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Abstract

Extending the inventory of two-dimensional (2D) materials remains highly desirable given their
excellent properties and wide applications. Current studies on 2D materials mainly focus on the
van der Waals (vdW) materials since the discovery of graphene, where properties of atomically
thin layers have been found distinct from their bulk counterparts. Beyond vdW materials, there are
abundant non vdW materials that can also be thinned down to 2D forms, which are still in its early
stage of exploration. In this review, we focus on the downscaling of non vdW materials into 2D
forms to enrich the 2D materials family. This under-explored group of 2D materials could show
potential promise in many areas such as electronics, optics, and magnetics, as that has happened
in the vdW 2D materials. Hereby, we will focus our discussion on the electronic properties and

applications of them. We aim to motivate and inspire fellow researchers in the 2D materials
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community to contribute to the development of 2D materials beyond the widely studied vdW
layered materials for electronic device applications. We also give our insights on the challenges

and opportunities to guide researchers who are desirous of working in this promising research area.
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Vocabulary

vdW materials A group of materials that are composed of atomic layers, where van
der Waals interactions instead of chemical bonds hold adjacent
layers together.

Non vdW materials A group of materials where chemical bonds are the only kind of
interactions between atoms. No van der Waals interactions are
involved.

2D materials Materials containing single or a few layers of atoms along one
dimension, with thickness ranging from sub-1-nm to tens of nm.
The materials exhibit much bigger size along the other two
dimensions.

2D electronics Electronic devices based on 2D materials.

Heterostructures The structures composed of multiple different materials. Each

material plays a specific role in this structure.



The discovery of graphene in 2004 sparked a dramatic increase in two-dimensional (2D) materials
research and the repertoire of reported 2D materials family has since expanded.!™ 2D crystals
composed of single or few layers of atoms often display extraordinary chemical, optical, and
electronic properties compared with their bulk 3D counterparts due to quantum confinement at the
2D limit.>"!! In the past two decades, 2D materials have been a wonderful playground for many
interesting chemistry, physics, engineering and quantum science.'>"!° Beyond the fundamental

studies, 2D materials have also shown great potential in diverse fields of applications including
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nanoelectronics, quantum information, and flexible electronics.?’*® There are many
excellent review articles summarizing the recent progress in this field.?*>* The fascinating promise
of 2D materials has stimulated the exploration of both more materials and complex quantum
structures.>**%33 The majority study in the 2D materials field have been focusing on van der Waals
(vdW) 2D materials such as graphene, transition metal dichalcogenides (TMDs) and hexagonal
boron nitride (hBN). The exploration of non vdW 2D materials, however, is still in its early stage
mostly due to the technical challenges in their synthesis. As shown in Figure la, vdW crystals
possess anisotropic internal interactions, where strong chemical bonds are formed in the basal
plane of each atomic layer, and a weak vdW interaction holds different layers together. In contrast,
vdW gaps are absent in non vdW crystals, and strong chemical bonds that require a high energy to
break are present in all three dimensions. The difference in the anisotropy of interactions between

vdW and non vdW crystals imposes a crucial discrepancy in scaling down these crystals into their

2D forms, i.e., vdW 2D materials and non vdW 2D materials.

Owing to the strong chemical bonds in all directions, the widely adapted mechanical
exfoliation approach (scotch tape method) is not useful to separate ultrathin layers from a bulk non

vdW crystals. Meanwhile, although conventional thin film deposition techniques (e.g., chemical



vapor deposition (CVD) and molecular beam epitaxy (MBE)) produce thin films with high quality
and purity, they are not ideal to prepare high-quality samples when the film thickness comes to the
sub-10-nm regime. Three models are commonly used to describe the growth mechanisms in
conventional CVD and MBE: Frank—van der Merwe (layer by layer growth), Stranski—Krastanow
(layer-island growth), and Volmer—Weber (island growth) model.*® While different model is
applied to describe a specific film depending on the lattice mismatch and the consequential strain
between the substrates and deposited materials, most experimentally obtained films in the sub-10-
nm regime exhibit island-like growth.>”** As a result, the deposited films usually possess rough
surfaces (root-mean-square roughness over 1 nm) and small domain sizes.’®* The island-like
growth inevitably leads to morphology and property modifications of ultrathin films from their
bulk counterparts, which in most cases deteriorates the performance. For example, drastic charge

scattering is observed in thermally deposited Cu and Si films below 10 nm,*!#?

and GaN prepared
by MBE tends to form quantum dots instead of layers in the few nanometers regime.**** Therefore,
thin films prepared by conventional deposition techniques will not be the focus of discussion in
this article. Instead, we will focus on the ultrathin layers of non vdW crystals with smooth surfaces,
fabrication-friendly sample size (> 10 um), and thickness of few to tens of nanometers. Alternative

synthesis methods are in great demand to produce and study non vdW materials in 2D form and

will be discussed in a later session of this article.

While the synthesis of non vdW 2D materials presents considerable technical challenges,
there is a growing imperative to investigate these materials to introduce more functionalities and
to enhance the performance of electronic devices based on 2D materials. Notably, significant
research efforts have been directed towards exploring vdW 2D materials, leveraging their high

charge carrier mobility (as observed in graphene) and appropriate bandgap energy (as seen in



TMDs).!84445 The exceptional properties of vdW 2D materials position them as promising
candidates for the next generation of electronic devices, and supplements for the existing
Complementary Metal-Oxide-Semiconductor (CMOS) technologies.*****” However, a few key
characteristics are missing in vdW 2D materials, leaving a gap towards their industrial applications.
For instance, TMDs exhibit a pronounced Fermi level pinning (FLP) effect, resulting in suboptimal
charge carrier mobilities and high contact resistances.?>***->2 Furthermore, the scarcity of wide
bandgap semiconductors and insulators within vdW 2D materials poses another challenge.
According to Cheon et al., the majority (>85%) of vdW 2D materials have bandgap energies below
2.5 eV, whereas a wider bandgap is crucial for dielectric materials and power electronics.**
Although these essential properties are not common among vdW 2D materials, they have been
observed in various bulk non vdW crystals. For instance, germanium (Ge) exhibits high electron
and hole mobility, and many metal oxides display wide bandgaps and high breakdown fields.>>*°

Exploring the downscaling of these non vdW crystals could introduce valuable supplements to the

inventory of 2D materials.

Moreover, non vdW materials are more abundant in nature, offering more possibilities and
expanding the design space of 2D materials. In Figure 1b, we summarize the elements present in
the experimentally achieved vdW and non vdW materials, in both 2D and bulk form, in a periodic
table.20-29-38:60.62-82- A Jist of 2D material examples for each element is summarized in Table 1.
Calculations predicted that only less than 2.5% of all experimentally known crystals (2,662 out of
108,423) possess weak vdW interactions, which could potentially allow down-scaling of the
crystal into their low-dimensional form using conventional exfoliation method.?! Nevertheless,
67,74~

experimentally achieved vdW 2D materials are far less than the aforementioned calculation.

7682 In table 1, 55 out of 111 elements (inert gas elements excluded) have been involved in vdW



2D materials, 53 elements in non vdW 2D materials, while 47 elements have not been reported in
any 2D materials yet. Therefore, there is plenty of room to explore the downscaling of non vdW
crystals into their 2D forms, including synthesis, properties, and application investigations. Despite
in the early stage, over a dozen of non vdW 2D materials with exciting properties are already
synthesized and studied. We summarize them along with their studied properties (e.g., bandgap,
sizes, and key properties) for electronics applications in Table 2 for inspirations.’®>%7%75-8 These

examples show great promises of non vdW 2D materials in enriching the 2D family with desired

properties.

In this work, we show how non vdW 2D materials can fill the gaps of current vdW 2D
materials study and extend the blueprint of future 2D electronics. We will elaborate on the
following aspects: (1) the challenges and recent progresses in the synthesis of non vdW 2D
materials; (2) the properties modification of non vdW crystals at the low dimension; (3)
exploration of the role of non vdW 2D materials in electronic devices; (4) the fabrication of clean
and sharp interface in heterostructures enabled by atomic substitution approach and performance
improvement. Reflected from these aspects, we will present our insights on future directions to

inspire researchers who are interested in contributing to this emerging field.
Challenges and recent progresses in the synthesis of non vdW 2D materials

For the widely studied vdW 2D materials such as MoSz, there is a vdW gap between two adjacent
layers. The weak vdW interactions enables the separation of monolayers and few layers from their
bulk crystals through the top-down mechanical exfoliation or grow into 2D films through the
bottom-up CVD process.*>*® Tremendous effort has been spent in recent years on making the 2D
version of the vdW layered materials.””!%* However, these methods are usually not adaptable to

non vdW crystals. Common top-down synthesis approaches for vdW 2D materials such as the
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scotch tape method hardly work for non vdW 2D materials owing to the strong bonding along all
directions in non vdW crystals. The accessibility of bottom-up methods (e.g., CVD) is also limited
since dangling bonds are present along all crystal orientations and hence the flakes tend to grow
in all the three dimensions. Thus, the study of non vdW 2D materials is significantly restrained by
the technological difficulty in experimentally obtaining them. Increasing efforts have been made
in very recent years to achieve the synthesis of non vdW 2D materials.'*!"-19%1% I this section,
we summarize the five recently established approaches to obtain the 2D form of non vdW crystals

and discuss their advantages and limitations.

Sonication-assisted exfoliation

Liquid phase exfoliation has been a widely applied approach to produce monolayer or few-layer
nanosheets of vdW materials (e.g., graphene, TMDs) with high purity and scalability.!%*!1°” Owing
to the anisotropic bonding in vdW crystals, it requires different energies to break the interlayer and
intralayer interactions. Hence, the energy carried by sonication wave can selectively break the
interlayer interactions and separate nanosheets from the bulk crystal. The nanosheets are then
stably dispersed in the liquid environment. In contrast to vdW materials, separating nanosheets of
non vdW materials from their bulk counterparts is more challenging due to the chemical bonds
extending in all three dimensions. Nevertheless, a topotactic deintercalation approach has been
developed to break the anisotropic chemical bonds in a bulk non vdW crystal to obtain 2D sheets.
This approach is commonly adapted to synthesize two groups of materials: (1) transition metal
carbides, nitrides, and carbonitrides (MXenes), where a typical example is 2D Ti3CaTx (Tx stands
for -O, -OH, or -F termination groups on the surface) produced by selectively etching the bulk
phase precursors (Ti3AlC2);!% (2) separation of group IV graphane analogues, i.e., SiH, GeH, and

SnH, from corresponding Zintl phases (CaSiz, CaGez, and BaSn2).!” Aggressive chemicals such



as HF and HCl are introduced to selectively etch certain atomic layers in the bulk precursors, and
hence to replace strong chemical bonding with weak vdW interactions. The etched sheets are then
separated and dispersed in solvent. This approach has been applied to obtain different MXenes and

graphane analogues, and has been discussed in many review papers in the 2D community.%!%-113

Although vdW gaps are absent in non vdW crystals, the energy required to break the
chemical bonds varies along different crystal axes.!%!!* Hereby, it is reported that ultrasonic wave
can selectively break the weaker chemical bonds along a certain crystal axis of some bulk non

-7 producing 2D films exfoliated and dispersed in the solvent. For example,

vdW crystals,
Puthirath Balan et al. successfully isolated monolayer a-Fe2Os (known as hematene) from non
vdW iron ore hematite through sonication (Figure 2a).''* The exfoliated monolayers have two
dominating orientations [001] and [010]; these are the directions with weaker chemical bonds. 2D
forms of other metal oxides (e.g., ilmenene, magnetene and chromiteen) were also successfully
exfoliated using this method.!! Moreover, Liu ef al. successfully obtained a variety of non vdW
nanosheets (e.g., FeOOH, PbS, CaCO3) from their bulk crystals using similar sonication

8 and discovered that the orientations of these nanosheets are correlated to the

exfoliation,'!
cleavage planes of the pristine materials. Beyond the exciting progress in experiments, recent
calculations have also predicted dozens of non vdW crystals with low exfoliation energies that can
potentially be made into 2D form by sonication.!!*!?* The sonication exfoliation method down-
scales a variety of materials into their 2D form, which shows great potential in electrochemistry
applications. However, the exfoliated flakes usually possess small lateral sizes (< 5 um) and

variable thickness with a wide range of distribution, which limits its application in 2D

electronics. '’

Chemical vapor deposition




CVD is one of the most widely employed bottom-up method to synthesize ultrathin 2D materials
(both vdW and non vdW) with high quality and scalability.””3%!?! During the CVD process (Figure
2b), vaporized precursors are first transported close to the growth substrate followed by a chemical
reaction either in the gaseous phase or between the gaseous and solid precursors. Nucleation starts
when the partial pressure of the gaseous compound reaches the supersaturation point.”®!2%123 After
the nucleation process, the crystal starts to grow along a certain crystal orientation with lowest
formation energy. Numerous vdW materials, such as graphene and TMDs, have been successfully
synthesized through CVD.!?* Monolayer or few-layer form of non vdW materials, however, are
much more challenging to realize using the conventional CVD method due to the absence of a

saturated surface.

In the past few years, a few works have reported the synthesis of non vdW 2D materials
through surface confined CVD processes. Two typical strategies have been applied to achieve the

77:80.90 and halide-induced self-limit growth.**

surface confined growth, i.e., liquid metal synthesis,
Chen et al. demonstrated the growth of 2D GaN on liquid Ga spreading on W foil (Figure 2b) with
thickness down to 4.1 nm.”® During the CVD process, W atoms diffuse through the liquid Ga
droplet to form W-Ga alloy, leaving an ultrathin (< 2 nm) pure Ga layer on the surface of the
droplet. Upon the introduction of NH3, the surface Ga layer reacts with NH3 to form GaN, while
the underneath W-Ga alloy exhibits negligible reactivity. Hence the nitridation reaction is confined
on the surface of the Ga droplet to obtain 2D GaN. In another case, ultrathin non-layered Ge flakes
were synthesized by Hu et al. using a halide-induced self-limited CVD growth.”* KCl is introduced
into the synthesis environment to facilitate the in-plane growth of Ge flakes. Calculations reveal

that Cl atoms preferentially adsorb onto the (111) plane of Ge crystals and lowers the formation

energy of Ge crystal, which promotes the growth rate along this crystal orientation beyond other



directions. 2D Ge flakes down to 8.5 nm thick have been achieved. These examples show that
CVD method could be a powerful technique for non vdW 2D materials to achieve flakes with high
crystallinity and clean surface, although the lateral size and thickness varies for different flakes
even in one synthesis trial. Also, the growth process usually introduces other elements as
impurities or dopants, such as W in single crystal GaN, which potentially modifies the properties
of the synthesized flakes.”>* Moreover, the thinnest non vdW 2D materials prepared using CVD
method are usually reported in the few-nanometer regime. Such thickness is equivalent to ~10 unit
cell size. Synthesis of few- and the ultimate single-unit-cell-thick flakes remain challenging using

CVD techniques at the moment.

Confinement heteroepitaxy growth

Epitaxial growth, a widely used technique for thin film deposition and hybrid nanostructure
synthesis, involves the condensation of gaseous precursors on a substrate to form crystals.!?*1%5
Unlike standard CVD processes, epitaxial growth requires substrates with similar lattice
parameters as the single crystal to be deposited. While extensively studied for preparing
conventional semiconductor materials such as III-V compounds and quantum well superlattices,
epitaxial growth also plays a crucial role in synthesizing vdW 2D materials.**!?® For instance,
wafer-scale monolayer MoS: films have been successfully synthesized on Al.O3 substrates,
facilitating the application of MoS: in scalable nanoelectronic devices.'”> However, achieving
ultrathin non vdW 2D materials through conventional epitaxial techniques remains challenging.

The common thicknesses of the films significantly exceed the threshold for inducing the quantum

confinement effect, which is also the critical range for observing the most intriguing phenomena.

In recent years, a modified epitaxial growth, i.e., confinement heteroepitaxy growth (CHet),

has been demonstrated as a feasible approach for the synthesis of ultrathin non vdW 2D materials.
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Balushi et al. and Briggs et al. reported the synthesis of 2D GaN and 2D metals (Ga, In, Sn),
respectively.!?”1?® In both cases, an epitaxial graphene (EG)/SiC substrate is used for the growth,
as demonstrated in the schematic drawing in Figure 2c. A gentle H2 plasma is applied before
supplying growth sources to generate defects in the EG film so that the precursors can diffuse
through the defective EG film to reach the EG/SiC interface. The high energy EG/SiC interface
provides a strong thermodynamic driving force for 2D films to form. Researchers reported films
down to a few atomic layers thick in both works. Cross-sectional transmission electron microscopy
(TEM) images reveal the high crystallinity and well-controlled thickness of the grown film. In
summary, CHet is an excellent approach to prepare wafer-scale ultrathin non vdW 2D materials,
although the achievable products are limited by the availability of precursors and substrates. The
as-grown films is also difficult to be transferred to another substrate for post processing, as the

films are tightly bonded with the growth substrate.!?3

Liquid metal printing

Liquid metal printing is an emerging method to synthesize non-layered 2D metal oxides.””:12913!

Liquid metals, referring to those whose melting points are close to or below room temperature
(e.g., Ga, In, Hg), are ideal hosts for 2D metal oxides due to their electron-rich bulk and abundant
interfaces with surrounding environments. When exposed to an oxygen-rich atmosphere, an ultra-
thin oxide skin forms at the surface of liquid metal driven by its chemical active characteristics.''®
Such oxide skin can be easily isolated from the parent liquid metal and transferred onto an arbitrary
substrate. Two main techniques are used to separate the 2D metal oxide skin from the parent liquid

metal %!

The first is a straightforward peeling method by touching the liquid metal droplet with a
substrate (e.g., Si02/Si). The oxide skins usually possess weak interactions with the liquid metal

but a strong interaction with the substrates, which facilitates the peeling-off. Another technique is
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the gas injection method in which compressed air is injected to the liquid metal, causing the
ultrathin oxide layer to form rapidly at the air bubble interface. Afterwards, the oxide skin will be
dispersed into the DI water surrounding the liquid metal droplet, then the products can be further
collected through drop-casting onto the substrate. Using the liquid metal printing strategy,
Zavabeti et al. obtained several non-layered 2D metal oxides such as Ga203, HfO2, Al2Os, and
Gd203 (Figure 2d),%! all of which show smooth surfaces with ultrathin thickness from 0.51 nm to
2.78 nm. It is worth mentioning that the HfO2 film obtained from gas injection featured an
amorphous structure, while the peeling method gives polycrystalline oxides, which is attributed to

rapid growth within a shorter reaction time frame in the injection technique.

The liquid metal printing technique shows great capability for wafer-scale synthesis of 2D
metal oxide films with low thermal budget, which is in great demand for integrating 2D materials
with existing CMOS technologies.!*?"13* The printed 2D metal oxide film can be used as templates
to synthesize other 2D materials as well. For instance, Syed et al. further converted printed 2D
Ga203 into amorphous 2D GaN.!*! Nevertheless, this method usually produces samples with short-
range crystallinity, and the uniformity of the film thickness is dominated by the surface oxidation
and difficult to control. Moreover, the number of 2D materials achievable using this method is also

restricted by the limited number of metals with low melting points.

Atomic substitution

Very recently, a surface-confined atomic substitution approach that combines the ease of
downscaling vdW materials and chemical reactions has been demonstrated to obtain ultra-thin non
vdW 2D materials.>’ %8135 VAW materials such as MoS: are first exfoliated into 2D flakes as the
precursor, then a chemical reaction is applied to convert them into the 2D flake of a non vdW

material. The converted non vdW 2D flakes inherit the morphology and 2D nature from their vdW
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2D precursors. Figure 2e presents the schematic illustration and examples of this approach. Cao et
al. performed the nitridation reaction on MoS: flakes and obtained non vdW MosNe flakes
(thickness down to 2.1 nm) with inherited morphology and crystalli nity.”® Thickness of the
obtained MosNe decreases to 40% of the original thickness of the MoS: precursor due to the vanish
of the vdW gaps.” They also notice that the conversion works the best for MoS: flakes with the
thickness in the range of 5 to 15 nm (2 to 6 nm in term of MosNe). They further demonstrated that
this approach could be applied to make other non vdW metal nitrides, such as WsNe, TiN and GaN
by converting the vdW WS, TiS2 and GaS, respectively.”®” In this process, the metal skeleton
remains and chalcogen atoms are liberated from the lattice under high temperature (600-800 °C),
followed by the formation of metal-nitrogen bonds in the NH3 atmosphere.’®"3¢ Li et al. further
showed that the conversion initiates from both the edge and the defect sites on the surface of a
precursor flake, followed by an epitaxial conversion process.'**!3” The converted nitride crystals

are observed to share the same crystal orientation as the MoS:z precursor flakes.

There are several advantages of this approach toward providing non vdW 2D materials: (1)
the thickness of the obtained non vdW 2D materials can be precisely controlled and tuned by the
number of layers of the vdW 2D precursor;’® (2) Heterostructures between the converted non vdW
material and the vdW precursor material can be realized readily through the partial conversion.
Examples are discussed in later section (Fabrication of high-quality heterostructures); (3) This
method can be extended to synthesize many other non vdW 2D materials by using different vdw
materials as precursors and carrying out different chemical reactions. For example, a few chemical
reactions have been exploited in preparing the 2D form of the non vdW crystals from
corresponding vdW 2D precursors: MoSz + CHa 2 Mo2C,"*>13¥ InSe + XeF2 > InF3,%° Cdlz + S

- CdS,>® MoS:2 + PHs = MoP,>” and HfS> + O2 = Hf02.* In all these cases, non vdW 2D flakes
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with their thicknesses ranging from few nanometers to tens of nanometers with smooth surfaces
were reported. Additionally, the thickness of the synthesized non vdW flakes substantially reduces
compared to the vdW precursors, aligning with the disappearance of vdW gaps in the crystals. On
the negative side, products of the atomic substitution method are limited by the availability of
precursors in their 2D forms. Synthesis of single-atom-thick flakes has not been achieved either.
As reported by Wang et al., the conversion from MoS2 to MoP produces amorphous film if
monolayer MoS: flakes are used as precursors.’’ Crystalline areas are observed in thicker samples

and the portion of crystalline area increases with thickness of the precursor MoS: flakes.

Properties modification at 2D limit

It has been widely reported that vdW 2D materials often undergo significant property changes
compared to their bulk counterparts due to the quantum confinement effect, disrupted structural
symmetry, and increased specific surface area (SSA).!#84%139-147 For example, the optical bandgap
energy of MoS: increases from 1.2 eV (bulk) to 1.8 eV (monolayer) and transit from an indirect
to a direct bandgap.'®* The dimension-controlled properties are also expected in non vdW
materials. However, due to the lack of available samples, there are only a handful of studies
reported this phenomenon. Below are several instances of reported property modifications for non
vdW materials at the 2D limit compared to their bulk counterparts, where the quantum confinement
effect and increased SSA play key roles. We expect the discussion on these studies to serve as

potential inspirations for further research in the field.

Notably enlarged bandgap energies have been reported in some non vdW wide gap
semiconductors at the 2D limit. Group III-V compounds, especially GaN, has been widely studied
conventionally for optoelectronic applications due to its wide, direct bandgap (3.4 eV), high

electrical breakdown voltage, and high charge carrier mobilities.!*® As shown in Figure 3a,
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calculations have predicted that the bandgap energy would increase dramatically at reduced
thicknesses from ~ 4 eV for a 5-layer sample to 5.28 eV for a monolayer sample.!?” With the
increase of bandgap energies, the performance of GaN-based optoelectronic devices is expected
to be further improved due to the enhanced excitonic effect at larger band gaps.'*!>° Experimental
observations also echo with the theoretical predictions. Chen et al. reported that GaN single
crystals exhibit prominent blue-shift from bulk to 2D in photoluminescence emission spectra, as
shown in Figure 3b, where the emission peak shifts from 3.40 eV (bulk) to 3.76 eV (5.2 nm).”° A
stronger emission intensity is also observed on 2D GaN flakes, which is attributed to a higher
internal quantum efficiency at reduced dimension. Cao et al. also reported the blue shift of
photoluminescence emission in 2D GaN with sample thicknesses, where the emission peak shifts

from 3.5 eV (25 nm thick) to 3.7 eV (4.4 nm thick).”

In addition to the modulation of bandgap energies, recent investigations have unveiled a
noteworthy reversal in the magnetic ordering of a-Fe2O3 as it undergoes dimensional reduction
from bulk (hematite) to a 2D form known as hematene.?*!!* Extensive studies have traditionally
classified hematite as a weak ferromagnetic (FM) material above the Morin transition temperature
(Twm) of approximately 265 K, transitioning into an antiferromagnetic (AFM) state below Twm.'”!
Interestingly, Balan ef al. studied hematene with thickness down to 0.8 nm, revealing consistent
FM properties across the entire temperature range from 10 K to 300 K.!'* Figure 3¢ and 3d show
the field cooled-zero field cooled (FC-ZFC) curves of hematite and hematene, respectively. The
differential of the curves is shown in the insets, where a sharp peak in the hematite suggests an
abrupt transition from FM to AFM around Tm. Meanwhile, no such transitions were observed for
hematene. The distinctive magnetic ordering exhibited by hematene is attributed to an increased

influence of surface spins at lower dimensions. In a-Fe203, the Fe**-O-Fe** superexchange
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interactions contribute to the AFM ordering, but the magnetic moment associated with this
interaction is markedly reduced at the surface.'>* The elevated SSA at the 2D limit suppresses

AFM ordering in hematene, leading to its manifestation of FM ordering.
Advancing the 2D electronics as key components

With the persistent exploration of 2D materials, researchers have discovered many materials with
promising electrical and optical properties that can advance the development of flexible and
ultrascaled electronics.>**33112.133 Field-effect transistors (FETs) are the building blocks of
electronic devices such as logic gates, current amplifiers, and electronic oscillators. A FET
typically consists of three components, i.e., metallic contacts, insulating dielectrics, and
semiconducting channels.?’ Each of these components plays a specific role in the operation and
hence different figures of merit are developed to benchmark the candidate materials for each
part.!3%15 In the semiconductor channels, the charge carrier (electrons or holes) mobility is one of
the critical properties, as this quantity determines how fast the FETs channel responds to gate
tuning, and hence the switching speed of the FETs. For dielectric materials, conversely, the
dielectric constant (k) and dielectric strength (i.e. breakdown electric field intensity) are the key
material metrics, as the gate tunability relies on these parameters. Hereby, we will discuss the
recent progress of non vdW 2D materials in achieving semiconductors with high charge carrier
mobility and dielectrics with high dielectric constants, which are valuable supplements to 2D

electronics due to their rarity among vdW 2D materials.

High mobility semiconductors

TMDs are widely studied and especially as semiconducting channel materials in FETs due to their

appropriate bandgap energies, and have been well recognized as promising candidates for beyond-
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silicon technologies.!®!3%!57 Despite that the charge carrier mobility in bulk MoS: is typically over
an order of magnitude lower than that of single crystalline Si films, the situation reverses at the 2D
limit.***%% Monolayer MoS2 has much higher mobility values than Si of similar thicknesses as
charge carriers experience significant scattering in ultrathin (< 3 nm) Si due to the rough surface
and surface dangling bonds.*> However, although surface dangling bonds are the nature of non
vdW materials, it is rational to expect that improved synthesis techniques will produce a smooth
surface and reduce scatterings. Aiming on this task, researchers have been attempting to prepare
high-quality conventional semiconductors (e.g., GaN and Ge) in their 2D form through CVD
approaches.””?* Figure 4a shows the schematic illustration and false-colored SEM image of a back-
gated FET device made on a GaN flake. The transfer curve in Figure 4c shows an n-type
semiconducting behavior of 2D GaN with a field effect mobility of 160 cm? V! s71.%° In the case
of 2D Ge, Hu et al. reported a hole mobility of 263 cm? V! s on a ~20 nm thick sample.” It is
worth noting that the sample thicknesses in these works far exceed the thickness of monolayer
MoSa2, so the direct comparison of mobility values would not be fair. Yet they provide a promising

starting point for future research.

High-k dielectrics

Apart from channel semiconductors, insulating materials are another critical constituent in modern
electronic chips as gate dielectrics, insulating spacers, and thermal dissipation materials.'>®
Different criteria are applied to evaluate candidate materials for each application, and we will focus
on gate dielectrics in the discussion within this section. For gate dielectrics, a high k value is
essential for the effective tuning of FETs. Unfortunately, preparing vdW 2D materials with high k

is still a great challenge in the field after two decades of exploration. The most commonly used

vdW 2D dielectrics, hBN, has a k value of 3~5, which is comparable to the thermal oxide SiO2.'>’
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In fact, hBN is not the best candidate for dielectrics if considering its dielectric constant. Plenty of
dielectric materials with much higher k values than hBN have been discovered,’® although scaling

down these materials into 2D regime is a challenging task due to their non vdW crystal structure.

In recent years, the synthesis of non vdW 2D Ta20s and HfO2 through an oxidation process
of the corresponding 2D sulfide flakes has been reported.®>*"-#92 Owing to the unstable structure
and a consequential low oxidation threshold, HfS2 and TaS: can be easily oxidized through oxygen
plasma exposure,®**° laser irradiation,” or thermal annealing in air.*”%® Very recently in 2022,
Huang ef al. and Yang et al. reported the scale down of another non vdW material with an ultra-
high k value, SrTiO3, into the 2D form through an epitaxial growth process.”>!%* The dielectric
constant of the synthesized layer increases with thickness, while a maximum value around 100
was observed at 30 nm thickness, which is around thirty times higher than hBN.!>® Hereby, we
summarize the k values and dielectric strengths of 2D SrTiO3,”>'° Hf0,,%*% Ta»0s,278 and
compare with hBN in Figure 5.15%161-164 Apart from k values, we also compared the equivalent
oxide thickness (EOT) of each tested film in the inset of Figure 5a. EOT describes the equivalent

thickness of SiO2 required to match the specific capacitance of the tested film, and it is given by

ksi . . .
the formula EOT = % * ty. Here kg0, and k, are the dielectric constant of SiO2 and tested film,
X

respectively, and t, is the thickness of the tested film. Note that a lower EOT value at the same
film thickness suggests more efficient gate tuning. From Figure 5a, the non vdW metal oxides

show much higher k values than hBN, which is beneficial for high-performance FETs.
Fabrication of high-quality heterostructures

2D heterostructures have been extensively studied and demonstrated great promises in electronic

devices applications. Summarizing from research over a decade, a common sense has recently
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been established that a chemically clean, atomically sharp, and well contacted interface is vitally
important for high performance devices.*!916¢ Artifacts generated during the fabrication process
usually leads to degradation of device performance. For example, the conventional approach to
fabricate electrodes on 2D materials (lithography and metal deposition) usually introduces polymer
residue at the metal-semiconductor interface (from lithography) and chalcogen vacancies in TMDs
(during metal deposition).’!->%167:168 Sych contaminated interface inevitably leads to the FLP effect,
which raises the Schottky barrier height for charge transport, resulting in high contact resistances,
and low charge carrier mobilities.’>!% Another example is excess contamination introduced during
the fabrication process of vdW heterostructures (e.g., h-BN/TMDs heterostructures) by
transferring and stacking. The air bubble and polymer residues deteriorate the interaction between

two 2D layers at the interface.*!6>170:171

Recent advancements in the synthesis of non vdW 2D materials, especially through atomic
substitution, have enabled a technical route for fabricating high-quality 2D heterostructures. This
approach involves converting vdW 2D materials into their non vdW counterparts in a selective
and controllable manner. Both lateral (parallel to the vdW gap) and vertical (across the vdW gap)
heterostructures have been achieved via rational design (Figure 6a and 6b): Li et al. fabricated
MoS2-MoN lateral heterostructures by encapsulating part of a MoS: flake and converting the
exposed region into MoN;!%¢ Lai et al. treat multilayer HfS2 with Oz plasma and converted the
surface layers into HfO:2 to form HfS>-HfO> vertical heterostructures.®” The sample degradation
and contamination are minimized by avoiding the use of polymer and exposure of the sensitive
surfaces. In this section, we will introduce some recent studies on achieving a clean and sharp

interface using vdW-non vdW 2D heterostructures and the consequential performance
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improvement. These heterostructures have been reported to use as (1) metal-semiconductor edge

contacts, and (2) native oxide insulating layer on 2D semiconductors.

Metal-semiconductor edge contact

Compared to surface contacts, the edge contact geometry shows the capability to improve the
metal-semiconductor contacts for vdW 2D materials.**!”> Higher charge carrier mobility and
lower contact resistance have been reported in MoS2- and graphene-based FETs with edge
contacts.*!"2173 However, fabricating this lateral heterostructure with high quality interface is
difficult with conventional fabrication techniques. The process involves patterning the flakes with
polymers followed by plasma etching and metal deposition, where polymer residues, over-etching,
and edge exposure inevitably degrades the connection between 2D flakes and metal electrodes.!”
Li et al. demonstrated an alternative approach to fabricate the edge contact by converting the two
ends of a MoS: flake into MoN with NH3, while the middle is passivated by an Al2O3 mask (Figure
6a).!*% The obtained MoN-MoS2-MoN structure is a metal-semiconductor-metal heterojunction
with atomically bonded seamless one-dimensional (1D) interfaces. In another work, Jeon et al.
reported a MoS2-Mo2C lateral heterostructure fabricated using a similar method, where CHa
instead of NH3 is used for the conversion for Mo2C.!3%!3 Reduced contact resistances and lower
Schottky barrier heights are observed in both works compared to conventional top metal
electrodes.’’*13¢!73 Planar high resolution TEM images confirmed clean and atomically sharp
interfaces across the MoS2-MoN junction (Figure 6¢-f), which facilitates the transport of charge
carriers.** Although Schottky contacts are still observed at the interface in these works, we
envision that the ultimate Ohmic contact can be realized by engineering the band alignment

between the semiconductor and metallic material in this lateral heterostructure. For example,
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partially converting MoS: into another metallic material whose work function matches the electron

affinity of MoS: will lead to an ideal contact to n-type channel.!”

Native oxide insulating layer

Atomic layer deposition (ALD) is a powerful technique to prepare a variety of metal oxide films
(e.g., HfO») as dielectric layers for Si technologies.!*® However, when adapted to TMDs devices,
the uniformity of the deposited film experience serious degradation attributed to the hydrophobic
nature of TMDs surfaces.!”*17¢ In response to this technical obstacle, Lai et al. demonstrated a
method to construct HfS2-HfO: vertical heterostructures.® This involves treating HfS: flakes with
O2 plasma to convert surface layers into HfO2, and subsequently depositing gate electrodes (Figure
6b). In this context, the native HfOz layer functions as a dielectric for the HfS2 channel. Cross-
sectional scanning transmission electron microscopy (STEM) measurements validate the uniform
HfO:2 layer and atomically sharp interface in this HfS2-HfO: heterostructure (see Figure 6g and
6h), representing a substantial improvement compared to the analogues prepared through ALD
routes. Notably, a reported subthreshold swing (SS) value of ~67 mV/dec establishes a benchmark
for 2D HfS2-based FETs. Furthermore, thickness of the oxide layer can be controlled by carefully
tuning the plasma processing parameters. Borah ef al. demonstrated the conversion of topmost
layer of few-layer WSe: flakes into an ultra-thin tungsten oxyselenide (TOS) tunneling layer for
the metal-insulator-semiconductor (MIS) contact strategy.!’” The application of the TOS tunneling
layer imposes a significant improvement in performance compared to conventional WSe2 FETs.
To sum up, the atomic substitution approach provides a great way to fabricate high-quality 2D

heterostructures, which is vital for electronic devices applications.

Conclusion and future directions

21



In summary, non vdW 2D materials exhibits substantial promise as key components in 2D
electronic devices. Due to the challenges in synthesis, the study of non vdW 2D materials is still
in the early stages compared to the vdW 2D field and there are ample opportunities for future
investigations. Nonetheless, numerous studies have emerged, underscoring the considerable
potential of non vdW 2D materials as valuable additions to vdW 2D materials and beyond.
Anticipated to play a pivotal role in advancing 2D electronic devices toward practical applications,
non vdW 2D materials hold significant promise. Here, we present our insights into future
directions that merit attention to expedite the development of non vdW 2D materials, with the aim

of inspiring researchers engaged in this field.

(1) Explore more non vdW 2D materials. The rapid advancement of vdW 2D materials in

the past two decades has propelled the evolution of nanoelectronics,***178

while the study of non
vdW 2D materials already shows potential in filling the gaps in vdW 2D materials, fostering
materials evolution. Although the synthesis method and properties of quite a few non vdW 2D
materials have been reported, there remains ample space for exploration along this path. Exploring
the downscaling of more non vdW crystals will be the essential task to search for desired properties
and functionalities. We suggest that future studies should focus on scaling down the non vdW
materials whose bulk phases already show great properties or are commercialized for industrial
applications, such as III-V semiconductors and their alloys.'*®!”® We also want to point out that at

the early stage, achieving successful synthesis and understanding the fundamental properties of

the material is more important than other practical considerations (e.g., harsh synthesis conditions).

(2) Synthesis of single-unit-cell non vdW 2D materials. Despite various demonstrated
synthesis routes for non vdW 2D materials, the majority of synthesized films and flakes are

composed of multiple unit cells with thickness ranging from a few to tens of nanometers.!?>!!
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Materials with thickness of a single unit cell, representing the thinnest limit of the interested non
vdW materials, have rarely been reported. This is a rather challenging task owing to the strong
interlayer bonding in non vdW crystals. Yet, realizing single-unit-cell layers would provide access
to many fascinating phenomena considering that the quantum confinement effect is maximized at
this limit.'® It could also potentially create an unexplored set of 2D crystals that are distinct from

the common phases existing in bulk, boosting the discovery of more functionalities.

(3) Scalable synthesis. Apart from the downscaling of crystals, it is also crucial to upscale
the lateral size of the 2D material for practical applications (integrated circuits, efc.). The isotropic
strong bonding in non vdW crystals facilitates the growth in all dimensions, restricting the domain
size of the ultra-thin 2D crystals. This limitation results in small lateral size of the crystals or
excessive domain boundaries in a continuous film. While some experimental approaches, like
liquid metal printing, have achieved wafer-scale non vdW 2D films, this method may not provide
access to many highly crystalline 2D crystals.®” Therefore, achieving scalable synthesis of 2D non

vdW crystals is imperative for their industrial applications.

(4) Property modifications through surface termination group engineering. Different from
the saturated surface of vdW 2D materials, non vdW 2D materials possess a surface rich of
dangling bonds. The unsaturated surface is in a metastable state and can bind with functional
groups from the external environment.'*® We consider the dangling-bond-rich surface as a double-
edge sword: On the negative side, the random termination groups on the surface of the non vdW
2D materials could cause the deviation and a variation of their properties. On the positive side, it
offers a potential avenue to tune and control the properties of the non vdW 2D materials. Learning
from the extensively studied MXenes materials, which also possess dangling-bond-rich surfaces,

the work function and adsorption energy of gas molecules can be tuned through engineering the
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surface termination groups.'®!"!82 While controlling, tuning and characterizing termination group
engineering remains largely unexplored for most non vdW 2D materials, we envision this as a

promising direction to advance this research field.

(5) Doping techniques for p- and n-type semiconductors. Envisioning the discovery of a
variety of semiconducting non vdW 2D materials with desired properties for nanoelectronics in
the next decade, a few more process nodes for this group of materials are to be developed to
enhance their industrial applications. Both p- and n-type doping techniques are to be developed
for the fabrication of high-performance FETs devices with non vdW 2D semiconductor channels.
Similar to vdW 2D materials, many doping techniques designed for bulk crystals (e.g., ion
implantation) will not be applicable to non vdW 2D materials, especially the ultrathin ones, due to
the excess strain and defects induced during the process.” Substitutional doping, either during or

after the synthesis process, is highly preferred to achieve stable and effective material tuning.
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Figure 1 (a) Schematic illustration of van der Waals crystals and non-van der Waals crystals.

(b) Periodic table summarizing the elements present in 2D and bulk forms.
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Figure 2 cont. (a) Sonication exfoliation. Optical images show the bulk and 2D a-Fe203
dispersed in DMF. SEM image shows the exfoliated monolayer and bilayer 0-Fe203.!'* Image
was reproduced with permission from Ref. 114. Copyright 2018 Springer Nature. (b)
Chemical vapor deposition (CVD). Optical and AFM images of synthesized Ge flakes show
their 2D nature.’* Image was reproduced with permission from Ref. 94. Copyright 2018
American Chemical Society. (c) Confinement heteroepitaxy growth (CHet). SEM and cross-
sectional TEM images of 2D Ga film are presented.'?® Image was reproduced with permission
from Ref. 128. Copyright 2020 Springer Nature. (d) Liquid metal printing. SEM, TEM and
SAED of the prepared Al,O, film reveal polycrystallinity in the sample.®' Image was

reproduced with permission from Ref. 61. Copyright 2017. Copyright American Association
for the Advancement of Science. (e) Atomic substitution. Optical images show observable
change after reaction. Thickness of the flakes decreased significantly from AFM
measurements.’®
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Figure 3 Properties modification of non vdW materials at 2D
limit. (a) Calculated thickness dependence of bandgap energy
of different I1I-V compounds.’” Image was reproduced with
permission from Ref. 127. Copyright 2016 Springer Nature. (b)
Photoluminescence spectra of bulk and 2D GaN.*° Image was
reproduced with permission from Ref. 90. Copyright 2018
American Chemical Society. (c, d) FC-ZFC plot of hematite (c)
and hematene (d).*** Insets show the derivatives of the
corresponding plots. Image was reproduced with permission
from Ref. 114. Copyright 2018 Springer Nature.
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Figure 6 Fabrication of vdW/non vdW heterostructures through atomic
substitution. (a, b) Schematic illustration of fabrication process for lateral
(a) and vertical (b) heterostructures. (c-f) High resolution planar TEM
image (c) and fast Fourier transformation (FFT) patterns (d-f) of each
section in the MoS,-MoN lateral heterostructure: (d) MoN, (e) interface, (f)

MoS,."* Images were reproduced with permission from Ref. 136.

Copyright 2022 American Chemical Society. (g, h) High resolution cross-
sectional STEM image HfS,-HfO, vertical heterostructure. (h) shows the
zoom-in image of area labeled with black square in (g).?° Inages were
reproduced with permission from Ref. 89. Copyright 2018 Royal Society
of Chemistry.
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Table 1 Representative vdW and non vdW 2D materials achieved experimentally for each

element.
Atomic Element vdW 2D Non vdW  Atomic Element vdW 2D Non vdW
number 2D number 2D

1 H Mg(OH), AI(OH)3 43 Tc N/A TcN
2 He Inert gas 44 Ru RuCl; RuO,
3 Li LixCo0O- N/A 45 Rh N/A N/A

4 Be N/A N/A 46 Pd PdSe; Pd film
5 B h-BN MoB; 47 Ag AgCrP,Ses Ag film

6 C Graphene Mo,C 48 Cd CdPS; CdS

7 N h-BN MosNg 49 In InSe InF;

8 (0] MoOs3 TiO; 50 Sn PbSnS; Sn film
9 F Fluorographene InF3 51 Sb Sb,S; N/A
10 Ne Inert gas 52 Te WTe; Cr,Te;
11 Na Na;Co,TeOg N/A 53 I Crls N/A
12 Mg MgPS; Mg3(PO4)2 54 Xe Inert gas

13 Al AlSiOs ALOs 55 Cs N/A N/A
14 Si Al SiOs Zn;,S104 56 Ba N/A Ba,CIF;
15 P Black P MoP 57 La LaTe; N/A
16 S MoS; CdS 58 Ce CeF; CeO,
17 Cl RuCls AgCl 59 Pr PrF; N/A
18 Ar Inert gas 60 Nd NdF3 N/A
19 K N/A N/A 61 Pm N/A N/A
20 Ca Ca(OH): CaCO; 62 Sm N/A SmF3
21 Sc AgScP,Ss AlScN 63 Eu N/A N/A
22 Ti TiS, TiO» 64 Gd N/A Gdy0;
23 A% VS, VoN 65 Tb N/A N/A
24 Cr CrPS; CrN 66 Dy N/A Dy,Ss3
25 Mn MnP,Se MnO; 67 Ho N/A N/A
26 Fe FePS; FeS 68 Er N/A N/A
27 Co CoPS; CoO 69 Tm N/A N/A
28 Ni NiPSs NiO 70 Yb N/A N/A
29 Cu CuPSe; CuBr 71 Lu N/A N/A
30 Zn ZnPS; ZnS 72 Hf HfS, HfO,
31 Ga GaS GaN 73 Ta TaS, TayOs
32 Ge GeSe Ge 74 %% WS, W;sNe
33 As As,S; N/A 75 Re ReS; N/A
34 Se WSe; CrSes 76 Os N/A N/A
35 Br TiBr3 CuBr 77 Ir N/A SrlrO;
36 Kr Inert gas 78 Pt PtSe, Pt film
37 Rb N/A N/A 79 Au N/A Au film
38 Sr N/A SrTiOs 80 Hg HgaP>Se N/A
39 Y N/A YBa,CuOy 81 Tl TIGaS; N/A
40 /r ZI‘Sz ZrN &2 Pb PbSnSQ CH3NH3PbI3
41 Nb NbS; NbN 83 Bi Bi;Tes CuB1,04
42 Mo MoS; Mo,C 84 Po N/A N/A
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Table 1 Cont.

Atomic Element vdW 2D Non vdW

number 2D
85 At N/A N/A
86 Rn Inert gas
87 Fr N/A N/A
88 Ra N/A N/A
89 Ac N/A N/A
90 Th N/A N/A
91 Pa N/A N/A
92 U N/A N/A
93 Np N/A N/A
94 Pu N/A N/A
95 Am N/A N/A
96 Cm N/A N/A
97 Bk N/A N/A
98 Cf N/A N/A
99 Es N/A N/A
100 Fm N/A N/A
101 Md N/A N/A
102 No N/A N/A
103 Lr N/A N/A
104 Rf N/A N/A
105 Db N/A N/A
106 Sg N/A N/A
107 Bh N/A N/A
108 Hs N/A N/A
109 Mt N/A N/A
110 Ds N/A N/A
111 Rg N/A N/A
112 Cn N/A N/A
113 Nh N/A N/A
114 Fl N/A N/A
115 Mc N/A N/A
116 Lv N/A N/A
117 Ts N/A N/A

118 Og Inert gas




Table 2 Non vdW 2D materials reported for nanoelectronics and optoelectronics applications

Material E, Thickness  Lateral size Highlights
(eV) (nm) (pm)
Cr,S;” - 1.9-7.9 ~150 p-type, Tn =120 K
Fe;0,°  0.038- 4-40 4-7 Broadband photodetection up to 10.6 pm
0.057
Fe,05'" 2.7 1-4 ~20 Ferromagnetic hysteresis loop
Cds*® - 2-35 ~100 Fast photodetection rise & decay (50 ps)
GaN”’ 3.76 ~4 ~20 Mobility = 160 cm?-V'-s™, on/off ~ 10°
Ge™ 0.67 8-25 ~20 Mobility =263 cm* V'’
InF5*’ 2.2 4-45 ~30 Resistivity = 2*10°> Q-m at room
temperature
CuBr'® 2.92 0.9-8.8 ~45 High photo response (3.17 A/W), high EQE
(1126%)
Ta,0s®  3.8-5.3 1-30 ~30 k=15.5,SS = 61-64 mV/dec (MoS,)
HfO,¥17¢  ~55 5-10 ~20 k ~ 15, B, =0.5-0.6 V/nm. SS = 100
mV/dec (MoS,), 67 mV/dec (HfS,)
SrTiOs” 3.2 5-30 Wafer scale  k =30-100, SS = 71.5 mV/dec (MoS,)
ITO” 3.9 ~1.5 Wafer scale  Rs = 5.4 kQ/sq, Transmittance = 99.3%
MoP”’ N/A 3-10 ~30 Edge-plane similar HER performance
MosNg™ N/A 2-40 ~20 High electrical conductivity (229.6 S/cm)
5-MoN® N/A 2-40 ~20 High electrical conductivity (3126 S/cm)
Mo.C'*  N/A 6-60 ~20 Rs = 123.6 Q/sq, n(e)ap = 5.84*10" cm™
WsNg'*  N/A 1.4 Wafer scale  Rs ~ 20 kQ/sq, mobility = 35.4 cm* V'™

Note: Tn = Neel temperature, EQE = external quantum efficiency, k = dielectric constant, SS =
subthreshold swing, Rs = sheet resistance, HER = hydrogen evolution reaction, n(e)2p = two-
dimensional electron concentration
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