formed in MAX-phase systems so that the exfoliatable candidates are
diverse, similar to layered oxides and TMDCs.

MXene was first reported in 2012 by Naguib et al.” Since then,
synthetic techniques for MXenes have been rapidly developed owing
to their various potential applications. Recent progress in the synthesis
of MXenes was summarized in detail by Abdolhosseinzadeh et al.'"”
Therefore, in this review, we briefly describe the overall process and
historical flow with key referenced works. The first step in synthesizing
MXenes is a selective etching of A layers from MAX phase frame-
works. HF was employed for etching in the initially developed method,
resulting in platy grains with accordion-like side surfaces [Fig. 8(a)].
After etching, functional groups formed at the M, ;X,, surfaces (OH,
O, and F; represented hereafter by T,) weaken the layer-to-layer
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bonding, which then allows separation of the layers from each other
via sonication. The yield of monolayer or few-layered MXene was very
low at the initial stage. This indicates that strong layer-to-layer bonds
persist in A-etched forms. Therefore, interlayer modification has been
continuously studied to enhance the yield of MXenes. In 2013,
Mashtalir et al. reported the intercalation of hydrazine and its cointer-
calation with N,N-dimethylformamide.''® The intercalated Ti;C, was
delaminated by sonication in water to form a stable colloidal suspen-
sion. In 2015, Naguib et al. developed a more general approach for the
large-scale delamination of MXenes using organoamines [Fig. 8(a)].”*
They used TBAOH and n-butylamine to react with M,, ;X Tx. When
compared to pristine MAX-phase layered carbide, the intercalated
forms showed a significant increase in basal spacing, resulting in effi-
cient delamination to form stable colloidal solutions by manual shak-
ing in water [Fig. 8(b)]. In parallel, Li et al. reported delamination of
Nb,CT, by intercalating isopropylamine followed by mild sonication
in water. Thus, the organoamine intercalation approach, used for the
synthesis of oxide and TMDC nanosheets, can be widely applied to
produce MXene family members. The amine-intercalation—exfoliation
routes of MXene synthesis have been rapidly adopted for the synthesis
of new MXenes such as Mo,CT,'"” and TiyN;T,."”" Alhabeb et al.
summarized the synthetic protocols in detail to guide the high-yield
exfoliation of MXene, ”' which is a useful place to start the subject of
MXene. In addition, in 2016, Xuan et al. reported organic-base-driven
intercalation and delamination of titanium carbide that takes advan-
tage of the amphoteric nature of the constituent Al [Fig. 8(c)]."* If
this approach can be used for the delamination of other MXenes, the
synthesis would be free from the initial acid-etching process.

11l. INTEGRATION OF 2D NANOSHEETS

Although the chemical compositions of layered metal oxides,
TMDCs, and MXenes are largely different, their nanosheets obtained
by chemical exfoliation commonly have a negative surface charge. The
negative charge of oxide nanosheets is inherited from their parent lay-
ered oxides accommodating alkali metal ions. The negative surface
charge of TMDC nanosheets is introduced by reductive cation inser-
tion into the charge-neutral precursor crystals as the pretreatment step
for delamination. MXenes are negatively charged after etching of the
metal layer between host layers. Thus, they have similar colloidal char-
acteristics so that, in principle, they can be organized into nanofilms
using similar solution-based integration approaches. As shown below,
the colloidal assembly processes based on monolayer deposition enable
atom-scale thickness control that is conventionally achieved only with
state-of-the-art vacuum processing, such as ALD, CVD, and MBE,
requiring a high deposition temperature. These vacuum processes fre-
quently require an epitaxial relationship between the substrate as a
seed and target materials for controlled growth. In contrast, the
solution-phase assembly of nanosheets is not limited by the crystalline
structure of the substrate, allowing the deposition of films on a range
of substrates, e.g., Si/SiO,, ITO, and Pt/Au. Moreover, solution proc-
essing can be performed at room temperature and ambient pressure,
which greatly benefits the production of flexible devices composed of
plastic substrates. In this chapter, we describe the concepts, methods,
and features of film integration techniques using chemically exfoliated
nanosheets available thus far.
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(2016). Copyright 2016 Wiley-VCH.

A. Electrostatic layer-by-layer (LbL) deposition

The electrostatic LbL growth technique was first developed by
Decher to fabricate layered polymeric multi-nanocomposite films.'**'**
In principle, LbL films can be formed by dipping the substrate into two
solutions containing oppositely charged materials in a sequential fash-
ion. To date, the approach has been adopted for a variety of systems of
charged materials, including proteins'*>'*° and colloidal nanopar-
ticles."””'*" The LbL deposition of negatively charged nanosheets is
driven by an electrostatic attraction force when the substrate surface is
positively charged, opposite to that of nanosheets [Fig. 9(a)]. The use of
a polycation is of importance to modify the substrate surface charge so
as to “glue” the individual nanosheet building blocks into the desired
nanostructure. Polyethyleneimine (PEI) and poly(diallyldimethylam-
monium chloride) (PDDA) are effective polycationic binders widely
used for negatively charged oxide nanosheets. The fabrication of multi-
layered films of nanosheets can be accomplished by repeating the
sequential processes. Stepwise deposition can be confirmed using
various characterization techniques, such as UV-visible absorption

spectroscopy, AEM, ellipsometry, and XRD. Two-dimensional nano-
sheets can also be assembled with positively charged cationic complexes
and inorganic polyoxocations [e.g, silver (Ag)-coordinated PEI'* and
Al 5 Keggin ions'**'*'] to fabricate unique pillared nanosheet architec-
tures. LbL deposition is well adopted for large-scale coatings as well as
coatings on shaped materials.'** Recently, LbL methods have been used
for the deposition of TMDC''*'**'** and MXene'*”~"*” nanosheets. As
these nanosheets are negatively charged, polycations that are used for
the LbL of oxide nanosheets were also used in these studies. The quali-
ties of the TMDC and MXene films produced by LbL are almost identi-
cal to those of oxide nanosheet films.

It should be noted that the LbL process sometimes results in the
formation of few-layer films in a single deposition cycle [Fig. 9(b),
left)]. For example, the first report on the assembly of exfoliated nano-
sheets demonstrated that up to approximately three nanosheet layers
were generated within a single deposition cycle of a mica-type clay
mineral with PDDA."”* The formation of a monolayer film can be
achieved by carefully tuning the assembly process. Systematic studies
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FIG. 9. Electrostatic LbL deposition method. (a) Mechanism for the LbL self-assembly. The process involves the adsorption of polycation molecules on a negatively charged
substrate to modify the substrate surface (i) followed by the adsorption of negatively charged nanosheets (ii). Repeating this process results in the formation of a multilayer film
composed of polycations and nanosheets (iii). (b) AFM image of the first layer of titania nanosheets deposited on a PEl-coated Si wafer for a 20 min immersion at nanosheet
concentrations of 0.04 and 0.08 g dm~2. (c) Surface coverage and overlapping area of the first layer of titania nanosheets deposited on PEI-coated Si wafers as a function of
the dispersion concentrations of titania nanosheets. (d) Evolution of film absorbance as a function of deposition cycle from titania nanosheet dispersions at different concentra-
tions: 0.02 (triangle), 0.04 (square), 0.08 (circle), and 0.16 (inverted triangle) g dm—>. Panels (b) and (d) are reproduced with permission from Sasaki et al., Chem. Mater. 13,
4661 (2001). Copyright 2001 American Chemical Society. Panel (c) shows reprocessed data reported in Sasaki et al., Chem. Mater. 13, 4661 (2001). Copyright 2001
American Chemical Society.
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on the LbL procedure have been conducted in terms of the suspension
concentrations and the deposition time to optimize the surface cover-
age and overlapped area. A total coverage of ~90% was achieved for a
film of titania nanosheets with the lowest overlapping area of ~40%
using the optimized deposition parameters [Figs. 9(b), right and
9(c)]."*” UV-visible absorption spectroscopy is the most facile and effi-
cient method to monitor the coverage of nanosheets after a single
deposition cycle and their stepwise multilayer growth. If the nanosheet
layer was uniformly deposited layer-by-layer, the absorbance linearly
increased with the number of deposition cycles [Fig. 9(d)].

B. Langmuir-Blodgett deposition

The Langmuir-Blodgett (LB) technique can be employed to pro-
duce monolayer nanosheet films with dense packing and neat tiling
quality. The LB method, well known to organic chemists, involves the
formation of a monolayer of amphiphilic molecules at an air-water
interface followed by its transfer onto the substrate in an appropriate
manner. To the best of our knowledge, in 1998, the LB technique was
first applied to 1T phase MoS, nanosheets obtained by the lithium
intercalation method.'*’ In that study, dihexadecyldimethylammonium
bromide (DHA " Br ™) was used as a cationic surfactant, where a DHA™
monolayer formed at the air-water interface electrostatically attracts

a

Nanosheet

Monolayer transfer
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negatively charged MoS, nanosheets to form a sparsely packed mono-
layer. By applying appropriate surface compression, floating nanosheets
can be gathered to attain neat tiling and then readily transferred onto a
substrate [Fig. 10(a)]. The same approach using an additional surfac-
tant was employed for titania nanosheets.*' Subsequently, Haga et al.
found that the TBA™ adsorbed on exfoliated metal oxide nanosheets
could play a role as an amphiphilic surfactant floating them at the air-
water interface."*” Densely packed monolayer films of various oxide
nanosheets, including Tiy9;0, (Tipgr0,), 1" CayNb3040, "' and
Lag0sNb,O7,""” with a coverage of >95% were produced under opti-
mized conditions, i.e., surface pressure and lifting speed [Fig. 10(b)].
The formation of gaps and overlaps is negligible in these cases, resulting
in better film quality compared to those obtained by the aforementioned
electrostatic LbL assembly. In addition, the construction of multilayer
nanostructures with a precisely controlled film thickness is also possible
by repeating the deposition procedure [Fig. 10(c)]. The LB technique
was recently employed to deposit Ti3C, T, monolayer films."**"*’

C. Spin coating

Spin coating is a conventional technique typically used in semi-
conductor manufacturing to fabricate thin layers of photoresist in pho-
tolithography processes due to its simplicity, versatility, and cost

b
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FIG. 10. LB method. (a) Scheme for the film fabrication of 2D nanosheets by the LB technique. (b) AFM image of the first layer of Ca,Nb3O+o nanosheets. (c) Cross-sectional
HRTEM images of the (Ca;Nb301q), (n =3, 5, 10) films on the SrRuO; substrate. Panel (a) and (b) are reproduced with permission from Li et al., ACS Nano 4, 6673 (2010).
Copyright 2010 American Chemical Society. Panel (c) is reproduced with permission from Osada et al., ACS Nano 4, 5225 (2010). Copyright 2010 American Chemical
Society.
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effectiveness. The centrifugal force from the applied rotation spreads lig-
uid drops evenly on the substrate, coating the substrate surface. Spin coat-
ing allows large-scale film coverage in a relatively short period of time (on
the scale of minutes) without requiring complicated steps in fabrication.
This method has been used to fabricate homogeneous thin films with
nanosheet colloids. However, it generally produces films of bulk-scale
thickness, making it unsuitable for the molecular-scale design of film
architecture. On the contrary, in 2013, Kim et al. reported a spin coating
technique for the fabrication of densely packed monolayer films of GO
obtained by exfoliation with TBA."”’ We further found that dimethyl sulf-
oxide (DMSO) solvent in place of water plays a key role as a more robust
medium to support spin coating of metal oxide nanosheets [Fig. 11(a)]."”’
DMSO offers a proper viscosity and slow evaporation rate, which should,
thus, spontaneously form a fluid layer in a convex shape when the liquid
is loaded on the substrate, as illustrated in Fig. 11(b). In this state, the
nanosheets are randomly oriented in their monodispersed forms. When

8 nm
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rotation is applied, the fluid flows to the substrate edge by centrifugal
force, which changes the fluid outer form to a concave shape. TBA™
ions contained in the suspension also play an important role in weakening
the intersheet electrostatic interaction and preventing nanosheet aggrega-
tion due to a suitable charge-to-size ratio. Consequently, the individual
nanosheets are aligned parallel to the substrate surface. The fluid layer
becomes thinner and flat due to the continuous loss of the fluid during
further spinning and eventually dried to form a densely packed nanosheet
film. The single-layer coating can be completed within a few minutes.
The process is much faster than the LB method, while the quality of the
resultant film is almost identical. The repetition of the coating process
allows multilayer buildup [Figs. 11(c) and 11(d)]. To date, monolayer
deposition by spin coating has been adopted for metal oxide and GO
nanosheets. Considering the analogy of surface chemistry, this facile
method may be useful for obtaining high-quality TMDC and MXene
nanofilms.

3 nm

(2) :—'_'—_;—_-,_—,_—.-.—- -ti.._:.- =
NP
\/

+  + 4+
++§

3 +  + + * % w

ey [ e——

+++I
+ 4+
+++i

1Electrostaﬁc repulsion

+ = + 2 + +

+ TBA*
=== Nanosheet

FIG. 11. Spin coating method. (a) AFM images of the monolayer films of nanosheets via spin coating of the suspensions. (b) A plausible model for the formation of the mono-
layer film of neatly tiled nanosheets. (c) and (d) Cross-sectional TEM images of the 10-layer film of Tipg70,. Reproduced with permission from Matsuba et al., Sci. Adv. 3,
€1700414 (2017). Copyright 2017 Authors licensed under Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).
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D. Drop casting

Drop casting is the simplest technique to fabricate films using
colloidal ink. This technique works simply by loading the colloidal lig-
uid on a substrate and allows it to dry under controlled conditions in
terms of temperature, humidity, and ambient pressure. This strategy
shares similar advantages with the spin coating method in terms of
simplicity and cost-effectiveness. Previously, film fabrication by drop
casting of colloidal suspensions generally suffered the coffee-ring
effect;' ™ '*° a dark characteristic circle was formed by the uncon-
trolled accumulation of aggregates because a liquid is evaporated faster
at the edge of the droplet than at the center. The difference in evapora-
tion rates gives rise to capillary flows of the liquid from the droplet
center to the pinned contact line at the droplet—substrate interface in
the drying region, leading to the accumulation of the nanoparticles
around the perimeter.'”

Many attempts have been made to overcome the coffee-ring issue
either by adjusting solvents, ”* adding additives,'””'”" tuning flake
sizes,”””'*" or controlling deposition procedures.'”"'*” For example,
Kim et al. reported the use of higher-boiling-point solvents with lower
surface tension, such as ethylene glycol, to enable a surface tension gra-
dient that induces inward Marangoni flow to compensate for outward
convective flow.'”° Jin et al. reported the successful fabrication of uni-
form MnO, films by drop casting aqueous dispersions of nanosized
2D flakes after the addition of a trace amount of ethanol.'”” The addi-
tion of ethanol is believed to tune the viscosity and surface tension of
the MnO, suspension to achieve uniform deposition. Spin-controlled
and ultrasonic-assisted drop casting have also been reported to reduce
the formation of coffee rings, thus improving the quality of the depos-
ited film, 161:163.164

Drop casting has been frequently employed to obtain nanosheet-
based films. However, the preparation of monolayer films has hardly
been realized until recently. In 2021, a new strategy was developed to
assemble monolayer films of neatly tiled 2D nanosheets via drop cast-
ing and sequential drying.'®” The assembly of nanosheets starts by
introducing a single droplet on a heated substrate (100-120°C) and
then sucking up the liquid in an appropriate manner from the bottom
center of the droplet [Fig. 12(a)]. A trace amount of ethanol as the
additive is required to achieve densely packed 2D films. It was sug-
gested that the deposition and arrangement of nanosheets are con-
trolled by the thermal convection force during liquid withdrawal due
to the generated surface tension gradient induced by heat treatment.
The organization of neatly tiled nanosheets should accord with the co-
occurrence of capillary and Marangoni flows, where the addition of a
trace amount of ethanol helps to reduce the surface tension and
enhance the Marangoni flows of their aqueous suspensions of 2D
nanosheets. A variety of 2D nanosheets, such as Tiy g;0,, Ca;Nb301,
Rug 950, CsyW11036 and GO, have been successfully assembled
[Figs. 12(b)-12(e)] into neatly tiled monolayer films. The repetition of
the monolayer deposition produces multilayer films with precisely
controlled layer numbers [Fig. 12(f)]. If the method is generalized for
TMDC and MXene nanosheets, one can produce a high-quality nano-
electronic device without any special deposition equipment.

E. Inkjet printing
It has been widely accepted that printed electronics potentially
offer a new direction for low-cost electronic components and

REVIEW scitation.org/journal/are

integrated systems fabricated on arbitrary substrates beyond the limit
of conventional silicon-based semiconductor technologies. To date,
various electronic devices, such as light-emitting diodes, field-effect
transistors (FETSs), photodetectors, and sensors, can be built by print-
ing and patterning dispersion liquids of functional materials. One
technique that can realize this direction is inkjet printing. The key
point for the inkjet printing and patterning technique is the prepara-
tion and formulation of “appropriate” inks, where different inks are
required to print different elements in a single component device. For
instance, the fabrication of inkjet-printed FET devices requires three
types of inks for patterning the semiconducting layers, dielectric layers,
and conducting layers. Most of the 2D nanomaterials utilized for inkjet
printing to date are prepared via ultrasonic exfoliation, which does not
necessarily provide unilamellar nanosheets.”>*>**'7>!>1>% Thys, the
molecular-scale design of inks and resultant devices has not been
explored. In this review, we will not describe the detailed factors in the
formulation of stable ink, as they have been comprehensively discussed
elsewhere in the previous review report.” Although their discussion is
to manipulate ink containing nanoflakes synthesized by ultrasonic
exfoliation, the principles and concepts are applicable to nanosheet
dispersions prepared by chemical exfoliation. In fact, Li et al. suc-
ceeded in preparing superconductor circuits and 3D structures by ink-
jet printing of monolayer TMDC ink prepared via chemical
exfoliation.""”

IV. APPLICATIONS FOR NANOELECTRONICS

In this chapter, we will discuss the electronic functionalities of
nanofilms fabricated by the nanosheet deposition process described
above. First, we will outline the advantages of this process in compari-
son with a conventional colloidal process using nanoparticles. Then,
we will summarize the examples available thus far, emphasizing the
importance of interface engineering to develop device functionalities.

Synthetic techniques for a range of nanoparticles have already
been developed so that monodisperse nanoparticles are available for
the precise design of various nanostructures.' '’ Nevertheless, there
remain critical drawbacks to applying nanoparticle assemblies to elec-
tronic devices such as transistors and transparent conductive films.
Namely, the nanoparticles in the films must be chemically bonded to
each other to afford conduction paths of mobile holes or electrons
through the grain boundaries. For this purpose, postannealing of a
nanoparticle-assembled film is needed. For example, annealing above
300°C is at least necessary to give reasonable conductivity to films
formed through the assembly of conducting nanoparticles such as
indium tin oxides.”*"'”" Thus, the nanoparticle assembly process is
not suitable to fabricate conducting films on thermally unstable sub-
strates such as plastics. In addition, the presence of dense grain bound-
aries between randomly oriented nanosized crystals detracts from the
transport and mechanical properties of the resultant films. In this
regard, there are several advantages of nanosheets over nanoparticles
in device applications. First, two-dimensional nanosheets have a
microscale lateral size, reducing the density of grain boundaries rela-
tive to the direction parallel to the substrate, i.e., the direction of carrier
conduction. Second, the nanosheets in the film will adhere to each
other face to face, resulting in higher electrical contact. Third, nano-
sheets, typically obtained from highly crystalline layered crystals, may
have fewer defects than nanoparticles obtained by low-temperature
solution-phase growth. In Secs. IV A-IV C, we will demonstrate that
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FIG. 12. Drop casting method. (a) Procedure for single droplet assembly. (1) The height and contact angle of the sessile droplet decrease while maintaining the contact area
between the droplet and substrate [(A) and (B)]. A concave surface between the center and edge parts of the droplet is formed (B). This concave surface implies the suppres-
sion of the Marangoni flow at the central part while retaining the Marangoni flow near the edge. (2) When the height of the droplet is reduced to a critical value, the contact
area shrinks along with a reduced height of the residual droplet (C). After the removal of all the liquid, a neatly packed monolayer film is deposited (D). [(b)-(e)] Corresponding
AFM images showing the quality of the monolayer films of Tipg70,, CasNb3O40, Ruggs0,, and GO nanosheets. (f) Cross-sectional TEM images of the ten-layer film of
Tio.870,. Reproduced with permission from Shi et al., ACS Nano 14, 15216 (2020). Copyright 2020 American Chemical Society.

these proposed advantages actually benefit the construction of various
high-performance nanodevices.

A. Metal oxides
1. Dielectrics
Practical dielectric materials based on oxides have been devel-

oped and widely used. As described below, oxides in nanosheet forms
also exhibit properties suitable for dielectrics. In this section, we will

mainly outline the progress of oxide nanosheet-based dielectric thin
films [Fig. 13(a)]. Recent reviews can provide details on the physical
background and trends in recent research on 2D dielectric
materials.”*'”" Titanium dioxide is well known as a photocatalyst, and
this has been one of its important applications in nanosheet
forms.'”>'”* Dielectrics are another possible application of bulk titania
and nanosheets. Anatase TiO, has a rather modest dielectric constant
(&, = 30-40), while rutile TiO, exhibits a very high x value (80-100),
the highest among the binary oxides. We reported titania nanosheets
as the first high-k dielectric nanosheet in 2006.”” The five-layered film
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Elsevier.

of Tipg;0, nanosheets with a thickness of only 5nm, prepared using
the electrostatic LbL method, exhibited both a low leakage current
density (<1077 A/em® at 1V) and a high dielectric constant (&,:120).
This excellent performance also relies on the absence of pinholes
across the entire film and grain boundaries that allow vertical electron
transport. In addition, the high dielectric property indicates the nano-
sheets themselves being free from any extrinsic defects.

Following the successful application of titania nanosheets in nanodi-
electrics, various oxide nanosheets were studied for their dielectric prop-
erties and progressive enhancement was achieved. It should be noted that
the LB process was established after the initial study with titania nano-
sheets, significantly improving the quality of available thin films. As a
result, the LB method has been used to fabricate metal-insulator-metal
(MIM) devices for tests of dielectric performance in subsequent studies.
The second family, reported in 2011, consists of titanoniobate nanosheets
(TiINbOs, TiNbO,, and TisNbO,,)."”* In these nanosheets, molecular
polarizability is remarkably enhanced due to octahedral promoted distor-
tion by incorporation of Nb into the host framework. As a result, high &,
values (155-320) and high insulating properties (10°°-10"% A/cm® at
1V) could be obtained in the multilayer stacked nanofilms. Perovskite
nanosheets, as the third family, have received much attention since 2009.
Initially, the Ca,Nb;0;( nanosheet film demonstrated a stable dielectric
response of up to 10 GHz with a dielectric constant of ~200,"*” which is
the highest among ultrathin high-x perovskites (<10 nm). Moreover, the

nanosheet films realized a high capacitance density (~20 uF/cm?), insu-
lating properties (<10~ A/cm® at 1V), and a strong breakdown field
(~6 MV/cm), and robust thermal stability up to 250 °C in the dielectric
properties."”” Subsequently, it was demonstrated that perovskite-based
solid-solution nanosheets, (Ca;_Sry)2(Nb;_yTay);0,9, improved the
insulating characteristics with an enlarged bandgap and increased
breakdown voltage. " In addition to traditional A- and B-site engineer-
ing to tailor dielectric properties in perovskite oxides, an elegant
approach was found in 2D homologous perovskite nanosheets
(Ca,Na,, 3Nb,,0s,,,, 1;m = 3-6).” In this system, increasing the num-
ber m incrementally controls the perovskite layer thickness at a step of
NbOg octahedron (0.4 nm). Simultaneously, the polarizability is
engineerable by such thickness control at the unit-cell level, yielding the
highest dielectric constant of ~470 with the m=6 member
(Ca,NazNbgOy0)."”” In that study, a room-temperature ferroelectric
nanosheet, Ca,Na,NbsO,¢ with an odd m number of 5, was discovered,
although the other dielectric nanosheets listed above are paraelectric at
room temperature. Instead of the LB method, a drop casting method,
recently developed as the simplest method to perform monolayer-level
deposition, was used for the fabrication of dielectric nanosheet films.”"
The ten-layer titania nanosheet films produced by this method exhibited
both a high dielectric constant (e, ~ 120) and low leakage current density
(<107® A cm %), comparable to those observed in the films fabricated
by the electrostatic LbL method followed by ultrasonic treatment.
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The dielectric constants (ca. 100-500) of oxide nanosheet films
are much larger than that of HfO, (¢,:24), a typical high-x gate insula-
tor used for a state-of-the-art complementary metal-oxide semicon-
ductor. In addition, the processable thickness of the HfO, dielectric
layers is limited to ca. 2 nm because a thinner film cannot be used as
an insulating layer owing to the large current leakage. Thus, ultrathin
films based on oxide nanosheets will serve as the next generation
dielectric layers that will be required for Moore’s law to be followed in
future semiconductor technology. Recently, Kang et al. studied the
potential of Ca,Nb;O;, as a gate insulator.'”® MIM structures, includ-
ing the LB-deposited CNO film (ca. 17 nm), showed an acceptable
leakage current density of 7.26 x 1077 A cm ™ ? at 2V, a very high
capacitance density of 944 nF cm™2, and good stability of capacitance
with respect to voltage. To fabricate the thin film transistor (TFT)
devices, simple solution deposition methods were used to deposit a
CdS active layer at a low temperature [Fig. 13(b)]. The resulting TFTs
displayed a carrier mobility of 0.428 cm® V' s™!, ON/OFF current
modulation of 10°, the threshold voltage of 0.596 V, and subthreshold
slope of 0.05V dec™ ' at an operating voltage of 2V [Figs. 13(c) and
13(d)]. Thus, an ultrathin Ca,Nb;O, gate insulator would be a prom-
ising component in thin film transistors for low-voltage operations.

It is important to note that organic species are accommodated in
the interlayer gallery of the as-deposited films. These include organo-
ammonium cations such as TBA used for exfoliation and polycations
such as PDDA used for LbL deposition. The photocatalytic activity of
oxide nanosheets promotes the decomposition of such organics by
exposing the assembled multilayer films to UV light.”" Additionally,
UV-0Oj; cleaning is effective in the removal of organic residue from
oxide nanosheet films because of the structural robustness of nano-
sheets against oxidation. Excellent dielectric properties are generally
obtained after this elimination, yielding fully dense nanosheet films.
Thermal calcination is also a common way to eliminate organic species
owing to the high thermal stability of oxide nanosheets over
400°C,"””"* although this method cannot be adapted to produce
plastic-based flexible devices.

2. Optoelectronics

The highly insulating property of metal oxide nanosheets, which
enables the aforementioned dielectric applications, is based on the
wide gap nature. Wide bandgap materials are suitable as ultraviolet
photodetectors (UV PDs) that have continuously attracted attention
in many fields, such as space exploration, biological analysis, environ-
mental sensors, communication, and imaging. For decades, numerous
UV PDs based on traditional wide-bandgap oxides (ZnO,"™! TiOz,ls2
Ga,05,"" etc.) have been extensively investigated. An ideal PD is gen-
erally expected to have high sensitivity, fast response speed, high spec-
tral selectivity, and high stability. Dense and highly crystalline thin
films, the fabrication of which requires calcination or annealing steps,
are needed to realize this superior performance. Such annealing at
high temperatures is not applicable to fabricating flexible PDs depos-
ited on plastic substrates. Thus, oxide nanosheets with wide bandgaps
and their colloidal processing without a heating process should be suit-
able for developing flexible UV PDs. The first application of oxide
nanosheets for UV PDs was demonstrated with titania nanosheets in
2015 [Fig. 14(2)].""" Under UV light illumination of a single titania
nanosheet device, a finite photocurrent was observed as shown in

scitation.org/journal/are

Fig. 14(b). The device exhibited a fast switching between the ON cur-
rent (5.8 pA) and OFF current (<0.1 pA), where the ON/OFF ratio
was larger than 50. The rise time and the fall time of the photores-
ponse were shorter than the measurement limit of the experimental
setup (0.2 s). The fast photoresponse of the device implies a small
number of carrier trapping sites in the single crystal structure of the
titania nanosheet.

The 2D perovskites Ca,Nbs;O;q (Ref. 185) and Sr,Nb;Oyq
(Ref. 186) were then examined by Feng ef al. in 2020. Ca,Nb;Oy,
PDs showed high performance at 3V at 280 nm, high responsivity
(14.94 A W), high detectivity (8.7 x 10" Jones), high spectral selec-
tivity (8.84 x 10%), fast speed (0.08/5.6ms), and long-term stability,
exceeding those of most UV PDs reported [Figs. 14(c)-14(e)]. The
high photoresponse supports the hypothesis that 2D interfaces
between nanosheets are more suitable than 3D interfaces between
nanoparticles for in-plane carrier transport. Additionally, annealing at
200 °C was performed as the final step for device fabrication. In gen-
eral, this temperature is insufficient to obtain reasonable device perfor-
mance if sol-gel and nanoparticle assembly methods are employed.
Thus, 2D boundaries between nanosheets might exhibit fewer carrier
scattering sites than those between randomly oriented nanocrystals.
The Sr,Nb;O,, nanosheet-based PDs also exhibited excellent UV
detection performance equal to that of Ca,Nb;O;o. A simple drop-
coating method was used to fabricate flexible Sr,Nb;O;( film PDs on a
PET substrate without the use of any additional additives [Fig. 14(f)].
The flexible PD could show the photocurrent value nearly unaltered
with a bending angle up to 80° [Fig. 14(g)].

Ultrathin and wide bandgap oxide nanosheets with excellent
photoconductivity and photostability can be used as components of a
wide range of optoelectronic devices. As an example, Chang et al.
reported that Ca,Nb;O;p nanosheets were used as an electron-
transporting layer (ETL) in solution-processed tandem polymer solar
cells."” Ca,Nb;0,, nanosheet-based ETL devices showed a higher
photon-to-current efficiency (PCE), compared with devices consisting
of conventional TiO,, [Figs. 15(a) and 15(b)]. Ohisa et al. reported the
application of Ca,Nb;O;, nanosheets for electron injection layers
(EILs) in organic light-emitting devices (OLEDs) [Fig. 15(c)].'™
Ca,Nb;0;( nanosheets were expected to be effective as EILs due to
their dielectric characteristics capable of generating large electric
polarization in an electric field. Organic light-emitting polymer-based
devices with fluorescent poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzo[2,1,3]-thiadiazol-4,8-diyl)] (F8BT) and Ca,Nb;O;, nanosheet
EILs showed the lower driving voltages than those with the lithium
eight-quinolate EIL material [Figs. 15(d) and 15(e)]. The coverage of
the Ca,Nb;O,o nanosheets, their thicknesses, and their work function
values were interrelated to affect the performance of OLEDs. In addi-
tion, Chen et al. used titania nanosheets in organic-inorganic lead
halide perovskite solar cells.'® They assumed that the unique features
of titania nanosheets such as high UV transparency and negligible
oxygen vacancies were beneficial as an electron-transporting material
to produce high-performance perovskite solar cells with high stability.
In fact, the titania nanosheets resulted in superior inhibition of UV
degradation of perovskite solar cells compared with the conventional
TiO, counterpart, which is notoriously unstable under UV irradiation
[Figs. 15(f) and 15(g)]. In their subsequent study, the suggested mech-
anism for the origin of extended UV stability was further supported by
ultrafast spectroscopy.’”’ These successful case studies show great
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FIG. 14. Photodetector applications of oxide nanosheet. (a) Schematic illustration of the photodetector consisting of a single titania nanosheet. (b) UV photoresponse of single
titania nanosheet PD under various N, pressures. Reproduced with permission from Matsuzaki et al., Appl. Phys. Lett. 106, 033104 (2015). Copyright 2015 AIP Publishing. (c)
| —V curves for CaNb;049 PD with different incident power densities. (d) |-t curves for the device under 300 nm light switching. (e) The normalized pulse response of the
device. Reproduced with permission from Zhang et al., Nano. Lett. 21, 382 (2021). Copyright 2021 American Chemical Society. (f) Image of flexible Sr,Nb;O1 (SNO) PD on a
PET substrate. (g) The It curves under 300 nm UV switching (0.39 mW cm2) at a 1V bias, measured at various bending angles. Reproduced with permission from Li et al.,

Adv. Mater. 32, 1905443 (2020). Copyright 2020 Wiley-VCH.

promise for oxide nanosheets in the fabrication of large-area photovol-
taic or optoelectronic devices based on solution processes.

3. Spintronics

Spintronics using ferromagnetic nanosheets has been a recent topic
in the field of 2D nanomaterials science. In the past three years, ferro-
magnetism has been found in nanosheets obtained by mechanical exfoli-
ation of vdW crystals such as Crl; (Ref. 191) and Fe;GeTe,."”” However,
these nanosheets are not suitable for practical devices because their
Curie temperatures are below 230 K. Indeed, they cannot be handled in
the air due to their high reactivity with water and oxygen. On the other
hand, since 2006 and long before the discovery of ferromagnetism from
exfoliated vdW crystals, we have found room-temperature ferromagne-
tism in TiO, nanosheets doped with magnetic sources such as Co, Fe,
and Mn [Fig. 16(2)].""" """ It is well known that anatase and rutile can
act as transparent magnets when doped with these magnetic elements.'”®

Using nanosheets as a 2D nanobuilding block, magnetic devices that
integrate both ferromagnetic and semiconducting properties can be real-
ized. One of them is the magneto-optical effect, which is used to rotate
the polarization plane of light by magnetism (spin). Figure 16(b) shows
the magneto-optical spectra of TipgCop,0, nanosheet multilayers
deposited by the LBL method. Magnetic-field-dependent magnetic
circular dichroism (MCD) and magnetization showed ferromagnetic
responses at ambient temperature [Fig. 16(c)]. The 2D nature of
the electronic state of ferromagnetic nanosheets leads to a large MO
response, superior to that of bulk systems.”” Furthermore, (Co/Fe)-co-
doped titania nanosheets, Tiyg yxaFex2C0025x40, (x=0.2, 04, 0.6)
showed an enhanced MO response (~2 x 10° °/cm) in the range of
400-750 nm [Figs. 16(d) and 16(e)]."””

4. Transparent conductors

The above applications of oxide nanosheets are based on their
wide bandgap. On the other hand, RuO, (Ref. 79) and MoO,
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different ETLs depicted in (b). Reproduced with permission from Chang et al., J. Mater. Chem. 22, 20443 (2012). Copyright 2012 The Royal Society of Chemistry. (c) Structure
of organic light-emitting devices, where Ca;Nb3O4q is used as the electron injection layer, F8BT {fluorescent poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]-thiadiazol-
4.8-diyl)]}, TFB [poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)-diphenylamine]. (d) Current density—voltage and (e) luminance—voltage characteristics of devices with Liq or
TBA—CayNb301g EIL, using Al or Ag electrodes. Reproduced with permission from Ohisa et al., ACS. Appl. Mater. Interfaces 10, 27885 (2018). Copyright 2018 American
Chemical Society. (f) Evolution of the normalized PCEs of perovskite solar cells consisting of a polycrystalline TiO, ETL (c-TiO,) and titania nanosheet ETL (ASTL) under 5 h
irradiation. (g) The corresponding time-resolved photoluminescence lifetime for the perovskite films deposited on c-TiO, and ASTL as a function of UV irradiation time.
Reproduced with permission from Chen et al., Adv. Energy. Mater. 8, 1701722 (2018). Copyright 2018 Wiley-VCH.

(Ref. 198) nanosheets offer high electrical conductivity. Among them,
progress has been made in the transparent conductive film applica-
tions of RuO,. In an early study, Sato et al. measured the sheet resis-
tance of an isolated single RuO, nanosheet to be 12kQ sq~ " by means

of scanning probe microscopy.'”” In the same work, they also exam-
ined the conducting behaviors of ultrathin films with submonolayer to
monolayer RuO, coverage. At coverage exceeding 70%, submonolayer
films behaved as a continuous conducting film. The electron transport
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mechanism was described based on a 2D percolation model.
Furthermore, multilayered films prepared by LbL deposition showed a
resistivity of less than 1kQ sq71 [Fig. 17(a)]. Wang et al. also studied
the resistivity of two-layer and five-layer films deposited by the LbL
technique, affording a highly conducting nature with room-
temperature sheet resistances of ~4.1 and ~0.9kQ sq ', respec-
tively.””’ Ko et al. reported that LB-deposited RuO, films with two
layers and four layers have sheet resistances of 8.3 and 3.2kQ sq '
with optical transparencies of 97.2% and 93.4% in the visible region,
respectively.””' The transparency-resistivity relationships of RuO,
nanosheet films are superior to solution processed GO-based

transparent conducting films, whereas the current CVD-graphene
shows approximately one order magnitude lower resistivity with trans-
parency above 95%.”"

Several efforts have been made to reduce the resistivity of RuO,
nanosheet films. Yun et al. studied washing a RuO, nanosheet layer
prepared by a bar coating method,””” as the presence of contaminants
at the interface region may suppress a layer-to-layer electron transport.
They found that a simple water-cleaning treatment considerably
increased the work function of RuO, nanosheets to improve conduc-
tivity [Fig. 17(b)]. As another technique to tailor the electrical conduc-
tivity of RuO, nanosheets, Yoo et al. employed silver photodeposition
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Topographic AFM image of an Ag-deposited RuO, nanosheet on a Si/SiO, substrate

. (d) The sheet resistance and optical transmittance of the RuO, nanosheet multilayer films

with/without Ag deposition. Reproduced with permission from Hwang et al., Nanoscale 9, 7104 (2017). Copyright 2017 The Royal Society of Chemistry.

[Fig. 17(c)].>** The four-layer films of RuO, nanosheets decorated
with Ag nanoparticles exhibited resistance and optical transmittance
of ~1.1kQ sq~' and ~922% in the visible region, respectively,
whereas the pristine films of RuO, nanosheets showed higher resistiv-
ity (3.2kQ sq ') and comparable transparency (~93.4%) [Fig. 17(d)].
Furthermore, they demonstrated excellent stability upon bending,
with resistance changes of less than 1% after 50 000 bending cycles.

5. Heteroassembly of 2D oxide nanosheets

The broad combination of integrating distinct monolayers into
vertical heterostructures can afford synergistic coupling of disparate
properties. In the past half-decade, this concept has been extensively
demonstrated with vdW heterostructures,'®'® while controlled and
emergent functionalities by such heteroassembly had already been

found in artificial superlattices based on oxide nanosheets approxi-
mately 15 years ago. As the first example, it was reported in 2006 that
the superlattice assemblies of Tiy gCo,0, and Ti, ¢Fey 4O, nanosheets
showed an enhanced MCD response by interlayer coupling
[Figs. 18(a) and 18(b)],"”” which stems from the interlayer d-d transi-
tions (Co*"-Fe>") between adjacent nanosheets.””” To date, various
oxide nanosheets have been successfully integrated into superlattice
heterostructures with intriguing functionalities arising from the syner-
gistic coupling. For example, heterojunctions of semiconducting
Tip010, and redoxable MnO, nanosheets showed a unique photo-
chemical function upon UV light irradiation [Figs. 18(c) and
18(d)].>°® MnO, nanosheets underwent reduction (Mn*" to Mn>"),
which is ascribed to the injection of photoexcited electrons generated
in Tig 9,0, into MnO, nanosheets. Artificial superlattices of paraelec-
tric pairs such Ca,Nb3;O;¢/LaNb,O; (Ref. 147) and Ca,NbsO;¢/
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intensity profiles of the La-N2,3 and Ca-L2,3 edges of the (LaNb,0;/Ca,Nbs0+0); superlattice on the SrRuO; substrate. (f) Piezo-response microscopy responses measured
from different superlattices: (LaNb207/Casz3010)5: [(L/C)5], (LaNb207)2(Ca2Nb3010)3(LaNb207)2(Ca2Nb3010)3: [LngLng], and (LaNb207)5(Casz3010)5: [L5C5] Reproduced
with permission from Li et al., ACS Nano 4, 6673 (2010). Copyright 2010 American Chemical Society. (g) Frequency dependence of the dielectric constant (&) for
[(Tip.8C00.20,)2/CasNb30+]o/(Tip sC00.202), 0n @ SrRuO; substrate under a magnetic field. The magnetic field is normal to the film surface. The measurements were recorded
at 300K. (h) Magnetic-field control of electric polarization (Pr) of the same film sample measured at 100, 200, and 300 K. The magnetic field is normal to the film surface.
Reproduced with permission from Li et al., J. Am. Chem. Soc. 138, 7621 (2016). Copyright 2016 American Chemical Society.
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Tipg70, (Ref. 207) afforded ferroelectricity due to electronic proximity
coupling [Figs. 17(e) and 17(f)]. New artificial ferroelectrics were also
demonstrated using the superlattice assembly of homologous perov-
skite nanosheets (Ca,Na,,,_3sNb,,03,,,1; m = 3-6), which hold a para-
electric nature in their individual components.z“  Furthermore,
magnetoelectric multiferroics emerged in Ca,Nb;O;4/TipsCo0,0,
superlattices [Figs. 18(g) and 18(h)].”"” The above-mentioned super-
lattices were fabricated by electrostatic LbL and LB methods. Recently,
nanosheet heterostructures have been successfully fabricated by a facile
spin coating method.”"

The solution-phase heterojunction is not limited to metal oxide
nanosheet pairs. For example, photoexcited electron injection and in
situ photoreduction activities were reported in multilayer films fabri-
cated by sequential LbL deposition of Tigs;0, and GO nanosheets,
resulting in highly improved carrier transport”’' and photomodulated
conductance in a field effect transistor (FET) device’'” as well as mod-
ulated photochemical activity.”'” As another example, Ca,Nb;Oo/
MoS, heterostructures were fabricated by the LB method.”"* In the LB
assembly process, amphipathic TBA™ couples charge-neutral MoS,
grown by the CVD method and negatively charged Ca,Nb;O;, mono-
layers through vdW/electrostatic dual interactions, resulting in a trion
luminescence band from 1L-MoS, at an unusually low energy position
(ca. 1.6€V). Subsequent interface engineering to decompose TBA™
with a flattened molecular conformation reactivates exciton emission,
while the band position is redshifted in comparison with that of
unmodified 1L-MoS, probably due to the pronounced dielectric prox-
imity effects.

B. TMDCs

As described in Sec. IIE2, Lin et al. reported in 2018 electro-
chemical exfoliation using organoamines to synthesize high-quality
TMDC nanosheets.”” The FET device fabricated by spin coating
THAB-exfoliated MoS, nanosheets followed by conventional lithogra-
phy offered average mobility of approximately 7-11 cm* V™' s™' and
an ON/OFF ratio of 10° [Figs. 19(a) and 19(b)]. The mobility is
approximately 50 to 1000 times larger than those obtained from thin
film FET devices fabricated with MoS, nanoflakes synthesized by
ultrasonication.”**"” This colloidal integration approach was applied
for large-scale fabrication of various kinds of thin-film transistor arrays
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from functional logic gates (such as NAND, NOR, AND, and XOR
gates) to computational circuits (such as inverter, half adder, and full
adder circuits). Interestingly, the multilayer film obtained by the spin
coating yielded a mobility value close to that obtained with the single
MoS, nanosheet (ca. 10cm® V='s™!) [Fig. 7(e)], indicating a reason-
able charge transport through the stacked nanosheets. These experi-
mental results support the advantage of plane-to-plane contacts
compared with the point-to-point contacts formed by the assembly of
nanoparticles and nanowires. It should be addressed that the treatment
of the as-deposited MoS, film with bis(trifluoromethane)sulfonimide
(TESI) solution for 2 h at 80 °C followed by moderate thermal anneal-
ing (200-300°C) was employed in the device fabrication process,
which eliminated THAB or PVP used as intercalants and surfactants,
respectively [Fig. 19(c)].

Gao et al. further studied the effects of the semiconductor chan-
nel thickness and TFSI/annealing treatments on the FET properties of
THBA-exfoliated MoS, nanosheets. Note that instead of spin coating,
electrostatic LbL was employed for thin-film deposition, where PDDA
conventionally employed for the LbL process of oxide nanosheets was
used as a cationic counterpart [Fig. 20(2)]."" First, they investigated
the effects of deposition-cycle numbers on transport properties. FET
devices (L =20 um, W= 100 um) based on (PDDA/MoS,);, (PDDA/
MoS,),, and (PDDA/MoS;); films provided the average currents of
32.7+6.9,424 7.7 and 63.0 = 3.6 uA, respectively [Fig. 20(b)]. The
ON/OFF ratios in a range of 10° were obtained for FETs based on
(PDDA/MoS;); and (PDDA/MoS,), films. However, FETs based on
(PDDA/MoS,); showed a significantly decreased ON/OEFF ratio of less
than 10° due to the high current values at the OFF state, which was
associated with the large thickness (~18 nm), i.e., too thick to be fully
depleted. It is notable that the mobilities up to 9.8cm> V-' s~ and
ON/OFF ratios of 2.1 x 10° of the FETs based on (PDDA/MoS,),
films are close to the aforementioned spin-coated MoS, FETs. The
work clearly demonstrates that post-treatment, or interface engineer-
ing, is important to attain reasonable FET performance. ON/OFF
ratios of as-deposited [PDDA/MoS;]; is very small (22) due to heavy
n-doping by electron-donor groups such as the nitrogen-containing
functional groups in PVP. The thermal annealing at 300°C (2 h) or
TFSI immersion at 80°C (2 h) moderately enhanced the ON/OFF
ratios to 880 [Fig. 20(c)] and 6000 [Fig. 19(d)], respectively. The
removal of polymer residue by thermal annealing can significantly
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FIG. 19. FET application of electrochemically exfoliated 2H-MoS, nanosheets. (a) Optical microscope image of an array of back-gate thin-film transistors fabricated on a 90-
nm-thick SiO/Si substrate. Scale bar, 100 um. (b) ls—Vg transfer characteristics with Vsq = 1V. (c) The statistical distribution of mobility for 50 individual transistors annealed
at 200 (purple bars) and 300 °C (gray bars). Reproduced with permission from Lin et al., Nature 562, 254 (2018). Copyright 2018 Springer Nature Publishing.
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Copyright 2021 Springer Nature Publishing.

increase the ON current, while the strong electron-withdrawing capa-
bility of TFSI allows the significant OFF current suppression. The
combination of TFSI treatment and thermal annealing up to 300°C
could achieve the ON/OFF ratio surpassing 10°. The complete removal
of N-containing species at 400 °C, however, yielded a lower on-current
in comparison to that at 300 °C. As addressed in Sec. IV A 1, metal
oxide nanosheets exhibited thermal robustness so that thermal decom-
position was applied to produce clean surfaces and interfaces.
However, the development of interface control other than thermal
treatments should be crucial to maximize the potential performance of
chemically exfoliated TMDC nanosheets. As the maximum processing
temperatures could be as low as 200 °C, it is feasible to fabricate the
MoS, FETs on flexible PET foils showing the mostly maintained ON
currents and ON/OFF ratios upon bending.

The above two references indicate that chemically exfoliated
MoS, nanosheets offer a solution-processed FET with reasonably high
mobility and ON/OFF ratio. The excellent semiconducting properties
of chemically exfoliated TMDCs should be promising for PD applica-
tions. As mentioned above, oxide nanosheets have a wide bandgap so
that they can be used for UV-PD. On the other hand, the bandgaps
ranging ca. 1-2.5 eV are available in TMDCs depending on the chemi-
cal composition and layer numbers,”'® and PDs sensitive to near-
infrared to visible light will be developed with them. PD applications
were demonstrated by Ma et al. for PtSe, and PtTe, bilayer nano-
sheets,’”*  which were synthesized by organoamine-assisted

electrochemical exfoliation. In their study, PtSe, or PtTe, based FET's
were fabricated by drop casting. Figure 21(a) shows how the power
density of a 1064 nm laser modified the photocurrent of the PtSe,-
based FET. The photoresponsivities of the solution-processed PtSe,
and PtTe, PDs were 72 and 1620 mA W, respectively, at zero gate
voltage under 1540 nm laser illumination, which was several orders of
magnitude higher than those of the majority of IR photodetectors
based on graphene, TMDCs, and black phosphorus [Fig. 21(b)].
Furthermore, the solution-processed PtSe, and PtTe, devices outper-
formed their mechanically exfoliated counterparts under similar wave-
length laser illumination with a reasonable specific detectivity beyond
109 Jones and outstanding air stability (>several months). Finally,
they successfully fabricated wafer-scale IR detectors using PtSe, and
PtTe, colloidal dispersions. It is noteworthy that in their PD fabrica-
tion step, PtSe,/PtTe, films deposited onto the SiO,/Si substrate via
drop casting were placed in DMSO to remove residual amine species
followed by drying in a vacuum. Although the effects of DMSO clean-
ing on the surface properties and device performances were not
described, solvent washing might be an effective cleaning method for
the interfaces of multilayer stacks of TMDC nanosheets in addition to
the postannealing and chemical doping addressed above.

In an important work regarding the application of chemically
exfoliated TMDC nanosheets, Li et al. employed NbSe, monolayers
obtained by modified electrochemical methods to produce supercon-
ducting thin films and composites.''” The drop-cast NbSe, thin films
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showed a critical current modulated by a magnetic field [Figs. 21(c)
and 21(d)]. Nanosheet inks can also be used to produce wafer-scale
2D superconducting wire arrays. Furthermore, exfoliated NbSe,
monolayers can be mixed with Genesis resin for 3D printing, enabling
the production of three-dimensional structures [Fig. 21(e)]. Under a
magnetic field of 200 Oe, the temperature-dependent magnetization of
3D printed structures displayed a diamagnetic signal at ~6.8 K, corre-
sponding to the superconducting transition. Thus, it is confirmed that
superconductivity is retained in 3D printed structures.

3 4 5 6 B Reproduced with permission from Li et al.,
Nat. Mater. 20, 181 (2021). Copyright
T (K) 2021 Springer Nature Publishing.

C. MXenes

Most MXenes are metallic conductors. Therefore, MXenes can
be used as electrodes for nanoelectronics applications. For example,
Lyu et al. demonstrated the fabrication of a large-scale, uniform
MXene electrode array on a flexible plastic substrate for application to
high-performance organic FETs (OFETs).”"” An important step in the
device fabrication is patterning hydrophilic/hydrophobic areas on a
polymer substrate by UV/O; treatment through a shadow mask.
The MZXene nanosheets were deposited on the UV/ozone-treated
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FIG. 22. Electrode applications of MXenes. (a) Schematic diagram showing a fabrication process of OFETs with TizC,T, MXene gate, source, and drain electrodes. (b) Output char-
acteristics (left) and transfer characteristics (middle) of p-type pentacene OFETs with pristine TizC,T, MXene electrodes. The gray line indicates the gate current. Histogram and nor-
mal distribution of electrical properties of p-type pentacene OFETs with MXene electrodes (right). Reproduced with permission from Lyu et al., ACS Nano 13, 11392 (2019).
Copyright 2021 American Chemical Society. (c) T plotted as a function of R for the TizC,T, films and comparison to other transparent conducting films. Reproduced with permission
from Zhang et al., Adv. Mater. 29, 1702678 (2017). Copyright 2017 Wiley-VCH. Cycling performance under (d) bending and (e) stretching of an MXene film. Reproduced with permis-
sion from An et al., Sci. Adv. 4, eaaq0118 (2018). Copyright 2018 Authors licensed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

hydrophilic region after dip-coating to produce patterned MXene elec-
trodes [Fig. 22(a)]. The resulting p- and n- type OFET's showed excel-
lent device performance, such as maximum carrier mobility of
~1em? Vs and Ion/Iogr of ~107 [Fig. 22(b)]. Furthermore, the
patterning method was successfully extended to the fabrication of

complementary logic circuits. Montazeri et al. produced patterned
MXene electrodes by a conventional method using a photoresist.”'*
The GaAs-PD with MXene electrodes showed significantly higher
responsivities and quantum efficiencies than that of the standard Au
electrodes.
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The excellent electrochemical capacitance or electromagnetic
shielding properties of MXenes can be coupled with the optical
transparency of ultrathin MXene films to develop optically transpar-
ent energy storage devices’'~ and electromagnetic shields.””” Zhang
et al. examined the relationship between optical transmittance and
sheet resistivity using a Ti;C, T film fabricated by spin coating an
MXene dispersion.””” The resistivity of ca. 1kQ sq~ ' was observed
when the transparency was approximately 95% in the visible region
[Fig. 22(c)]. The reported transparency-resistivity relationship is
close to those of the aforementioned RuO, nanosheets. In addition,
An et al. employed electrostatic LbL deposition of Ti;C,Tx nano-
sheets to obtain stretchable, bendable, and foldable conducting
films."”® The coating showed a recoverable resistance response to
bending (up to a 2.5-mm bending radius) and stretching (up to 40%

o

REVIEW scitation.org/journal/are

tensile strain) [Figs. 22(d) and 22(e)]. Thus, MXene-based coatings
can be implemented onto mechanically deformable objects.

In 2019, Tian et al. investigated the effects of cationic species
used in electrostatic LbL assembly on the electrical resistivity of
MXene thin films."”” In this study, LbL deposition was conducted with
MXenes exfoliated by ultrasonic treatment. Uniquely, they used a
small molecule, tris(2-aminoethyl) amine (TAEA), as a cationic coun-
terpart to negatively charged MXenes [Fig. 23(a)]. The ten-cycled LbL
films with TAEA exhibit the sheet resistance of 154 Q sqfl, which is
much lower than that of ten-cycled LbL MXene films with conven-
tional PEI (830 Q sq ') and PDDA (8kQ sq ') [Fig. 23(b)]. These
findings indicate that polyelectrolytes, such as PEIL resulted in large
insulating gaps between neighboring MXene flakes with an interlayer
spacing of 8.71 A, interrupting electron transport between the flakes.
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On the other hand, TAEA can significantly narrow the interlayer spac-
ing (1.0A) in the LbL films to facilitate the layer-to-layer electron
transport [Fig. 23(c)].

In 2019, Hart et al. directly correlated MXene surface defunction-
alization with increased electronic conductivity through in situ TEM
analysis.””' They found that in situ annealing of multilayer Ti;C,T,,
TisCNT,, TisCNT(TBA ™), and Mo, TiC, T, resulted in the 4, 6, >10,
and 6-fold increased conductivity, respectively [Figs. 23(d) and 23(e)].
Simultaneous deintercalation or surface defunctionalization was con-
firmed by both in situ and ex situ spectroscopic techniques. Moreover,
both H,0 and TBA™ intercalants led to semiconductor-like negative
dR/dT. They proposed that the low conductivity of the as-synthesized
MXene multilayers could be associated with transitions from metallic
to semiconductor-like transport caused by the insertion of the guest
molecules. TBA™ in the gallery of MXene layers imparts more strong
influences on the electronic properties than H,O, and the effects of
TBA™ sustained even after annealing above 750 °C. They further pro-
vide useful insights into interface reactions of MXene such as higher
stability of oxygen terminations than F-terminations and more facile
defunctionalization of Mo, TiC,T, than Ti-based MXenes. Hence, the
works of Tian et al. and Hart et al. demonstrate that interface engi-
neering is critically important to optimize the electrical conductivity of
MXene ultrathin films. Considering the large diversity in the chemical
composition of the MXene family, there should remain plenty of
opportunity to find better MXenes for general and specific applica-
tions. Han et al. systematically studied three interrelated binary solid-
solution MXene systems based on Ti, Nb, and/or V at the M-site in an
MXT, structure (Ti,,Nb,CT,, Ti,,V,CT,, and V,,Nb,CT,), show-
ing the evolution of electronic and optical properties as a function of
composition.”** The authors also demonstrated the wide range of con-
ductivity of films based on MXTy, M5X, Ty, and MyX5Ty (ca. 10'-10*
S cm™").”” Thus, in fact, the conductivity and optical properties can
be tuned on demand to some extent by selecting an appropriate
MZXene.

V. PERSPECTIVE

As introduced in this Review, chemical exfoliation methods, par-
ticularly those using organoamines as an exfoliation agent, have
enabled us to obtain high-quality oxide, TMDC, and MXene nano-
sheets in high yield. Colloidal deposition processes using nanosheet
dispersions allow the fabrication of nanoscale thin films at ambient
temperature and pressure. Recent years have witnessed a high demand
for technological innovations in various fields. In the semiconductor
industry, the development of high-performance flexible devices for the
realization of the IoT society has become a major concern. Due to the
difficulty of fabricating electronic devices with plastics and paper using
conventional semiconductor processes, which require a high deposi-
tion temperature. Solution or colloidal processes with nanoparticles
have been considered alternative approaches. However, devices fabri-
cated by this approach generally suffer from insufficient performance.
In contrast, devices based on such nanosheet assembly have already
yielded satisfactory performance not far from those required for prac-
tical applications. Therefore, the nanosheet-based process will offer a
new platform to develop flexible devices, including wearable devices.

To exploit the potential of chemically exfoliated nanosheets as a
device component, further efforts are needed from chemistry, physics,
and materials science aspects. For example, theoretical approaches
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should be developed for a better understanding of the electronic states
and exfoliation phenomena of nanosheets. The DFT calculations by
Sato et el. resulted in a close similarity in the densities of states and
bandgap between single and stacked TiO, nanosheets [Fig. 4(c)];”
however, the calculation does not reproduce the exfoliation-induced
bandgap enlargement observed experimentally. The discrepancy prob-
ably comes from the difference between the real and model structures.
Namely, surface dangling bonds and surface termination in a real
Tiog,0,">" nanosheets are excluded to build the lepidocrocite TiO,
model in the Sato’s and subsequent DFT studies.”*”” To our knowl-
edge, there are no detailed DFT studies on oxide nanosheets using
structural models that include guest and surface species. Thus, more
proper modeling should be developed, considering the interfacial
bonding states between host and guest (surface) species. Although the
phenomenological understanding of the exfoliation of layered oxides
has been established through intensive experimental studies for two
decades, a theoretical approach is further needed to understand the
exfoliation phenomena at the molecular level. In addition, the utiliza-
tion of data science or materials informatics is emerging as a new
approach to inductively extract essential parameters determining
intercalation/swelling/exfoliation boundaries.”*

In the case of TMDC nanosheets, suitable exfoliation conditions
should be found to improve the monolayer yield and lateral size/shape.
Simultaneously, the defects and surface states must be finely con-
trolled, as any extrinsic factors potentially induced during exfoliation
(formation of defects, etc.), have a critical impact on semiconducting
properties. THBA-exfoliated MoS, nanosheets have shown electron
mobility approximately three times lower than that of benchmarking
high-quality CVD MoS, (ca. 30cm® V' s7').”*> Rapid progress in
the chemical exfoliation method is expected and will lead to higher
mobility in the near future. There will be opportunities for the chemi-
cal exfoliation strategy to be applied to efficient exfoliation of other
layered compounds. For example, recently, Kondo et al. have reported
the synthesis of hydrogen boride nanosheets through chemical etching
of the magnesium layer in MgB,.”*° Chemical exfoliation with organo-
amine cations or other types of bulky ionic species may assist in
improving the yield of the monolayers.

Concerning the integration methods, the electrostatic LbL and
LB methods have already been applied to oxides, TMDC, and MXene
nanosheets. Spin coating and drop-casting methods, more recently
developed for facile monolayer-level deposition of oxide nanosheets,
will be employed for TMDC and MXene sheets, considering their
common surface chemistry. In addition to the quality of individual
nanosheets, the device performance relies on the interfacial state
between the nanosheets and substrate as well as between the nano-
sheets themselves. Most oxide nanosheets exhibit high oxidation resis-
tance and thermal stability, which allows them to be treated with
robust cleaning processes, such as UV-O; and annealing treatments
(>400°C) to remove organic species almost completely while main-
taining their crystalline nature. On the other hand, since these treat-
ments degrade the performance of TMDCs, other approaches, such as
optimization of the washing process, introduction of appropriate inter-
face species during deposition, or substitution of appropriate mole-
cules after deposition, are likely to be the main options to control the
interfaces. Although the thermal and chemical stability of a wide range
of MXenes has not been fully revealed, low-temperature annealing in
an oxidizing atmosphere produces oxide impurities in Ti;C,Ty (ca.
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300°C)**” and V,CT*** (ca. 200°C). Similar to TMDCs, oxidation
should be suppressed during interface modification. It will be crucial
to control the surface functional groups generated at the etching step
in MXene synthesis. In this regard, extensive studies on the reduction
of GO will be of help and used as a reference.””’

Next, we also face challenges in developing devices based on
chemically exfoliated nanosheets (Fig. 24). First, for oxides, further
improvement of dielectric properties will be an important subject. To
date, the maximum dielectric constant of nanosheet thin films is
approximately 500 [Fig. 12(a)], which is well above that of the next-
generation gate insulator HfO, thin film (25) but still much below the
dielectric constant of bulk BaTiO3 (ca. 7000) at room temperature.
Therefore, it is of both fundamental and practical importance to pur-
sue the limit of dielectric performance of perovskite nanosheets via
A/B-site and/or superlattice engineering approaches. Essential efforts
toward practical applications of dielectric nanosheets will involve the
adoption of the above deposition methods for the large-scale fabrica-
tion of nanofilms with uniform quality. Since there are no 2D nano-
materials other than hBN and oxide nanosheets that have a wide
bandgap suitable for insulating layers in 2D vdW materials, oxide
nanosheets may play a role as promising insulating layers for the con-
struction of 2D heterostructures. From broader physical aspects, metal
oxides with various compositions and structures are a treasure trove of
functions. The further development of oxide nanosheets with fascinat-
ing functions, such as oxygen ion conductivity, transparent conductiv-
ity, high-temperature superconductivity, and Mott transition, will be a
long-term research prospect.

For TMDC:s, it has been only three years since highly efficient
electrochemical exfoliation using organoamines was reported.
Therefore, research from a fundamental perspective will be one of the
main subjects in the next few years. Further seeking effective combina-
tions of intercalants and organic solvents is essential. At the same
time, the interaction/swelling/exfoliation boundaries, which are
unclear at present, should be outlined to establish reliable guidelines
for high-yield exfoliation. As another essential task, we need to reveal

- High yield
- High crystallinity
+ High homogeneity

2D materials

- New members . High-quglity
- Suitable properties - Convenient
- New functions - Largescale

+ Mild conditions
- Low interface-resistance
+ Tunable coupling
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that a range of TMDCs, as well as other 2D vdW crystals, is exfoliat-
able with electrochemical exfoliation with organoamines. If this
approach is widely applicable to the synthesis of monolayers of 2D
vdW crystals, which are difficult to obtain through adhesive tape-
exfoliation and vacuum-phase growth methods, the chemical exfolia-
tion method can serve as a platform for discovering new nanosheets.
Chemical exfoliation of new nanosheets and subsequent thin-film fab-
rication via the colloidal deposition process should be desirable, facili-
tating device applications of nanosheets with unique functionalities.

Chemical exfoliation is essential for finding new materials and
functions of MXenes, since the other methods to obtain 2D nanomate-
rials are not available yet. At present, owing to metallic conductivities,
MXenes attract great interest in developing ultrathin and/or flexible
electrodes, while theoretical studies predict that MXenes cover broader
physical properties, including magnetism,”” fully spin-polarized
transport,”' semiconducting behavior,”* and nontrivial topological
order.””” MXenes are emerging as one of the most actively studied
nanosheets for energy device applications such as electrochemical
capacitors and secondary batteries. In conjunction with the progress of
the energy applications of MXenes, MXene-based nanoelectronics and
spintronics will be advanced simultaneously.

Oxide, TMDC, and MXene nanosheets exhibit excellent dielec-
tric, semiconducting, and metallic properties, respectively. Thus, their
combination can offer a cherished opportunity to create various all-
nanosheet devices. As addressed in Sec. I B, Kelly et al. reported FET
devices consisting of MoS,, hBN insulators, and graphene nanoflakes
obtained by ultrasonication for semiconductor channels, gate insula-
tors, and electrodes.”’ However, the mobility of the resultant device is
rather poor (0.3 cm® V™' s7'), indicating that there are many deterio-
rating factors in each layer in terms of crystallinity and overall film
quality. In addition, the device is not optically transparent due to the
multilayer features of individual nanoflakes and uncontrollable film
thickness at the nanoscale. Furthermore, the gate insulator consists of
hBN nanoflakes mixed with ionic liquid, as #BN exhibits a tiny dielec-
tric constant (ca. 3-4).”>* The use of ionic liquids in devices makes

All nanosheet-devices
Flexible, transparent, and cost-effective

TMDC

Gate Dielectric

Flexible Substrate (PET) >
Oxide

MXene

Artificial superlattices
Multifunctions and cross-correlated properties

FIG. 24. Research elements and directions for the application of chemically exfoliated nanosheets in nanoelectronics.
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practical applications impossible due to the lack of chemical and ther-
mal stability as well as switching speeds. If chemically exfoliated nano-
sheets, including oxide nanosheets with a dielectric constant over 200,
MoS, with mobility over 10cm® V™' 5™, and MXene with high elec-
trical conductivity over 10* S/cm, are conjugated to fabricate FET devi-
ces, an actual all-nanosheet FET with high device performance,
durability, optical transparency, and mechanical flexibility will poten-
tially be invented. This can be set as an ultimate goal. Furthermore, a
programmable deposition of desired nanosheets selected from the
ever-expanding materials library will offer a platform to search for arti-
ficial heterostructures and superlattices with multifunctional or cross-
correlated properties.

Many challenges will be addressed in the short term under multi-
disciplinary collaborations. The research field dealing with device
applications of chemically exfoliated nanosheets is in its infancy so it
may be premature to predict longer-term prospects. Finally, chemi-
cally exfoliated nanosheets and related technologies will occupy a
unique and important position in solid-state chemistry, solid-state
physics, and materials science for the next decade.

VI. SUMMARY

Herein we reviewed the development of nanosheets based on
oxides, TMDCs, and MXenes in terms of chemical exfoliation of lay-
ered crystals, fabrication of ultrathin films by colloidal integration, and
their applications in electronic, magnetic, and optical devices. As seen
from this review, the field of chemical exfoliation has a relatively long
history over the past two decades and is still very active. At the same
time, colloidal integration processes have been developed to enable
monolayer, multilayer, and even superlattice deposition in a more con-
venient manner. Chemically exfoliated nanosheets are expected to find
applications, especially in transparent and/or flexible devices, as 2D
nanomaterials obtained by vacuum deposition methods are not suit-
able for such applications because of their high reaction temperature
and high cost. While significant scientific and technological achieve-
ments have been made, enormous challenges remain in the exfoliation
and integration steps for the exploration of new materials and applica-
tions and to control device performance. In this sense, there is plenty
of opportunity for new research in this field. With continued effort,
colloidal integration with exfoliated functional nanosheets will provide
a practical route to a wide range of scientific and industrial
applications.
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