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Over the past decades, construction of nanoscale electronic devices with novel functionalities based on
low-dimensional structures, such as single molecules and two-dimensional (2D) materials, has been
rapidly developed. To investigate their intrinsic properties for versatile functionalities of nanoscale
electronic devices, it is crucial to precisely control the structures and understand the physical properties
of low-dimensional structures at the single atomic level. In this review, we provide a comprehensive
overview of the construction of nanoelectronic devices based on single molecules and 2D materials and
the investigation of their physical properties. For single molecules, we focus on the construction of
single-molecule devices, such as molecular motors and molecular switches, by precisely controlling

Received 31st December 2021, their self-assembled structures on metal substrates and charge transport properties. For 2D materials,

Accepted 23rd March 2022 we emphasize their spin-related electrical transport properties for spintronic device applications and the

DOI: 10.1039/d1cp05981e role that interfaces among 2D semiconductors, contact electrodes, and dielectric substrates play in the
electrical performance of electronic, optoelectronic, and memory devices. Finally, we discuss the future

rsc.li/pcep research direction in this field, where we can expect a scientific breakthrough.

1. Introduction nanoribbons, nanotubes, and two-dimensional atomic crystals,

are important building blocks for bottom-up construction of
Low-dimensional structures and their hierarchical systems, nanoscale electronic devices with novel functionality.'"® As one
including atom clusters, molecules, quantum dots, nanowires, of the smallest building blocks, molecules often self-assemble into
ordered nanostructures on solid surfaces."'° By precisely control-

ling their structures and properties,'">"8?1:21°57 qata recordin
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device functions at a single molecule level,>**”* such as single-
electron transistors,”> single-molecule transistors,’*”® and
single-molecule switches.”” ®° Moreover, controlling the motion
of molecules at a single molecule level*®*¢433:>6:81 a]lows for the
construction of molecular machines,**® including molecular
nanocars,*®*° molecular propellers,”’** molecular gears,”*
and molecular motors,'*>**771%* which builds up a funda-
mental basis for future nanoengineering of biological processes
like those of natural motor proteins.

Two-dimensional (2D) atomic crystals, such as
graphene'®®'%® and transition metal dichalcogenides,"'® have
atomically thin and flat surfaces and are free of dangling
bonds,""" facilitating effective gate control even at the ultimate
2D atomic layer limit,""> and constitute the promising building
blocks for construction of high-performance nanoelectronic
devices'"® and integrated circuits."'* For graphene, since its
successful isolation by the mechanical exfoliation method in
2004, tremendous efforts have been devoted to growing
large-scale and high-quality graphene, such as chemical vapor
deposition (CVD) growth on metal''>™'® or dielectric sub-
strates'''?> and epitaxial growth on metal substrates.'**™'**
However, the introduction of wrinkles or contaminations during
the transfer process after growth severely influences the intrin-
sic properties of graphene.'?®*** Furthermore, the presence of
defects formed during growth, such as grain boundaries,**'*>™*!
makes the construction of high-performance electronic and quan-
tum devices even more challenging. Therefore, developing a
transfer-free method to place graphene on dielectric substrates
to be compatible with Si technology is highly required.

Beyond graphene, transition metal dichalcogenides (TMDCs)
with the chemical formula of MX,,"'®*? in which M stands for
transition metals (such as Mo, W, Nb, V, and Cr) and X stands for
chalcogen elements (such as S, Se, and Te), emerge as a family of
materials with novel properties, such as thickness-dependent
bandgaps,''® strong spin-orbit coupling (SOC),'** and valley
polarization,'** making them attract extensive research attention
in not only their novel physical properties'®> but also their
applications for nanoelectronics and nanophotonics.'*® In mono-
layer transition metal dichalcogenides, the inversion symmetry is
broken and the strong SOC will induce degeneration of valley-
locked spin-split,"*>'*” allowing for control of the spin and valley
polarization states for next generation spintronic and valleytronic
devices."*"*#°° Moreover, the experimental discovery of intrin-
sic ferromagnetism in mono- or few-layered Crls,"" Cr,Ge,Tes,"
and VSe,"* has ignited intense exploitation of 2D magnetism in
TMDCS.154_156

van der Waals (vdW) heterostructures with atomically clean
and sharp interfaces can be formed by layer-by-layer stacking of
2D materials with different band profiles,””'*® providing
unprecedented opportunities for construction of novel electro-
nic devices. The wide range of band gaps in 2D semiconductors
from 0.4 to 2.0 eV allows the formation of vdW heterostrucu-
tures with type I (straddling gap), type II (staggered gap),
and type III (broken gap) band alignments."*>'®® Compared
to conventional quantum wells or superlattices, vdW hetero-
structures have steep band edges, giving rise to revolutionary
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possibilities of quantum engineering the transport of charge
carriers and excitons.'® Moreover, vdW heterostructures can
be formed by either vertically or laterally stacking 2D semi-
conductors, enabling the construction of novel proof-of-
principle devices.'®>'® Benefitting from their atomically clean
and sharp interface properties, these electronic and optoelec-
tronic devices showed extraordinary performance and unique
functionality."®

In this article, we present a comprehensive review on the
recent progress and frontiers of the construction and physical
properties of low-dimensional structures for nanoscale electro-
nic devices. Firstly, we review the construction of a single
molecule device (Section 2), which represents the smallest
building block for nanoscale electronic devices. Then we dis-
cuss the construction of electronic devices based on high-
quality and single-crystal graphene epitaxially grown on a
Ru(0001) substrate (Section 3), the electrical transport proper-
ties of magnetic transition metal dichalcogenides (Section 4),
and construction of nanoscale electronic devices based on 2D
materials (Section 5). Finally, we summarize this review and
give an outlook for future research in this field.

2. Construction of a single molecule device

In organic electronic devices, the charge transport behavior is
mainly governed by the orientation and stacking of mole-
cules.®®”""7° In the past years, great efforts have been devoted
to controlling the formation of molecular structures and their
electronic properties at the single molecule level,""*"*" such as
the growth dynamics of various functional molecules and
single molecule configurations on metal surfaces with mono-
layer or sub-monolayer coverage,'?%17722:26:29,3247,17L172 gy
dependent electronic properties of molecules with magnetic
ion centers,>?>*8523435,60°62 and motion of single molecules
on metal surfaces. One of the key challenges for
single molecule electronic devices lies in how to control their
electronic transport properties through a single-molecule
junction,'”® ie. control their electronic conduction channels
by modulating the various molecular orbitals to get two stable
and distinguishable electronic states for either logic or memory
device applications,%3¢:52:54:58:59,61,62,174 G0q control over the
rotation axis and frequencies of the molecules in their self-
assembled structures on a very large scale is the key require-

ment for construction of molecular machines like molecular
16,41,49,56,81

16,41,49,56,81

rotors.

2.1 Construction of a single molecular rotor and its array
formation on Au(111) surfaces. As an important member of the
family of molecular machines, molecular rotors can convert
external energy into orchestrated motion at the molecular level,
such as light illumination, chemical reactions, and electric
fields. Precise design and control over the “on” and “off” states
of molecular rotors have great implications for their eventual
applications, which has been realized by charge states, selec-
tion of anchoring sites, and interaction between rotors and
surrounding molecules. Furthermore, the capability of self-
assembling individual molecular motors into large scale
ordered arrays while retaining their original functions is the
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key ingredient for their further integration into complex mole-
cular machines. Molecular motors assembled on solid surfaces
can be easily accessed by applying an electric field and
addressed by in situ surface analysis techniques, such as scan-
ning tunneling microscopy (STM), which can image the mole-
cular motors with ultra-high spatial resolution, study the
dynamics of molecules by inelastic electron tunneling spectro-
scopy, and manipulate the molecular motors with STM tips.
Phthalocyanines (Pcs) and their derivatives represent an
ideal class of molecules to construct molecular motors because

a well-defined off-center rotation axis is fixed on the surface by
anchoring the nitrogen atom in the molecular framework by a
single metal adatom on the reconstructed metal substrate by
forming strong N-metal bonds.'®® The lateral motion of the
molecule keeps it stationary with respect to the anchoring site,

while the rotational degree of freedom around the nitrogen-metal
16,56

bond is conserved by thermal excitation. Fig. 1(a) shows an
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Fig.1 STM characterization of a large-scale ordered molecular motor
array of (t-Bu);—ZnPc molecules on an Au(11l) surface: (a) large-scale
ordered array; (b) molecular rotors and (c) single molecule rotor showing a
“folding fan” feature. (d) Tunneling current versus time spectrum mea-
sured on the molecular rotor. The position taken for the /-t spectrum is
indicated by the arrow and spot in (c). (e) STM image of one single (t-Bu)4—
ZnPc molecule at the elbow position. (f) Au adatom acting as the rotation
center after the molecule in (e) was removed during scanning. Adapted
with permission from ref. 16. Copyright 2008, American Physical Society.
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STM image of a large-scale ordered molecular motor array of tetra-
tert-butyl zinc phthalocyanine [(¢-Bu),~ZnPc] molecules on a 22 x

/3 reconstructed Au(111) surface.'”2*?>175718 Most of the mole-
cules adsorb at the elbow positions of the Au(111) reconstructed
surface (Fig. 1(b)), forming a “folding fan” structure (Fig. 1(b and
¢)). The tunneling current periodically oscillates with amplitudes
between 0 and 5 nA (Fig. 1(d)), revealing that the “folding fan”
feature comes from the frequency mismatch between the low-
frequency imaging and high-frequency rotation of (¢-Bu)4-ZnPc
molecules driven by thermal energy. The presence of a rotation
center is the prerequisite for rotation of molecules, which is
formed by pinning of one nitrogen atom of (+-Bu)4-ZnPc mole-
cules by one Au adatom on the Au(111) surface.'® Fig. 1(e) shows
an STM image of a single (#Bu),~ZnPc molecule. After removing
the molecule during scanning, the Au adatom at the elbow site
was clearly observed (Fig. 1(f).

Fig. 2(a and b) shows the top and side views of the optimized
configuration for a (¢-Bu),~ZnPc molecule adsorbed on an Au
adatom on the Au(111) surface calculated by density-functional
calculations, in which the strong chemical bond between
nitrogen and the gold adatom ensures the formation of a fixed
off-center axis for the rotation of (#Bu),~ZnPc molecules. The
molecular rotation is strongly dependent on the surface atom
arrangement of the Au(111) surface. For gold adatoms located
in the different regions of the herringbone structure of the
reconstructed Au(111) surface,"®" such as face-centered cubit
(fcc), hexagonal close packed (hcp), corrugation ridges, and
elbow sites, the adsorbed (t-Bu),-ZnPc molecule displays very
different features. For a large-scale array of (¢-Bu),~ZnPc mole-
cular rotors, all single molecular motors are anchored at the
elbow sites, showing a “folding fan” feature (Fig. 2(c)).*® In
contrast, STM images of the molecular rotors located in the fcc
region (Fig. 2(d)), in the hcp region (Fig. 2e), and on the
corrugation ridges all show “flower” features. Fig. 2(f) shows
the model for the rotation of a single (+-Bu),~ZnPc molecule, in
which tert-butyl groups are imaged as the bright lobes in STM
images and twelve stable adsorption configurations 30 degrees
apart from each other are the intermediate states for the
molecular rotation. Under thermal excitation, the molecule
switches between different intermediate states with high fre-
quency, showing the “flower” feature (Fig. 2(d and e)). For the
rotation of the (¢-Bu),~ZnPc molecule at elbow sites, the corru-
gation ridges limit the molecular rotation within an angle of
120° due to the bending of corrugation lines, resulting in the
“folding-fan” feature. Compared with other ways of controlling
the molecular rotation, such as chemical environment, light
excitation, temperature, and STM tip manipulation, this
method provides a facile scheme to control the molecular
rotation with atomic precision by varying the anchoring sites
of molecular motors.

Replacing the center metal atoms in Pc molecules will not
change their rotational motion because the axis is formed by
the chemical bond between one of the imine nitrogen atoms
and Au adatoms on the surface, such as for (¢-Bu),~-NiPc
molecules, and two distinct current levels in the tunneling
current (I)-time (¢) curve indicate the rotational hopping or

This journal is © the Owner Societies 2022
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Fig. 2

(a) Top view and (b) side view of the optimized configuration of a (t-Bu),—ZnPc molecule adsorbed on the Au(111) surface via a gold adatom

calculated by density-functional calculations. The molecular formula of (t-Bu)s—ZnPc is C4gH4gNgZn. (c)—(e) STM images of (t-Bu)4—ZnPc molecules
adsorbed onto the elbow site (c), fcc site (d), and hcp site (e) of the reconstructed herringbone structure of the Au(111) surface. (f) Schematic images of
molecular rotors with rotation angles of 120° and 360°. The red solid circles represent the bright lobes for stationary single molecules. The blue empty
circle represents the rotation center. Adapted with permission from ref. 16. Copyright 2008, American Physical Society.

random switching between two configurations of the mole-
cule.>>°>'®2 This behavior can be changed by varying the STM
tip-molecule distance, by which the occupation probability of
the molecular configuration is changed due to the change in
potential energy of each configuration.>® Furthermore, chan-
ging the voltage bias of the STM tip can also tune the potential
energy of the molecular configuration. In this way, no matter
what kind of activation mechanism is applied, such as heat,
electric field, and light, the rotational motion of molecular
motors can be manipulated by modification of their potential
energy by varying the tip-molecule distance and sample bias.
2.2 Reversible single spin transition of a molecule and its
data recording. Control over the charge and spin states at the
single molecule level plays a crucial role in not only the
fundamental understanding of charge and spin interactions
in single molecules but also the development of future molecular
electronics and spintronics,>®%%77172791837189 g thig end, great
efforts have been devoted to probing electronic transport proper-
ties through a single-molecule junction,*67,737418%186-188,190-202
in which the electron transport can be controlled by field regula-
tion of single-molecule conductivity using a charged surface
atom,'* by tuning the molecular conformation,"®* by molecular
interactions,'®” using local electric fields,** by hydrogenation of
molecules,'®**** or by tuning molecular adsorption sites.>*®
Although the spin states of molecules can be controlled
mechanically®®® or electrically,®®” or by applying magnetic
fields,*2%%2% reversible control of a single spin of the mole-
cule is still quite challenging.5%:°6:67:187:188:201 The gpin states of
molecules can manifest themselves as spin-related transport
phenomena, such as negative differential resistance®® or the
Kondo effect,®'*>?% in which the spin of the molecules is
coupled to the conduction channels and a conduction anomaly
emerges at the Fermi level.®®'9%*1%211 Many attempts have

This journal is © the Owner Societies 2022

been applied to tune the Kondo effect of molecule systems,
including conformation variation,*'* alternation of adsorption
sites,”™® quantum size effects,”' ligand attachment,*'*> mole-
cular assembly,*'® and atomic doping;*'” however, none of
them are reversible or can tune the Kondo effect at the
single-molecule level. Reversible control of the spin transition
of a molecule at the single-molecule level is both fundamentally
important and promising for applications in data recording.
Magnetic metal phthalocyanines (MPcs) and metal porphyr-
ins (MPs) with a single magnetic metal ion are an ideal class of
molecules to probe and modulate the Kondo effect at the
single-molecule level,**?'%21 because when they are placed
on metal surfaces, well-defined Kondo resonances induced by
the correlated interaction between the local spin of the metal
ions and conduction electrons from the metal substrate can be
easily observed."”®®?® For example, for iron phthalocyanine
(FePc) molecules adsorbed on an Au(111) surface, the Kondo
effect was clearly observed for two adsorption sites and
the Kondo temperature is well above room-temperature,*’®
showing the great capability of tuning the Kondo effect at the
single-molecule level by changing the adsorption sites and
molecular configuration. When replacing the Fe metal ion with
Mn, the isolated MnPc molecules that adsorbed onto the
Au(111) surface preferably occupy the elbow sites of the recon-
structed Au(111) surface first and then face centered cubic (fcc)
sites,”® as shown in Fig. 3(a). A protruding “cross” feature with
four-fold symmetry was clearly observed due to three inherent
unpaired electrons with a total spin of S = 3/2 in each MnPc
molecule.®® Fig. 3(b) shows that the bright protrusion of the
center of MnPc molecules is depressed after being dosed with
H,. The dI/dV curve collected at the center of MnPc molecules
reveals a pronounced step shaped feature close to the Fermi
level at zero bias (Fig. 3(c)). Such a feature shows a linear

Phys. Chem. Chem. Phys., 2022, 24, 9082-9117 | 9085
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Fig. 3 STMimages and d//dV curves of the MnPc molecules on the Au(111) surface before and after hydrogen atom adsorption. STM images of the MnPc
molecules adsorbed onto the Au(111) surface (a) and after hydrogen atom decoration (b), showing molecules with (a) and without (b) a bright center,
respectively. Scale bars are 5 nm. Insets show high-resolution images of a single molecule with (a) and without (b) a bright center. Scale bars are 0.7 nm.
(c) dI/dV spectra collected at the center of a MnPc molecule induced by the absorption and desorption of a single hydrogen atom. (d) d//dV spectra
recorded at the center of the MnPc molecule under an external magnetic field at 0.4 K, showing the splitting of Kondo resonance. Adapted with

permission from ref. 60. Copyright 2013, Springer Nature.

splitting feature under magnetic fields, a hallmark of Kondo
resonance,'°%20>211,214216 44 digplayed in Fig. 3(d). In compar-
ison, the dI7/dV curve collected at the center of MnPc molecules
after hydrogen atom deposition (H-MnPc) is featureless in the
same energy range, showing the depression of the Kondo effect.
By applying a positive voltage pulse onto the depressed center
of the MnPc molecules, the bright protrusion and Kondo
resonance features can be fully recovered due to the tip-
induced detachment of adsorbed hydrogen atoms from MnPc
molecules.”** This shows the great success of the reversible
control of single spin in magnetic molecules at the single-
molecule level by turning “ON’’ and “OFF” of the Kondo effect
through hydrogen atom decoration.

Both the bright protrusion feature of the MnPc state and the
depressed feature of the H-MnPc state can be well reproduced
by STM simulation by adoption of the Tersoff-Hamann approxi-
mation®*° in density functional theory (DFT) calculation, as shown
in Fig. 4(a). The physical mechanism for the spin switching
process is revealed by calculating the projected density of states
(PDOS) of the MnPc state and H-MnPc state of the molecules.
As shown in Fig. 4(b and c), the PDOS of d,, d,, and d,” orbitals of
Mn ions in MnPc and H-MnPc clearly show the transition of the
spin of S = 3/2 of MnPc molecules to S = 1 of H-MnPc molecules.
The calculated binding energy of 1.75 eV between the hydrogen
atom and MnPc molecules confirmed the chemical adsorption
nature of the hydrogen atom decoration on MnPc molecules.
Such reversible tuning of the Kondo “ON” and “OFF” states by
hydrogen adsorption and desorption on single MnPc molecules is
schematically shown in Fig. 4(d).

From the fundamental principle of information recording
and storage, the presence and disappearance of the Kondo

9086 | Phys. Chem. Chem. Phys., 2022, 24, 9082-9117

resonances in the MnPc molecule can be considered as the “0”
and “1” logic states of a single bit of information, respectively.
Benefiting from the capability of atomic manipulation of
molecular adsorption and desorption by STM, information
recording and storage at the ultimate molecular limit can be
realized. Fig. 5(a) shows the STM image and dI/dV mapping of a
3 x 4 molecular array of MnPc molecules on an Au(111) surface.
All the MnPc molecules within the array are initially decorated
into H-MnPc molecules by adsorption of hydrogen atoms,
which is verified by the featureless dI/dV mapping, i.e. absence
of the Kondo resonance (Kondo “OFF” state). By selectively
applying positive voltage bias on H-MnPc molecules, an individual
molecule within the array can be precisely addressed and the
selected H-MnPc molecules can be converted back to the MnPc
state (Fig. 5(b)). Fig. 5(c) shows the conversion of H-MnPc
molecules in a close-packed array with the highest molecular
density. Both the STM images and dI/dV mapping clearly demon-
strate the robustness of such operation. Even when the inter-
molecular spacing was reduced to as small as 1.4 nm in the
close-packed array, all the dark-dot features can still be localized
at the center of the MnPc molecules, and the characteristic para-
meters of the Kondo resonance in their d7/dV curves, such as the
Fano factor (g) and the Kondo temperature (7%), are consistent
with those of isolated molecules (Fig. 5(d)). Such reversible tuning
of the Kondo effect at the single-molecule level by adsorbing or
desorbing a single hydrogen atom to reversibly control the single
spin state of magnetic molecules provides a robust and effective
method to atomically precisely manipulate the single spin states
of a single molecule and will have great implications for non-
volatile information recording and storage at the molecular level
without the change in molecular conformations.

This journal is © the Owner Societies 2022
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Fig. 4 STM simulation and PDOS of the MnPc/Au(111) before and after hydrogen adsorption. (a) Simulated STM images of the MnPc/Au(111) and the
H-MnPc/Au(111), reproducing the topographic features in Fig. 3a and b. (b) and (c) PDOS of d,,, d,» and d.z orbitals of Mn ions in the MnPc/Au(111) and the
H-MnPc/Au(111), respectively, revealing that the spin at the Mn ion is reduced from 3/2 to 1. (d) Schematics of reversible control of the molecular Kondo
effect with adsorption (Kondo OFF) and desorption of hydrogen atoms (Kondo ON). Adapted with permission from ref. 60. Copyright 2013, Springer

Nature.

3. Construction of electronic devices based on large-scale and
high-quality graphene epitaxially-grown on Ru(0001)

Graphene, a monolayer of carbon atoms with honeycomb
lattices, ignites explosive research interest in not only studying
the fundamental properties'®®'%9?*'22% put also fabrica-
ting high-performance electronic devices®**>*° at the two-
dimensional atomic layer limit. In the past decades, various
techniques have been developed to prepare high-quality gra-
phene monolayers, such as mechanical exfoliation from bulk
graphite,'?®??>?31.232 chemical vapor deposition (CVD) on
metal™**>"'® or dielectric substrates,'**""** and epitaxial growth
on metal substrates.">*™'*> However, either the as-grown gra-
phene has small grain size or needs to be transferred onto a
dielectric substrate, which will severely degrade the mobility of
graphene and greatly limit its practical applications in con-
structing future nanodevices or quantum devices. Previous
results have shown that Si can be intercalated into the interface
between graphene and epitaxial substrates in a non-destructive
way,?**"2%” which represents the best way to develop a transfer-
free and Si-technology compatible route to prepare large-scale

This journal is © the Owner Societies 2022

and high-quality graphene and facilitate its further device
integration.

3.1 Epitaxial growth of centimeter-scale and single-crystal
graphene

Centimeter-scale and single-crystal graphene can be epitaxially
grown on metal substrates either by directly annealing metal
crystals, such as Ru(0001),"**% Ni(111),>**2% pt(111),>*%>*"
and 1r(111),>*” or by annealing them under ethylene
exposure.’*?¥241242 [ gw-electron-energy-diffraction (LEED)
patterns collected from different regions of graphene grown
on a Ru(0001) substrate indicate that centimeter-scale, single-
crystal graphene was formed on the whole Ru(0001) surface, as
shown in Fig. 6. The weak signals of graphene at the edges of
the Ru(0001) substrate shown in Fig. 6(a and f) suggest that
graphene was not formed at the edges of the substrate, com-
pared to the identical LEED patterns of both graphene and the
Ru(0001) surface shown in Fig. 6(c-e). The STM image shown in
Fig. 6(g) reveals the uniformity and continuity of the as-grown
large-scale graphene. A moiré pattern with a periodicity of

Phys. Chem. Chem. Phys., 2022, 24, 9082-9117 | 9087


https://doi.org/10.1039/d1cp05981e

Published on 24 March 2022. Downloaded by Institute of Physics, CAS on 1/5/2023 6:16:34 AM.

PCCP

T T T T, e
1nm

View Article Online

Perspective

Spin Switching Cycles

Fig. 5 Reversible spin switching in molecular arrays. The d//dV mapping (upper panel) and simultaneously acquired topography (lower panel) of a
H-MnPc molecular array (Kondo OFF state) (a) and selective conversion of H-MnPc molecules to the MnPc state (Kondo OFF) (b) by adsorption of
additional hydrogen. (c) The d//dV mapping (upper panel) and topography (lower panel) of a close-packed molecular array with a pre-designed Kondo
pattern by switching selected molecules from the H-MnPc to MnPc states within the array. (d) The Fano factor g and Kondo temperature Ty of Kondo ON
states after multiple-cycles of spin switching, indicating the robustness of the spin manipulation process. Adapted with permission from ref. 60. Copyright

2013, Springer Nature.

~ 3 nm that formed by the superposition of lattices of graphene
and the Ru(0001) surface in a mismatched manner is shown in
Fig. 6(h). Fig. 6(i) shows an atomic-resolution STM image of one
unit cell of the moiré pattern outlined by the rhombus, clearly
resolving the three different structural regions of rippled gra-
phene on Ru(0001), including the atop region (the bright region
indicated with a green circle), the hcp region of graphene
(vellow dotted triangle), and the fcc region (white dashed
triangle). The inset in Fig. 6(i) shows the atomic structure of
the unit cell of the moiré pattern calculated by DFT, which is
consistent with the STM image in Fig. 6(i). These results high-
light that centimeter-scale and single-crystal graphene can be
successfully prepared on Ru(0001) substrates by epitaxial
growth, which meets the prerequisites of large-scale and
defect-free graphene at the atomic level for device integration.

3.2 Insulating SiO, under centimeter-scale, single-crystal
graphene

After high-quality and large-scale graphene films have been
successfully epitaxially grown on Ru(0001), the key challenge
for constructing high-performance graphene electronic devices
lies in developing a transfer-free and Si-technology compatible
method to place graphene on Si or SiO, substrates and realizing
electrically insulating isolation from metal Ru substrates.
Previous results have shown that by intercalating Si between
epitaxial graphene and a metal substrate, graphene can be
decoupled from the metal Ru substrate with the appearance
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of a graphene honeycomb lattice, while maintaining the large
scale nature and high quality of graphene.”*® This non-
destructive and transfer-free method can prevent graphene
from quality degradation and possible contamination, ensuring
the successful fabrication of graphene/silicene van der Waals
heterostructures.>*® Vertical electrical transport measurement on
such heterostructures shows a typical Schottky-like rectification
behavior with an ideality factor of ~1.5, suggesting that after Si
intercalation a good interface is formed between graphene and
silicene.”****>*3¢ By combination of STM imaging and DFT
calculations, it has been found that cooperative interactions
between heteroatoms, graphene, and substrates govern the inter-
calation process, which consists of four key steps: creation of
defects, migration of heteroatoms, self-repairing of graphene, and
growth of an intercalcaed monolayer.>*® Recently, insulating SiO,
beneath centimeter-scale and single-crystal graphene has been
successfully fabricated by stepwise intercalation of silicon and
oxygen into the interface between graphene and the Ru(0001)
substrate.>**

Fig. 7 schematically shows the different stages of sample
growth and the corresponding LEED patterns. The LEED pat-
tern of graphene grown on Ru(0001) shown in Fig. 7(d)
indicates that the as-grown graphene has high quality. After
stepwise intercalation of Si and O and post-annealing at 850 K,
diffraction spots from the moiré structure disappear, and a
new set of diffraction spots with a 2 x 2 superstructure with
respect to the Ru(0001) surface lattice appears, which comes
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Ru Crystal

Fig. 6 LEED patterns and STM images of graphene epitaxially grown on Ru(0001). (a) Photograph of the sample with a diameter of 8 mm. (b—f) LEED
patterns collected from the different regions of G/Ru(0001). The corresponding region is indicated by the pink spots in (a). In (b) and (f), the signal from
graphene is rather weak, suggesting that no graphene is grown at the edges of the Ru(0001) substrate. (c)—(e) show the same LEED pattern, indicating
that graphene is uniformly formed on the Ru(0001) substrate. (g) Large-scale STM image of graphene, showing its atomically flat nature. (h) Zoom-in
image of (g), showing the moiré pattern formed by the superposition of the lattices of graphene and the Ru(0001) surface. (i) Atomic-resolution STM
image of one unit cell of the moiré pattern, indicating a defect-free lattice structure. The upper inset shows the calculated atomic structure by DFT,
which is consistent with the STM image in (i). Adapted with permission from ref. 125. Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

from crystalline bilayer silica, as shown in Fig. 7(e). Repeated
cycles of intercalation of Si and O result in the disappearance of
diffraction spots related to crystalline silica due to the for-
mation of a thick amorphous silica layer between graphene and
the Ru(0001) substrate, as depicted in Fig. 7(f). In each stage
of the above preparation process, the diffraction spots of
graphene in the LEED pattern persist, revealing the non-
destructive nature of such processes.

Fig. 8(a) shows a large-scale bright-field scanning tunneling
electron microscopy (STEM) image of the cross section of a G/c-
silica/Ru sample, revealing the formation of a silica layer with a
thickness of ~1.1 nm. The high-resolution STEM image shown
in Fig. 8(b) shows the atomic structure of the intercalated silica
layer, which agrees well with the superimposed theoretical
atomic structure of bilayer crystalline silica. The peak located
at ~107.5 eV of Si-L, ; in the electron-energy-loss spectroscopy

This journal is © the Owner Societies 2022

(EELS) curve in Fig. 8(c) is consistent with the Si** oxidization
state of crystalline Si0,,>** further verifying the formation of
crystalline bilayer silica. The clearly resolved perfect honey-
comb lattice in the STM image and the absence of the D-peak in
the Raman spectrum of graphene in Fig. 8(d) indicate that after
c-silica intercalation graphene remains intact. Fig. 8(e) shows
the STEM image of the cross-section of the G/a-silica/Ru(0001)
sample after repeated cycles of intercalation of Si and O,
showing a uniform amorphous layer with a thickness of
~1.8 nm between monolayer graphene and the Ru(0001)
substrate. X-ray photoelectron spectroscopy performed on the
intercalated layer reveals that the binding energies of the Si 2p
and O 1s core levels are located at ~103.3 and ~532.5 eV
(Fig. 8(f)), respectively, confirming the formation of $i0,.>** F
in situ fabrication of electronic devices, electrically insulating
isolation of graphene from the metal substrate is required.

or
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Fig. 7 Fabrication of insulating SiO, beneath centimeter-scale and single-crystal graphene. (a—c) Schematic diagram of different stages of sample
preparation. (d—f) LEED patterns and structure models for the samples prepared in stages (a—c), respectively. (d) LEED pattern of stage (a), showing the
formation of high-quality graphene and a moiré superlattice. (e) LEED pattern of sample (b) after the formation of a thin crystalline SiO, (c-silica) layer,
indicating that graphene remains intact. (f) LEED pattern of sample (c), showing that, after repeated cycles of silicon and oxygen intercalation, thick
amorphous silica is formed. Adapted with permission from ref. 243. Copyright 2020, American Chemical Society.
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Fig. 8 Structural and elemental characterization of an intercalated silica layer. (a) Cross-sectional view of a large-scale STEM image of a G/c-silica/
Ru(0001) sample, indicating the formation of a silica layer with a thickness of ~1.1 nm beneath the graphene. (b) High-resolution STEM image of
interfacial silica with a superimposed theoretical atomic model of bilayer silica. (c) EELS curve of the Si-L, 3 edge. (d) Raman spectrum of the graphene
after c-silica intercalation, indicating the absence of the D-peak. (e) STEM image of the cross-section of the sample after repeated cycles of intercalation
of Si and O. (f) XPS of the intercalated SiO, layer, showing the binding energies of the Si 2p and O 1s core levels, respectively. (g) /-V curves of Gr/Ru,
Gr/1.1 nm-silica/Ru and Gr/1.8 nm-silica/Ru samples by vertical transport measurements at small bias (<10 mV), respectively. Adapted with permission
from ref. 243. Copyright 2020, American Chemical Society.

Measurement of the vertical transport properties across the ~10"?-10"% A cm > (Fig. 8(g)), which is three orders of
graphene and Ru(0001) substrate for Gr/Ru, Gr/1.1 nm-SiO, magnitude lower than that of Gr/1.1 nm-SiO, (c-silica)/Ru
(c-silica)/Ru, and Gr/1.8 nm-SiO, (a-silica)/Ru indicates that the (~10 A cm™?) and even four orders of magnitude lower than
current density in the Gr/1.8 nm-SiO,/Ru sample is as low as that of Gr/Ru (~10" A cm™?). The transmission coefficients of
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the Gr/1.1 nm-SiO,/Ru and Gr/1.8 nm-SiO,/Ru samples calcu-
lated by DFT further verified the electrically insulating quality
of the intercalated SiO, layers.

3.3 SdH oscillations and quantum Hall effects in centimeter-
scale and single-crystal graphene

The successful insulation of graphene from metal Ru sub-
strates has enabled the in situ fabrication of Hall bar devices
on epitaxially grown graphene.”*® Shubnikov-de Haas (SdH)
oscillations and quantum Hall effects represent the intrinsic
electronic properties of 2D gas and Dirac Fermions in
graphene.””"*** As shown in Fig. 9(a), the measured longitu-
dinal magnetoresistances (R,,) on the in situ fabricated gra-
phene Hall bar devices at different temperatures clearly show
the presence of SdH oscillations. When the longitudinal
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magnetoresistance (R, and Hall resistance (R,,) are plotted
in the same curve (Fig. 9(b)), Ry, exhibits a series of Hall
plateaus at the positions R,, shows minima and the quantized
values of these plateaus match well with the Landau levels of
graphene, which indicates the presence of an integer quantum
Hall effect.””” The Landau level fan diagram plotted with the
Landau level index (1) against the inverse of the magnetic field
(1/B) where the R,, shows minima (maxima) is shown in
Fig. 9(c). Linear fitting of this curve results in an intercept of
the n-index axis close to 0.5, revealing strong evidence of a Berry
phase of © of Dirac fermions in the graphene.?”> The cyclotron
mass of graphene (m,.) can be extracted as ~0.06 m,. (where m,
is free electron mass) by fitting the amplitudes of the SdH
oscillations with semi-classical fitting (as shown in Fig. 9(d)),
which agrees well with that of mechanically exfoliated
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Fig. 9 SdH oscillations and quantum Hall effects in centimeter-scale and single-crystal graphene. (a) Magnetoresistances (R,,) at different temperatures,
showing the presence of SdH oscillations. (b) SdH oscillations in magnetoresistance R, (black) and quantum Hall effects in Hall resistance R, (blue) at 2 K.
(c) Landau-level filling factors (n) as a function of the inverse of the magnetic field (1/B). Linear fitting of the curve gives an intercept close to 0.5,
indicating a Berry phase of . (d) Normalized amplitude of oscillations as a function of temperature. The inset shows a Dingle plot. (e) Temperature-
dependent low-field magnetoconductivity (Aay,) as a function of magnetic field, showing the appearance of a weak antilocalization effect. (f) Extracted
power law dependence of phase coherence length L, and linear dependence of the scattering rate r(,,’l (inset) on temperature. Adapted with permission

from ref. 243. Copyright 2020, American Chemical Society.
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graphene.”' The carrier mobility of ~8500 cm” V™" s™" can be
estimated after extracting the lifetime from the Dingle plot
shown in the inset of Fig. 9(d), which is larger than that of
graphene directly grown on dielectrics.'****

The weak (anti-)localization effect represented by quantum
corrections to the low-field magnetoresistance (R,,) can be used
as a direct probe for measuring the quantum interference effect
of epitaxial graphene during electron transport.>*>**® The weak
antilocalization effect in epitaxial graphene is characterized by
the cusp feature of R,, under low magnetic fields, which is
broadened and finally vanishes with increased temperatures, as
shown in Fig. 9(e). The magnetic-field dependent magnetocon-
ductivity (Aoy,) at different temperatures shown in Fig. 9(e) can
be well fitted by the quantum interference theory,>*” which
further confirms the presence of a weak anti-localization effect
in epitaxial graphene. The extracted phase coherence length
shows a clear power law dependence with an index of —1/2, and
the scattering rate shows a linear dependence on temperature,
indicating that the dominant dephasing mechanism in the
epitaxial graphene is electron—electron scattering,”*® as shown
in Fig. 9(f). The Berry phase of © and the weak antilocalization
effect confirmed the chiral electronic nature in epitaxial gra-
phene, suggesting the suppression of carrier scattering from
short-range scatterers, such as point defects, verifying the high-
quality of epitaxial graphene on SiO, films.

The successful development of in situ sample growth and
device fabrication processes enables the straightforward utili-
zation of high-quality graphene epitaxially grown on metal
substrates in electronic applications. Although 1.8 nm thick
amorphous SiO, can successfully insulate graphene from a Ru
substrate, intercalation of a thicker and more uniform SiO,
layer is highly required to fabricate field-effect transistors for
future electronic device applications.

3.4 Electrical transport properties of grain-boundaries and
wrinkles in millimeter-sized graphene

Millimeter-sized graphene films has been successfully grown
on metal substrates by chemical vapor deposition (CVD)."*>"*'#
However, these synthesized graphene films are polycrystalline
in nature, and the presence of topological line defects of grain
boundaries (GBs)/wrinkles formed during the growth or trans-
fer process remains an obstacle to their electronic applications.
Graphene GBs are mainly composed of non-ideal hexagonal
rings,”*> % such as pentagons, heptagons, and octagons.
Compared with their geometric width, the electronic transi-
tion width of graphene GBs can be greatly extended to
~10 nm.'?*135137:248-250 The electronic structure near GBs is
strongly perturbed,”®* resulting in the strong scattering of
carriers and the degradation in carrier mobility."*>*****! Quan-
titative measurement of the degradation of electrical transport
of these defects will have great implications for further applica-
tions of large-scale graphene to flexible and transparent elec-
trodes in touch-screen panels, solar cells, etc. This has been
demonstrated by either directly measuring the resistivity of GBs
after subtracting the intrinsic resistivity of graphene from the
intergrain resistivity in Hall bar devices based on an extended
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Drude transport model,****"**" or by indirectly measuring the
electronic properties of GBs through scanning probe micro-
scopy (SPM) techniques.'*****>5% Furthermore, the direct four-
probe measurement on the resistivity and mobility of GBs by
the four-probe STM technique in millimeter-sized graphene
grown by CVD can retain the intrinsic electronic properties of
GBs without introducing the complicated lithographic fabrica-
tion process.**?

The sharp tips of the four-probe STM system can contact
graphene noninvasively,'*****2°¢ allowing for direct four-probe
measurements on the transport properties of graphene GBs.
Fig. 10(a—c) show the configurations of the direct-four probe
measurement. By measuring the sheet resistances in individual
graphene grains and intergrain sheet resistance across the
GBs in the bi-crystal graphene flake, respectively, the sheet
resistance of GBs can be extracted based on an extended Drude
transport model, where the 1D GB is considered as an exten-
sion of the conductance channel and changed to an extended
2D area."™ Due to the different inter-connecting ways of indivi-
dual graphene grains during growth'*! or possible adsorbates
attached to GBs,"” the extracted resistivities of GBs of different
bi-crystal graphene flakes deviate a lot ranging from several
kQ pm to tens of kQ um. The conductivity of one typical GB as a
function of carrier density is shown in Fig. 10(d). The electron
and hole mobilities can be extracted as ~20.84 cm> V™" s~ and
~14.41 em® V' 57, respectively, which indicates that due to
the non-hexagonal carbon rings present in graphene GB, the
carrier transport across the GB is strongly scattered. Statistics
on the seven different graphene GBs show that the carrier
mobility in the GB regions is decreased by over 90% compared
to that of pristine graphene,*®* as shown in Fig. 10(f).

Graphene wrinkles are another kind of defect formed during
the growth or transfer process'>***” and composed of collapsed
multilayer (bilayer, trilayer, or more) graphene.'*®'** These
folded multi-stacked layers have much wider lateral sizes
(~10 nm to several micrometers) than those of GBs and show
large curvature and apparent height fluctuation,'*°**?> which
breaks the honeycomb lattice of graphene and introduces
additional carrier scattering when electrons travel across
them.'?*'3%257 The sheet resistance of graphene wrinkles has
been measured by direct four-probe measurement, as shown in
Fig. 10(e). Based on the same method as that for graphene GBs,
the carrier mobility in the wrinkle regions can also be extracted.
Fig. 10(f) shows the carrier mobilities of two typical graphene
wrinkles. Compared to those of pristine graphene, both the
electron and hole mobilities are reduced by 30-70%, much
lower than those of graphene GBs. However, when measuring
the electrical transport properties along the graphene wrinkles,
they show a much higher conductivity of up to ~33.6 times
compared to that of the flat pristine graphene region, revealing
the formation of highly conductive channels induced by
graphene wrinkles."*?

Graphene GBs and wrinkles, which act as local carrier
scatterers, have severely degraded the local electrical properties
of millimeter-sized graphene. However, when measuring the
local electrical transport properties of graphene in the region
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(a—c) Schematic diagrams of in situ four-probe transport measurement on graphene after being transferred to a SiO,/Si substrate. (a and b)

Four-probe transport measurements on the two grains of a bi-crystal graphene flake on the SiO,/Si substrate, respectively. (c) Four-probe transport
measurement crossing the GB. (d) Carrier-density-dependent conductivity of GB of the bi-crystal graphene flake. The carrier mobility of electrons and
holes can be extracted as ~20.84 and ~14.41 cm? V™' s7%, respectively. (e) Extracted resistivity of the graphene wrinkle as a function of carrier density.
(f) Statistics of carrier mobility extracted from different graphene GBs and wrinkles. Adapted with permission from ref. 133. Copyright 2017, American

Chemical Society.

far away from these imperfections,”>® such as GBs, wrinkles,

multilayered islands, cracks, holes, and adsorbates, these
imperfections have little degradation effect, suggesting the
local nature of these imperfections. The impact of these imper-
fections to the whole graphene films has been studied by
performing angle-dependent van der Pauw measurements.>>
Surprisingly, the measurements show that if the imperfections
are not extended over the whole graphene film, the electrical
homogeneity of the graphene film is not apparently influenced
because the carriers can find the travelling path with least
resistance by themselves.>®® From the perspective of practical
applications of large-scale graphene, such as photodetectors
and chemical sensors, the electrical uniformity and homoge-
neity of the devices can be guaranteed as long as these
imperfections are found only in very local regions without
extending to the entire graphene film.

4. Electrical transport properties of magnetic transition metal
dichalcogenides

Beyond graphene, transition metal dichalcogenides (TMDCs)
with the chemical formula of MX,,"'®**? in which M stands for
transition metals (such as Mo, W, Nb, V, and Cr) and X stands
for chalcogen elements (such as S, Se, and Te), emerge as a
family of materials with novel properties, such as thickness-
dependent bandgaps,''® strong spin-orbit coupling (SOC),"** and
valley polarization,"** making them attract extensive research
attention in not only their novel physical properties'*> but also
their applications for nanoelectronics and nanophotonics.'*®
In monolayer transition metal dichalcogenides, the inver-
sion symmetry is broken and the strong SOC will induce

This journal is © the Owner Societies 2022

degeneration of valley-locked spin-split,**>'*” allowing for con-

trol of the spin and valley polarization states for next generation
spintronic and valleytronic devices."**'**'*° Moreover, the
experimental discovery of intrinsic ferromagnetism in mono-
or few-layered Crlz,"*' Cr,Ge,Tes,'>* and VSe,'** has ignited
intense exploitation of 2D magnetism in TMDCs."****® For
example, intrinsic ferromagnetism has been theoretically pre-
dicted in monolayer vanadium-based TMDCs (VX,, X = S, Se,
Te),>*° 2! which breaks the time reversal symmetry and the
degeneracy of two valleys, resulting in valley polarization
induced by SOC.*°>?% The experimental observation of strong
room-temperature ferromagnetism in monolayer VSe, epitaxi-
ally grown on HOPG and MoS,"> stimulated the study of the
evolution of magnetic and electronic properties with thickness
due to the paramagnetic nature of bulk VSe,.>**** To reveal
their transport signatures of magnetic and electronic properties
with reduced thickness, high quality samples with tunable
thickness grown on dielectric substrates are required. A sublimed-
salt-assisted chemical vapor deposition (CVD) method has been
successfully developed to grow few-layered V-based chalco-
genides,”*®?®” such as VS,, VSe,, and VTe,, providing a promis-
ing route to study the transport features in the evolution of
magnetic order with reduced thickness, interlayer stacking
order, and other competing and coexisting ordered electronic
states.'®® Beyond vanadium-based chalcogenides, few-layered
cobalt-based chalcogenides (CoS,, CoSe,, and CoTe,) have also
been successfully grown on SiO,/Si substrates by the CVD
method using NaCl as the fluxing agent.”*® Magnetotransport
measurements on these CoX, (X = Se, Te) nanoflakes revealed
their metallic transport nature and nonsaturated and linear
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magnetoresistance under magnetic fields up to 9 T. Paramag-
netic order has been observed for CoX, nanoflakes with a broad
range of thicknesses. As for chromium-based chalcogenides,
such as CrSe,>*° and CrTe,,>”**”! mono- or few-layered samples
have also been successfully grown on various substrates. Due
to their strong magnetic anisotropy,>”> robust near room tem-
perature ferromagnetism has been observed,***>”"*”* which
provides a great avenue for future 2D magnet based spintronic
applications.

4.1 Sublimed-salt-assisted growth of high-quality 2D
magnetic transition metal dichalcogenides by chemical
vapor deposition (CVD)

A sublimed-salt assisted CVD method has been successfully
developed to grow high-quality TMDCs with tunable
thickness,?®*>”*?”> in which ammonium chloride (NH,CI)
was used as fluxing medium and the range of growth tempera-
tures can be drastically shrunken to 400-500 °C compared to
that prepared using vanadium chloride as reacting precursors.>”®
The thickness of as-grown VSe, nanoflakes increases with tem-
perature monotonically, as shown in Fig. 11(a). The thinnest VSe,
nanoflake is 2.48 nm thick (Fig. 11(b)). The X-ray diffraction
pattern of the as-grown VSe, flakes matches well with that of the
1T phase of VSe, (Fig. 11(d)). The Raman spectrum collected on a
4.2 nm thick VSe, flake shows two prominent peaks located at
207 and 139 em™, respectively (Fig. 11(c)), which can be assigned to
the out-of-plane A;, mode and in-plane E; mode of 1T-VSe,.>”’
Mapping the A;, peak on the entire VSe, flake indicates a uniform
contrast (inset in Fig. 11(c)). Fig. 11(e) shows a low-magnification
TEM image of the VSe, flake. The inset shows the SAED pattern,
which is in agreement with that of the 1T-VSe,. The atomically
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resolved STEM image shown in Fig. 11(f) reveals the defect-free
crystal lattices of 1T-VSe,. Using this sublimed-salt-assisted CVD
method, not only vanadium-based dichalcogenides, such as VS,,
VSe,, and VTe,, but also tungsten-based dichalcogenides, such as
WSe,, have been successfully grown on various dielectric sub-
strates, including SiO,/Si and flexible polyimide (PI).>*°

4.2 Magnetotransport properties of few-layered VSe,
flakes. The successful growth of VSe, crystals on dielectric
substrates with tunable thickness enables the study of their
thickness-dependent transport properties.”*®*’® Fig. 12(a)
shows the temperature-dependent resistivity (p-7) of VSe,
flakes with different thicknesses of 28 and 20 nm (bulk-like),
9.6, 6.0, and 5.5 nm (intermediate thick), and 4.6 nm (thinnest),
respectively. The resistivities of all VSe, flakes monotonically
decrease with decreasing temperature, indicating their metallic
transport nature. The minima of the first derivatives of the
resistivities with respect to temperatures (dp/d7) shown in
Fig. 12(b) are due to the formation of charge density waves
(CDWs), and Tcpw decreases monotonically with decreasing
thickness®’®?’® (Fig. 12(c)), revealing that the CDW state is
preferably present in the 3D bulk due to strong interlayer
coupling.>®®?’%%7% The high crystalline quality of the
as-grown VSe, flakes is reflected in the large residual resistivity
ratio (RRR, RRR = p3g0x/p2x), Which ranges from 5 to 23, which
is almost the largest compared to previous results.””®>"®
As shown in Fig. 12(d and e), for VSe, flakes thicker than
5 nm, applying magnetic fields does not change the transport
behavior except for the increase of resistivity. On the other
hand, for the 4.6 nm thick VSe, flake, an upturn in the
resistivity emerges at low temperatures, and after applying
different magnetic fields, the resistivity upturn persists (Fig. 12(f)),
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Fig. 11 CVD growth of high-quality VSe, nanosheets with tunable thickness. (a) Evolution of the thickness of VSe, nanosheets with growth temperature.
(b) AFM image of a VSe; nanosheet with a thickness of 2.48 nm. (c) Raman spectrum of a VSe, nanosheet with a thickness of 4.2 nm, showing Eg and A4
peaks located at ~139 cm™ and ~207 cm™, respectively. The inset shows the mapping of the Aig peak at ~207 cm™t (d) XRD spectrum of the
as-grown VSe, nanosheets. (e and f) Low magnification and lattice-resolved transmission electron microscope (TEM) images of a VSe, nanosheet,
respectively. The inset in (e) shows the selected-area electron diffraction (SAED) pattern. Adapted with permission from ref. 266. Copyright 2019,

American Chemical Society.
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4.6 nm (f) thick VSe, nanosheets under different magnetic fields, respectively. Adapted with permission from ref. 266. Copyright 2019, American

Chemical Society.

indicating the emergence of electron-electron (e-e) inter-
actions instead of a weak localization effect**>*%" or the Kondo
effect.”®* The e-e interactions will contribute to the
temperature-dependent resistivity with additional terms in
logarithmic form for 2D transport or power law form for 3D
transport.”®* The agreement of fitting curves with experimental
data shown in Fig. 12(d-f) indicates that with reduced thickness,
the e-e interactions are greatly enhanced and the transport nature
of VSe, is transformed from 3D to 2D, which coincides with the
theoretical predications.>**

Fig. 13(a) shows the magnetoconductance (Ag,,) as a func-
tion of magnetic field at different temperatures, in which the
cusps coming from the weak antilocalization (WAL) effect can
persist at temperatures up to 10 K. These cusps under magnetic
fields below 2 T fit well with Hikami-Larkin-Nagaoka (HLN)
theory,”® as shown in Fig. 13(b). Fig. 13(c) shows the extracted
characteristic dephasing field (B;) and spin-orbit scattering
field (Bso) as a function of temperature. Bso is much larger than
B, at all temperatures, revealing that the dephasing mecha-
nism is Nyquist e-e interactions instead of electron-phonon

This journal is © the Owner Societies 2022

interactions,®* which is further verified by the inverse square
root temperature dependence of phase coherent length (I;), as
shown in Fig. 13(d). The spin-orbit scattering length (Iso)
remains constant and is much smaller than [;, further con-
firming the enhanced SOC in the 4.6 nm thick VSe, flake. The
observation of the WAL effect in the 4.5 nm thick VSe, flake
indicates that with continuous reduced thickness, the quantum
confinement effect drives the transformation of the 3D electro-
nic band structure of bulk VSe, to a quasi-2D one. With
improved growth of VSe, flakes by the sublimed-salt-assisted
CVD method, monolayer VSe, flakes are believed to be
obtained, providing a unique platform to study the interplay
of collective ordered states, such as valley polarization, spin
polarization, and strong SOC, for spintronics and valleytronics
applications.

4.3 Kondo effect in mutilayered VTe,. Vanadium ions tend
to intercalate into the van der Waals gap of vanadium-based
dichalcogenides, and by this way local magnetic moments are
introduced, which can be used to tune the magnetic ordered
states in vanadium-based dichalcogenides.>****” For bulk VSe,,

Phys. Chem. Chem. Phys., 2022, 24, 9082-9117 | 9095


https://doi.org/10.1039/d1cp05981e

Published on 24 March 2022. Downloaded by Institute of Physics, CAS on 1/5/2023 6:16:34 AM.

PCCP

— 10K
9K
— 8K
— 7K
— 6K
— 5K
— 4K
_— 3K
— 2K
— 19K

« 8K
x 7K
e 6K

5K

3K
2K
o 19K

H(T)

View Article Online

Perspective

() 10
08F Bs()(T)

e b o0

< °°[F 1 L S

£ 04}

m asl: Bo (T) Be~T

T(K)
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orbit scattering field (Bso). (d) HLN fitting extracted phase coherence length (l;) and spin—orbit scattering length (lso). Adapted with permission from ref.

266. Copyright 2019, American Chemical Society.

the magnetic properties are induced by the intercalated vana-
dium ions;?>***®® as a result, the Kondo effect has been
observed.?®> On the other hand, for VS,, after intercalation of
vanadium ions, a lattice with the chemical formula of V;Sg is
formed, leading to antiferromagnetism in the bulk and weak
ferromagnetism when reduced to nanothick layers.”*®**° For
VTe,, intercalation of a trace amount of vanadium ions gives
rise to the observation of the Kondo effect in multilayered VTe,
plates.”®”

Fig. 14(a) shows the temperature-dependent resistivity of
multilayered VTe, plates. In the whole temperature range, the
resistivity decreases with decreasing temperature, indicating
their metallic transport behavior. The residual resistivity ratio
(RRR, defined as psoox/p2x) is 4.58, which is higher than that of
VTe, single crystals,®” suggesting the presence of intercalated
vanadium ions.>®” At low temperatures, the resistivity shows an
upturn, which can be gradually suppressed with increasing
magnetic field, indicating that the Kondo effect or weak loca-
lization effect occurs in the VTe, nanoplates, as shown in
Fig. 14(b). The presence of the Kondo effect can be confirmed
by measuring the MRs at different temperatures under both
vertical and parallel magnetic fields. The MRs show almost the
same negative to positive MR transition behavior under both
the vertical (Fig. 14(c)) and parallel (Fig. 14(d)) magnetic fields,
from which weak localization behavior can be safely ruled out
because it can be observed only under vertical magnetic
fields.>®® Fig. 14(e) shows that both the vertical and parallel
negative MRs are almost the same and quadratically dependent
on magnetic fields. However, at 20 K, the positive MRs under

9096 | Phys. Chem. Chem. Phys., 2022, 24, 9082-9117

the parallel magnetic fields vanish, as shown in Fig. 14(f),
which reveals the isotropic nature of the negative MRs and
further confirms the presence of the Kondo effect. The resis-
tivity upturn can be fitted using the Hamann expression,>*® and
a Kondo temperature (Tx) of ~6.2 K and a spin of magnetic
impurities (S) of ~0.12 can be extracted. However, the resis-
tivity upturn under different magnetic fields can be well fitted
by a modified Hamann expression in which a Brillouin func-
tion with S = 1/2 is added.*** The origin of the Kondo effect was
attributed to the presence of the localized magnetic moment
from intercalated V atoms, which was verified by DFT calculations.
All the above results indicate that by intercalating VX, or other
TMDCs with vanadium or other magnetic ions, the magnetic
properties of VX, or TMDCs will change drastically, providing a
rich material platform to study the Kondo effect, magnetic ordered
states, correlation effects, and many-body physics in 2D TMDCs.

4.4 Linear magnetoresistance in CoSe, and CoTe, nanosheets

Ferromagnetism with a Curie temperature of 124 K has been
observed in the non-layered pyrite-type cubic structure of CoS,
single crystals.>®> However, for CoSe, with a similar crystal and
electronic structure,>®>*** Pauli paramagnetism has been
observed.***> Measurement of the electrical transport properties
on CoTe, nanosheets with tunable thickness revealed excellent
electrical conductivities up to 4.0 x 10° S m™ ' with a strong
thickness dependence.?®® Due to the Na* intercalation into the
lattice of CoTe, nanorods during the hydrothermal growth
process, paramagnetic behavior has been observed in CoTe,
nanorods.??® The recent successful growth of CoSe, and CoTe,
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Fig. 14 Resistivity of multilayer VTe, nanoplates at different temperatures and magnetic fields. (a) Resistivity of multilayer VTe, nanoplates as a function
of temperature. The inset shows the optical image of a typical Hall bar device based on VTe, nanoplates. (b) Temperature-dependent resistivity values
under different magnetic fields (with temperature on a logarithmic scale). Magnetoresistances (MRs) at different temperatures under the vertical (c) and
parallel (d) magnetic fields with respect to the plane of the sample, respectively. Vertical and parallel MRs with low magnetic fields fit at 1.9 K (e) and 20 K
(f), respectively. Adapted with permission from ref. 267. Copyright 2019, American Chemical Society.

nanosheets with thicknesses ranging from 1.18 to 20 nm
enables the study of their thickness-dependent electrical trans-
port properties.”®®

Fig. 15(a) schematically shows the typical Hall bar devices
made on CoSe, and CoTe, nanosheets. Fig. 15(b and c) show
the temperature-dependent resistivity of CoSe, and CoTe,
nanosheets, respectively. When the temperature is decreased
from 300 to 2 K, the resistivity shows a monotonic decrease,
indicating the metallic transport nature of CoSe, and CoTe,
nanosheets. The magnetoresistances of CoSe, and CoTe, nano-
sheets with magnetic fields from 0 to 9 T show a linear
dependence on the magnetic field at 2 K, as shown in
Fig. 15(d and f), respectively. With the temperature increasing
to ~20 K, the linear dependence (MR oc B) is transformed to a
conventional parabolic dependence (MR oc B?). The origin of
linear MR was attributed to the uneven distribution of con-
ductivity or disorder in the symmetry.>*” The linear dependence
of the Hall resistance of CoSe, and CoTe, nanosheets on

This journal is © the Owner Societies 2022

magnetic fields shown in Fig. 15(e) and (g), respectively, suggests
that no ferromagnetic or antiferromagnetic order has been
observed in CoSe, and CoTe, nanosheets. Compared with typical
conductive 2D materials, bulk materials and conventional metals,
the electrical conductivity of CoSe, and CoTe, reaches 5 x 10° and
1.8 x 10° S m™ ", respectively, close to that of silver, suggesting
their potential application in 2D conductors, as shown in
Fig. 15(h). Three devices of CoTe, nanosheets with typical thick-
nesses of 4, 7, and 13 nm were selected to study their thickness-
dependent magnetotransport properties. As shown in Fig. 15(i),
the magnitude of the linear MR at 2 K increases with reduced
thickness, while the conductivity remains ~10° S m™*, showing a
weak thickness dependence. To reveal the electronic properties,
magnetic order, and even quantum confinement effect in thin
CoX, crystals, a more detailed study of thickness-dependent
properties is required.

4.5 Anomalous thickness-dependent Curie temperature in
air-stable 2D ferromagnetic 1T-CrTe,. One key challenge in

Phys. Chem. Chem. Phys., 2022, 24, 9082-9117 | 9097


https://doi.org/10.1039/d1cp05981e

Published on 24 March 2022. Downloaded by Institute of Physics, CAS on 1/5/2023 6:16:34 AM.

PCCP

View Article Online

Perspective

(9) 0

(a) (d) os

-0.1

— 2K

0.5
0.4
0.3

MR (%)

02
0.1
0.0
0.1

-80000 -40000

Magnetic field (Oe)

0 40000 80000 -80000 -40000 0 40000 80000

Magnetic field (Oe)

—_
(=2
-
_
D
-

»
o

{——CoSe,
0.014

EN
o

0.00

R,, (ohms)
8

w
o
R,, (ohms)

N
o

-0.01+

(h)u.zo
0.15-
*go.w-
£ 0.05-
2k | 000
— 4K n:x-0.0S-
— 8K -0.10-

15K
xK | 015

-0.20

— 2K
— 6K

10K
—20K

0 50 100 150 200 250 300
Temperature (K)

-80000 -40000

Magnetic field (Oe)

-80000 -40000 0 40000 80000

Magnetic field (Oe)

0 40000 80000

(c) (F) 100 , (i) 1.0 26
35{ — CoTe, Silver§W MR
-~ 107 CqSe,
£ 1 CoTeZ* % 0.8 c oo
W 34+ o 10°%] @ ¥ ®noas =,
£ > 10°] ] S os E
S 33 CI 2 220
= 2> 10%4 ©
% ° X 0.4 g
o 324 S 10° Q g0 -
B 40 E-VSe, T
31 o ! e 0.24
o 101,I ReSe, 1.8
30 10° 0.0 v -
0 50 100 150 200 250 300 4nm 7nm 13 nm
Temperature (K) Different materials Samples

Fig. 15 Linear magnetoresistance in CoSe, and CoTe, nanosheets. (a) Schematic diagram of typical Hall bar devices made on CoSe, and CoTe;
nanosheets. (b and c) Temperature-dependent resistivity of CoSe, and CoTe, nanoflakes from 300 K to 2 K, respectively. (d and f) The magnetoresistance
(MR) ratios of CoSe, and CoTe; nanosheets at different temperatures, respectively. (e and g) Hall resistance (R,,) curves of CoSe;, and CoTe; nanoflakes at
different temperatures, respectively. (h) Compared with typical conductive 2D materials, bulk materials and conventional metals, both CoSe, and CoTe,
show very high conductivity close to that of silver. (i) MR at 2 K and conductivity of CoTe, nanosheets with various thicknesses. Adapted with permission

from ref. 268. Copyright 2020, American Chemical Society.

studying the critical behavior and evolution of magnetic order
with reduced thickness in 2D magnetic materials is their poor
environmental stability. When exposed to air, many atomi-
cally thin 2D magnetic materials will rapidly degrade, such as
Crl;,"" VSe,,'® and Cr,Ge,Tes.'>* Monolayer 1T-CrTe, was
theoretically predicted to be ferromagnetic,”*® and ferro-
magnetic order has been confirmed in both bulk crystals®®®
and mechanically exfoliated few-layered nanosheets**® with a
high Curie temperature of ~310 K. Recently, mono- and few-
layered 1T-CrTe, nanoflakes have been grown on SiO,/Si
substrates by a facile CVD method.*®® Raman spectroscopy
characterization indicated that after being exposed to the
ambient environment for 5 days the 1T-CrTe, nanoflakes still
preserved their high crystallinity, suggesting the good air
stability of 1T-CrTe, ultrathin crystals, which is a leap forward
step towards the utilization of 2D magnets in future spintronic
devices.

The long-range ferromagnetic order in 1T-CrTe, nanoflakes
was confirmed by the robust magnetization hysteresis loop
(M-H curve) under both vertical and parallel magnetic fields
with respect to the crystalline plane at various temperatures.

9098 | Phys. Chem. Chem. Phys., 2022, 24, 9082-9117

When reducing the thickness of the 1T-CrTe, nanoflakes to
below 10 nm, a magnetization hysteresis loop was only
observed under the vertical magnetic fields, indicating that
the easy-axis changes to along the out-of-plane direction. The
Curie temperature shows an anomalous monotonic increase
when reducing the thickness from ~130 to 7.6 nm. This was
also verified by the magnetotransport and polar reflective
magnetic circular dichroism (RMCD) spectroscopy measure-
ments on 1T-CrTe, nanoflakes with different thicknesses.
An apparent kink at ~200 K was observed in the temperature-
dependent resistivity, indicating a magnetic transition from para-
magnetism to ferromagnetism.

Fig. 16(a) shows the Hall resistance of a 10 nm thick
1T-CrTe, nanoflake at various temperatures. A clear hysteresis
loop due to the presence of an anomalous Hall effect is
observed, which persists up to 200 K. The coercive field can
reach ~1 T at 2 K and decreases with temperature, while the
saturated zero-field Hall resistance remains the same for tem-
peratures ranging from 2 to 170 K, indicating robust ferro-
magnetism. The spin flip process was also observed in the
butterfly-shape hysteresis behavior in the magnetoresistance

This journal is © the Owner Societies 2022
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1T-CrTe; calculated by DFT, respectively. The green dotted line indicates the calculated Fermi levels. Adapted with permission from ref. 301. Copyright

2021, Springer Nature.

curves shown in Fig. 16(b). Fig. 16(c and d) display the Hall
resistance of 15.0 and 130.0 nm thick 1T-CrTe, nanoflakes,
respectively. The T. value of the 15.0 nm thick sample is
~193 K, which is higher than ~187 K of the 130.0 nm thick
sample. For the 10.0 nm thick sample, the T, value increases to
~210 K, suggesting an enhanced T, with reduced thickness.
The polar RMCD spectra of 7.6 and 19.0 nm thick 1T-CrTe,
nanoflakes are shown in Fig. 16(e) and (f), respectively. For the

This journal is © the Owner Societies 2022

7.6 nm thick sample, the T, value extracted from the RMCD
spectrum is ~212 K, while for the 19.0 nm thick sample, T, is
reduced to ~167 K, also indicating enhanced T, with reduced
thickness. Fig. 16(g) summarizes the T, values of 1T-CrTe,
nanoflakes with different thicknesses extracted from both
Arrott plots and RMCD spectra, revealing an anomalous thick-
ness dependence of the T.. The possible itinerant ferro-
magnetic properties in 1T-CrTe, were revealed by the partial
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occupation of d orbitals of Cr atoms in the calculated density
of states (DOS) for both bulk and T-CrTe, samples, as shown
in Fig. 16(f). Towards their application for future room-
temperature spintronic devices, an in-plane room-temperature
negative anisotropic magnetoresistance (AMR) was obtained in
devices based on 1T-CrTe, ultrathin crystals and a sign change in
AMR was observed at lower temperature with —0.6% and +5% at
300 and 10 K, respectively.**

5. Construction of nanoscale electronic devices based on 2D
semiconductors

In the past decades, two-dimensional (2D) semiconductors
have attracted tremendous attention due to their atomically
thin thickness and the confinement of electron transport to the
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2D plane, enabling their high carrier mobility even at the 2D
limit and facilitating the continuous channel length scaling in
transistors."" 713146 A large family of 2D semiconductors, such
as graphene-like Xenes (black phosphorus (BP),*°” silicene®®?),
transition metal dichalcogenides (TMDCs, e.g. MoS,,
MoSe,,*” MoTe,,**® WS,,*”” WSe,*%), and metal mono- and
dichalcogenides (InSe,**® $nS,*'° SnS,,*"" SnSe,*'"), have been
demonstrated as alternative channel materials in field-effect
transistors. However, due to their atomically thin nature,
charge carriers suffer from severe scattering due to external
environmental factors, such as from trapped charges and sur-
face roughness in the dielectric substrate and adsorbates in the
ir.*'> By optimization of interface properties, such as channel-
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Fig. 17 Transfer and output characteristics of a BP FET capped with cross-linked PMMA with Ni/Au as contact electrodes. (a) Optical image (upper panel)
and schematic (lower panel) of the cross-linked PMMA capped BP FET, respectively. (b) Transfer characteristics of the BP FET capped with cross-linked
PMMA with a source—drain voltage of 0.1V, showing symmetric ambipolar transport behavior. (c and d) Output characteristics of the device at small
Vgs. (€) and (f) Output characteristics of the device at large Vys. Adapted with permission from ref. 325. Copyright 2016, American Chemical Society.
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the performances of electronic devices based on 2D semi-
conductors have been greatly enhanced. The incompatible
contact interface properties between 3D metals and 2D chan-
nels can be eliminated by either using van der Waals (vdW)
contact to decouple the metal-2D semiconductor interaction®"®
or using semimetal contact to suppress the metal induced gap
states,®"” yielding a low contact resistance and improved carrier
mobility. Insulating 2D hexagonal boron nitride (hBN) has an
atomically flat and dangling-bond free surface, which has been
proved to greatly improve carrier mobility by effectively sup-
pressing carrier scattering from trapped charges and impuri-
ties, and is considered to be the ideal dielectric.****'® Using all
2D material components, specifically, MoS, as the active chan-
nel, graphene as the source/drain and top-gate contact electro-
des, and hBN as the top-gate dielectric, field-effect transistors
with excellent performance have been made,**® showing their
great promise in constructing integrated circuits.""*

For construction of complementary metal-oxide-semicon-
ductor (CMOS) and beyond CMOS devices, a reliable comple-
mentary doping technique for 2D semiconductors is a
prerequisite. Unfortunately, due to their atomically thin nature,
using conventional doping techniques, such as ion implantation
and thermal diffusion, the lattice of 2D semiconductors will be
damaged, resulting in degraded device performance.**"*** In the
past few years, a non-destructive surface charge transfer doping
technique has been successfully developed by capping 2D semi-
conductors with organic molecules,***** metals,***3*® metal
oxides,****' and gas molecules,****** and complementary
doping profiles have been achieved.*** Beyond surface charge
transfer doping, electrostatically doping 2D semiconductors

View Article Online

PCCP

335-338 9

with split local gates, semi-floating gates,**’ and ferro-
electric polarization®*®**! has also been developed, enabling
them to be used in diodes,**”*** memories,****! optoelectronic
devices,****39%4% and logic*****! device applications.

Thanks to the continuous optimized dry-transfer metho
van der Waals (vdW) heterostructures with atomically clean and
sharp interfaces can be formed by layer-by-layer stacking of 2D
materials with different band profiles."””'*® Benefitting from
the wide range of band gaps in 2D semiconductors from 0.4 to
2.0 eV, type I (straddling gap), type II (staggered gap), and type
III (broken gap) band alignments can all be realized in vdW
heterostructures.”® The sharp and steep band edge profiles
in van der Waals heterostuctures give rise to revolutionary
possibilities of quantum engineering the transport of charge
carriers and excitons.'® Moreover, vdW heterostructures can
be formed by either vertically or laterally stacking 2D semicon-
ductors, enabling the construction of novel proof-of-principle
devices."®*'*® Due to their atomically clean and sharp interface
properties, these electronic and optoelectronic devices showed
extraordinary performance and unique functionality.'®®

5.1 Construction of black phosphorus (BP) planar devices
by interface charge transfer doping. As a typical 2D layered
semiconductor, black phosphorus (BP) has a moderate band-
gap ranging from 0.3 eV for the bulk to 2.0 eV for the mono-
layer, and a high hole mobility of ~1000 cm® v~* s~ 1302343344
Due to the Schottky barrier formed between metal contacts
and the BP channel, asymmetric transport for electrons and
holes was observed in BP FETs.?*>**>>%” By capping BP with
metals,**¢327:348349 oxides,**° and organic molecules,®>**>°
complementary doping of BP has been realized through a
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Fig. 18 Electrical characteristics of BP gated diodes and logic inverters. (a) The transfer curve of BP diode current at V45 = 0.1 V. The featured points
labeled “1" and "5" represent the p—p and n—n junctions, respectively, “2" and “4" indicate flat-band conditions for the BP PFET and NFET, respectively,
and "3" indicates the formation of a potential barrier between the N(capped) and P(uncapped) conduction regions. The inset shows an optical image of
the BP diode. (b) /-V curves of the BP diode under different gate voltages ranging from —6 to 6 V with a step of 1 V. (c) Logarithmic plot of the /-V curves
in (b). (d) Schematic diagram of the logic inverter. (e) Transfer curves of the BP PFET and NFET, respectively. The inset shows the schematic of an
equivalent circuit. (f) Output characteristics of the BP logic inverter. Adapted with permission from ref. 325. Copyright 2016, American Chemical Society.
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surface charge transfer doping process,** enabling the con-
struction of BP complementary devices.*>>*8

When partially capping the BP channel with cross-linked
poly(methyl methacrylate) (PMMA), the transfer characteristics
of BP FETs with capping show a negative shift of threshold
voltage compared to those without capping, indicating an
effective electron doping to the BP channel.** Fig. 17(a) shows
the optical image and device configuration of a cross-linked
PMMA capped BP FET. A symmetric ambipolar transport
nature was observed in the transfer characteristics (Fig. 17(b))
and the ON/OFF ratio for both electrons and holes can reach
~10%-10°. The good ohmic contact behavior was characterized
by the linear relationship in output characteristics for both
holes (Fig. 17(c), Vpg < 0 V) and electrons (Fig. 17(d), Vg > 0V).
Under large Vg, an apparent current saturation behavior was
observed for both electron and hole conduction, as shown in
Fig. 17(e and f), respectively.

The successful complementary doping allows for the con-
struction of a BP diode by partially capping the channel with
cross-linked PMMA. Fig. 18(a) shows the transfer characteris-
tics of the BP diode, in which the BP diode undergoes a
transition from the p-p junction (V3 = —50 V, labelled “1”)
to an n-n junction (Vpe = 50 V, labelled “5”). The two valleys
located at Vi, = —2 V (labelled ““2””) and Vg = 3.5 V (labelled “4”)
can be assigned to the flat band condition of the BP N-FET
(capped region) and BP P-FET (region without capping), respec-
tively. The peak at Vy, = —0.4 V (labelled “3”) indicates the
formation of potential barriers between the N (capped) and P
(uncapped) regions. The output characteristics of the BP diode
on both linear (Fig. 18(b)) and logarithmic scales (Fig. 18(c))
clearly reveal gate-tunable current rectification behavior with
the rectification ratio ranging from ~2 to ~70, much smaller
than other BP diodes,**”**>>*® which is probably due to the
heavily doping to the contact of the electron conduction side.
However, for both electron (reverse bias, magenta shaded
region) and hole conduction (forward bias, cyan shaded region)
sides, the BP diode shows a current on/off ratio of >103,
suggesting that such a BP diode can work as a bipolar switch.
When capping the central part of the BP channel in the FET
with cross-linked PMMA, two BP diodes back-to-back in series
are formed. The output characteristics of this device show a
pronounced current rectification behavior with a gate tunable
rectification ratio of 10°~10*. Moreover, due to the symmetric
configuration of the device, the current rectification is not
dependent on the polarity of voltage bias; namely, it works as
a bidirectional rectifier. The introduction of interfacial charges
into the BP channel by cross-linked PMMA can be considered
as an effective “top gate’”, which tunes the Fermi level of the
capped region. Combined with the global back gate together,
different transport regimes can be reached and a polarity
controllable BP FET was constructed.*' The successful access
to the electron and hole doping of BP channels enables the
construction of a complementary logic inverter, as schemati-
cally shown in Fig. 18(d). Fig. 18(e) shows the transfer charac-
teristics of the BP PFET (blue) and NFET (red), respectively,
indicating that by tuning the carrier density in the BP channel,
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inverted Vour can be generated in the transition region (high-
lighted with a pink square). The output characteristics of the
BP logic inverter are shown in Fig. 18(f). When Vi is in the
range of —20 to —10 V (cyan region), Vour shows a “high”
state to drop with a flat slope. The voltage gain, defined as
G = dVour/dVin, is gently increased. For Viy in the range of —10
to 5 V (pink region), Vour shows a “high” state to “low’” state
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Fig. 19 Transfer and output characteristics of the ferroelectric P(VDF-
TrFE) gated InSe FET measured in a dark environment. (a) Linear-scale
transfer curve of the ferroelectric P(VDF-TrFE) gated InSe FET. The inset
shows the optical image of a typical device. (b) Logarithmic-scale dual-
sweeping transfer curves of the ferroelectric P(VDF-TrFE) gated InSe FET.
A large memory window of ~40 V is clearly presented. (c) The output
curves of the InSe FET in three polarization states of the ferroelectric
P(VDF-TrFE) layer with Vig = 0 V. Adapted with permission from ref. 365.
Copyright 2020, American Chemical Society.
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(Vour & 0 V) transition, indicating the inversion of input
voltages. The voltage gain shows a peak value of ~0.75. Further
increasing Vi results in the steady state of Voyr at around 0 V.
Compared with other BP inverters,>*** the voltage gain is
rather low. One limiting factor of the voltage gain comes from
the ambipolar transport of the BP NFET. For a steep switch of
Vour, a real BP NFET is required. Other limiting factors include
the contact resistance and the matching of output and input
voltages in the transfer characteristics.

5.2 Construction of InSe photodetectors with high on/off
ratios and photoresponsivity by ferroelectric gating

Photodetectors are key elementary components for opto-
electronic device applications.®>®> Photodetectors based on 2D
semiconductors, such as transition metal dichalcogenides
(TMDCs) and black phosphorus (BP), due to their thickness-
dependent sizable bandgaps, show greatly enhanced perfor-
mance compared to those of graphene with zero bandgap.*****
The bottleneck of photodetectors based on 2D semiconductors
lies in how to suppress the large dark current to further improve
the small photoswitch ratio and photoresponsivity. Compared to
conventional dielectrics, such as Al,O;, SiO, and HfO,, ferro-
electric dielectrics, such as transparent organics P(VDF-TIFE),
have much higher dielectric constants, allowing for the effective
suppression of dark current and 3-4 orders of magnitude
enhancement of photoresponsivity,>*%283%9
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Indium selenide (InSe), as a typical 2D metal monochalco-
genide, shows broadband photoresponse with the wavelength
ranging from ultraviolet to near-infrared due to its thickness-
dependent direct bandgap.**>*** Photodetectors based on few-
layered InSe gated with conventional dielectrics show an on/off
ratio of 4.7 x 10%, a responsivity of 157 AW, and a detectivity
of 1.07 x 10" Jones.***%* After replacing the conventional
dielectric with a ferroelectric P(VDF-TTFE), the ferroelectric-gated
InSe photodetectors show an on/off ratio of over 10%, a photo-
responsivity of ~14250 A W', and a detectivity of ~1.63 x
10" Jones.>® Fig. 19(a) shows the linear-scale transfer curve of the
ferroelectric P(VDF-TrFE) gated InSe transistor at Vg5 = 100 mV
measured in a dark environment, showing the monotonically
increasing channel current with increasing top-gate voltage (Vg),
indicating the electron conduction nature in the InSe channel.
A large anti-clockwise memory window of ~40 V that resulted
from the gradual switching of ferroelectric polarization®® was
observed in the transfer curve of the device in Fig. 19(b). Due to the
improved interface properties between InSe and hBN, the on/off
ratio reaches ~10° which is three orders of magnitude higher
than that of the ferroelectric P(VDF-TTFE) gated InSe transistor on
a Si0,/Si substrate.*®® Fig. 19(c) shows the output curves of the
InSe FET under different polarization states of the ferroelectric
P(VDF-TrFE). Although the current for the P up state is smallest,
the off (dark) current can be reduced to ~10~"* A, which is critical
for improving the photoresponse properties of photodetectors.
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Fig. 20 Photoresponse properties of the ferroelectric P(VDF-TrFE) gated InSe photodetector in the P up state. (a) Output curves of the photodetector
under laser illumination with different power levels. (b) Double-logarithmic plot of photocurrent as a function of illumination power. The inset shows the
ratio of the photocurrent to dark current under different illumination powers. (c) Photoresponsivity and detectivity of the InSe photodetector as a
function of illumination power. (d and f) Periodical switching of the photocurrent under 532 nm laser illumination, revealing that the rise (t,) and fall (t)
times are ~600 ps and 1.2 ms, respectively. Adapted with permission from ref. 365. Copyright 2020, American Chemical Society.
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The optoelectronic response characteristics of the ferroelec-
tric P(VDF-TrFE) gated InSe transistor in the P up state at Vg5 =
3V are shown in Fig. 20(a). The photocurrent I,, shows a power
law dependence on laser power (P) of I ~ P*** (Fig. 20(b)),
indicating that the photogenerated carriers are recombined
with the trap states coming from the defects, charge impurities,
and adsorbates in the InSe channel.**®*°3%2 The photorespon-
sivity and detectivity of the ferroelectric P(VDF-TrFE) gated InSe
transistor at a laser power level of 0.04 mW cm™> can reach
14250 AW ' and 1.63 x10"® Jones, respectively, which are two
orders of magnitude higher than those of SiO, back gated InSe
transistors,*®® as shown in Fig. 20(c). The fast decay of both
photoresponsivity and detectivity may result from the recombi-
nation process occurred at the interface between the InSe
channel and top-gate P(VDF-TrFE) film. By periodically switch-
ing the photocurrent under 532 nm laser illumination, the
rise (¢;) and fall (¢) times can be measured as ~600 ps and
~1.2 ms, respectively, which are higher than those of pre-
viously reported ferroelectric-gated 2D photodetectors,*>833%367
as depicted in Fig. 20(d-f).

(b)
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5.3 Construction of high-performance electronic devices
based on InSe/hBN/graphite heterostructures

In the past decades, 2D materials with sizable bandgaps, such
as TMDCs,"*® BP,**> and group IIIA chalcogenides,*®’ have
been employed as channel materials to overcome the scaling
limits in Si devices."*® InSe, as a typical member of group IIIA
chalcogenides, has high electron mobility and a tunable
bandgap, making it a promising channel material for 2D
electronic®®??83%837% and optoelectronic devices.>®%?71737
hBN has an atomically flat surface with large surface optical
phonon energies, and when serving as a gate dielectric for a
2D-material channel, the carrier scattering at the interface
between the 2D-material and gate dielectric can be greatly
suppressed compared to those of conventional dielectrics.*'**”
High-performance field-effect transistors have been fabricated
based on InSe/hBN/graphite heterostructures with electron
mobilities up to 1146 cm® V' s and on/off ratios up to

10'° due to the atomically sharp interface between hBN and the
InSe channel.**°

| Vg from 0 to 4V, 0.5 V/step

-0.10 -0.05 0.00 005 0.10
Ve V)

(d) Vg from0to 4V, 0.5 Vistep

1001 Gain=93.4 V=3V 1O o gaaaeag

80} 08l

£ o6l

O 40t =

ol 041

A 0 02t
3 2 0 1 20 18 16 14 12 00 05 10 15 20

v, (V) v, (V) Strain (%)

Fig. 21 High-performance electronic devices based on an InSe/hBN/graphite van der Waals heterostructure. (a) Schematic and (b) optical image of the
FET based on the InSe/hBN/graphite van der Waals heterostructure. (c and d) Output curves of the heterostructure FET under different gate voltages
from 0 to 4 V with a step of 0.5V at small (c) and large (d) Vgs. (€) Linear (blue) and logarithmic (black) scale transfer curves of the heterostructure FET at
Vgs = 0.1 V. Linear fitting of the curves yields an electron mobility of 1146 cm? V= s7* and a subthreshold swing slope of 0.372 V dec™?, respectively.
(f) Schematic of the logic inverter based on the InSe/hBN/graphite van der Waals heterostructure. (g) Output characteristics of the heterostructure
inverter at Vyq = 3 V. The inset shows an optical image of the inverter. (h) Voltage gain of the heterostructure inverter under different input voltages (V) at
V4a = 3 V. (i) Ratio of electron mobility in the heterostructure FET placed on a flexible substrate under different strains. Adapted with permission from ref.
366. Copyright 2020, Springer Nature.
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Fig. 21(a and b) show the schematic and optical image of an
InSe/hBN/graphite heterostructure FET, respectively. The out-
put characteristics of the device at small (Fig. 21(c)) and large
(Fig. 21(d)) source-drain bias reveal the good ohmic contact
nature and current saturation behaviors, respectively. The
transfer curves of the device shown in Fig. 21(e) indicate the
electron conduction nature of InSe with an on/off ratio of
~10" and an electron mobility of ~1146 cm® V™' s, Due
to the greatly reduced density of interfacial trapped charges
in the InSe/hBN/graphite heterostructure, the subthreshold
swing slope of the device was reduced to ~0.372 V dec™ " from
6.09 V dec™ " of the InSe FET on a SiO, (300 nm)/Si substrate.
Based on the high performance of the heterostructure FET, a
prototype 2D logic inverter was constructed by integrating two
InSe heterostructure FETs together using split gates. Fig. 21(f)
schematically shows the device configuration. The output char-
acteristics of the logic inverter shown in Fig. 21(g) reveal that
when Viy > —1.6 V, Voyur is close to 0 V and the logic state of
the inverter can be labelled “0”, while when Viy < —2V, Vgyris
around 3V (Vy44) and the logic state can be labelled “1”. At a
supply voltage of 3 V, the peak voltage gain reaches ~93.4
(Fig. 21(h)), which is larger than those of previously reported 2D
inverters.’’®* Benefiting from the superior flexibility of
InSe,*®**%> hBN, and graphite, a flexible FET based on the
InSe/hBN/graphite heterostructure was fabricated. Fig. 21(i)
shows that for a strain level of 2%, there is only a 6.5% drop
in electron mobility. The above results suggest that an InSe/
hBN/graphite heterostructure device is a promising device
configuration for future 2D electronics and flexible electronics
as long as high-quality wafer-scaled channel materials and hBN
gate dielectrics are available.

5.4 Construction of ultrahigh-speed nonvolatile memory
devices

As a mainstream non-volatile memory, a flash memory device
suffers from the low-switching speed (~ 75 ps) due to the large
tunnel barrier (~3-4 eV) and the unavoidable interface dan-
gling bond for the Si/SiO, interface.'™* van der Waals hetero-
structures formed by layer-by-layer stacking 2D materials have
atomically sharp and clean interfaces, and by construction of a
small tunneling barrier, ultrafast operation of the flash memory
device could be achieved. Most recently, ultrafast (~20 ns)
program/erase operation of floating-gated transistors has
been successfully realized based on InSe/hBN/graphite**® and
MoS,/hBN/graphite heterostructures.***%”

Fig. 22(a and b) show the schematic and optical image of a
nonvolatile floating-gate device based on the InSe/hBN/
graphite heterostructure stacked on a SiO,/Si substrate, respec-
tively, where InSe, hBN, graphite, SiO2, and Si serve as the
channel, tunnel layer, floating gate, control-gate dielectric, and
control-gate electrode, respectively. The interface properties
between layers were characterized by HAADF-STEM, where
atomically flat, sharp, and clean interface properties between
functional layers were revealed, as shown in Fig. 22(c-e). A large
memory window, defined as the shift of the threshold voltage,
proportional to the control gate voltage (V.;) was observed in
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Fig. 22 Nonvolatile memory device based on a van der Waals hetero-
structure with a floating-gate configuration. (a and b) Schematic and
optical image of a floating-gate memory device based on the InSe/hBN/
MLG heterostructure stacked on a SiO,/Si substrate, respectively. (c)
Cross-sectional HAADF-STEM image of the InSe/hBN/MLG heterostruc-
ture on SiO, with graphite and Pt capping layers, indicating uniform in-
plane interfaces. (d and e) Higher-resolution HAADF-STEM images of the
same heterostructure on different length scales, revealing its atomically
sharp and clean interface characteristics. Adapted with permission form
ref. 386. Copyright 2021, Springer Nature.

the dually sweeping transfer curve of the floating gate FET.
A large charge density of 4.6 x 10> cm™? can be stored in the
graphite floating gate when sweeping V., from —40 to +40 V,
which is larger than those of conventional flash memory
cells.*®® This was attributed to the higher work function of
graphite (~4.6 eV) independent of thickness***?°° and the
significant reduction of interference in the floating-gate.>**
Fig. 23(a) schematically shows the energy band diagrams of
the floating-gate memory device for program, read, and erase
operations. The electrons can be dragged/filled to/in the InSe
channel by tunneling through the hBN barrier when a positive/
negative V., is applied, defined as program/erase operations.
An ultrahigh erase/program ratio of ~10' was achieved by
applying a +17.7/—17.7 V voltage pulse with a full width at half-
maximum (FWHM) of 160 ns, as shown in Fig. 23(b), which is
much larger than those of previously reported floating-gate
memory devices based on 2D materials.?39?9%39%393 The reten-
tion characteristics of the floating-gate memory devices charac-
terized by the evolution of the threshold voltage with time after
the program/erase operations are shown in Fig. 23(c), where
only 14.6% and 27.1% drops in the threshold voltages of the
program/erase states were found after extrapolation to 10 years,
indicating a robust retention performance of the hetero-
structure floating gate memory. Fig. 23(d) shows the endurance
performance of the floating gate memory device under repeat
program and erase operations, clearly showing that no appar-
ent change occurs for both the program and erase states after
2000 cycles. Such robust retention and endurance performance
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Fig. 23 Program and erase operations of nonvolatile InSe floating-gate memory devices. (a) Schematic of the energy-band diagrams of the floating-
gate memory device for program, read and erase operations. (b) The current of the InSe channel after program (low-current state, red) and erase
(high-current state, black) operations by applying a single +17.7 V or —17.7 V voltage pulse with 160 ns FWHM, respectively. (c) Evolution of the threshold
voltage with time after program/erase operations. (d) Endurance of the channel current in the floating-gate memory device after alternative program/
erase operations. Adapted with permission form ref. 386. Copyright 2021, Springer Nature.

was attributed to the adoption of defect-free hBN as a tunneling
barrier.??439°

The time to program/erase the floating gate memory device
has been further reduced to ~21 ns, maintaining the ultrahigh
extinction ratio of 10" by applying a +20.2/—20.8 V voltage
pulse to Vg, which is almost ~5000 times faster than those of
commercial flash memories and comparable to those of volatile
dynamic random access memories,**® as shown in Fig. 24(a).
Most importantly, the response time of the ultrafast operation
also reached the nanosecond range, which was defined as the
time needed to reach 1/e of the peak pulse voltage for the
program/erase states and estimated as 36 ns and 43 ns for
the program and erase operations, respectively, as shown in
Fig. 24(b and c). This ultrafast transient response enabled the
ultra-frequency operation of the device by sequential program/
erase operations up to 5 MHz, as presented in Fig. 24(d). The
physical mechanism for the ultrafast operation was attri-
buted to the Fowler-Nordheim tunneling process, in which

9106 | Phys. Chem. Chem. Phys., 2022, 24, 9082-9117

the tunneling probability/current is greatly enhanced due to
the successful reduction of the barrier height in the InSe/hBN
van der Waals heterostructure. Choosing a different channel
material with a similar work function to that of InSe
(~4.7 eV), such as MoS, (~4.6 eV), ultrafast program/erase
operations with an ultrahigh extinction ratio of ~10" have
also successfully achieved.*****” The ultrahigh erase/program
ratio of 10" allows for multi-bit memory storage. As depicted
in Fig. 23(e), distinguishable programmed states labelled (10),
(01), and (00) with large enough erase/program ratios can be
achieved and all programmed states can be erased back to
the (11) state, demonstrating the capability of robust two-bit
storage. Although the device was fabricated by a layer-by-
layer van der Waals stacking process based on the mecha-
nical exfoliation method, the adoption of a commercial float-
ing gate memory device configuration is compatible with
existing industry standards. For future device scale up, the
development of wafer-scale synthesis of van der Waals
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Fig. 24 Ultrafast operation and multi-bit storage of the floating-gate memory. (a) Program and erase of the InSe floating-gate memory device with a
10 nm thick hBN tunnel layer with a positive/negative voltage (+20.2 V/—20.8 V) pulse with a pulse width of ~20 ns, showing that a high extinction ratio
of 10%° can be maintained. (b) and (c) Ultrafast response of the InSe floating-gate memory device after applying program (b) and erase (c) pulses.
(d) Ultrahigh frequency program and erase operations of the floating-gate memory device with ~100 ns intervals. (e) Multi-bit storage realized by
applying different numbers of ultrafast pulses to program the device with a thicker hBN tunneling layer (~ 12 nm) to different current levels. Adapted with

permission form ref. 386. Copyright 2021, Springer Nature.

heterostructures with atomic-scale precision and high material
quality is required.*®”

6. Summary and outlook

We have reviewed the recent progress in construction of nano-
scale electronic devices based on low-dimensional structures
and their charge transport properties, including molecules and
2D materials. We started with construction of molecular
devices at the single molecule level by precisely controlling
the self-assembled structures of molecules on metal surfaces.
By tuning the chemical bond between an atom of the molecule
and an adatom on the surface, molecular motor arrays with
a fixed rotation axis have been achieved. Furthermore, by STM
manipulation, the spin state of a single molecule can be
reversibly switched, providing a robust and effective way to
atomically precisely manipulate the single spin states of a
single molecule and will have great implications for informa-
tion recording and storage at the molecular level. Then we
reviewed construction of nanoscale electronic devices based on
the high-quality and single-crystal graphene epitaxially grown
on a Ru(0001) substrate. By stepwise intercalation of silicon and
oxygen followed by post-annealing, thin (~1 nm) crystalline
and thicker (~2 nm) amorphous SiO, layers have been created
between graphene and the Ru(0001) substrate, which effectively
insulates graphene from the metal substrate, enabling the
in situ fabrication of graphene Hall devices and the successful
observation of SdH oscillations and quantum Hall effects. This
method paves the way for directly synthesizing high-quality
graphene on insulating substrates and provides a promi-
sing platform for graphene electronics. We also discussed the

This journal is © the Owner Societies 2022

progress of the electrical transport properties of 2D novel
magnetic TMDCs, including VX,, CoX,, and CrX, (X = S, Se,
or Te). When their thickness was reduced to the 2D limit, these
materials show novel spin-related transport properties, such as
a 2D weak antilocalization effect in few-layer VSe, due to strong
spin-orbit coupling, the Kondo effect induced by intercalated
localized moments in multi-layered VTe,, and linear and non-
saturated magnetoresistance in mono- or few-layer CoX,.
Importantly, strong room-temperature ferromagnetism has
been discovered in mono- or few-layer CrTe,, providing an
ideal platform to investigate intriguing physical properties
and offering promising possibilities to construct 2D magnet
based spintronic devices. Finally we reviewed construction of
nanoscale electronic devices based on 2D semiconductors.
An interfacial charge transfer method has been developed for
complementary doping of black phosphorus, enabling the
fabrication of a family of planar devices. By successful suppres-
sion of carrier scattering from the interface between 2D channel
materials and dielectric substrates, high performance electronic
devices with high mobility and low subthreshold voltages and
optoelectronic devices with high on/off ratios, high responsivity,
and high detectivity have been demonstrated. Surprisingly,
benefitting from the atomically sharp interface between van
der Waals heterostructures, an ultrafast-speed nonvolatile
memory device with an ultrahigh extinction ratio of ~10",
a program/erase time of ~20 ns, and long-term storage cap-
ability (>10 years) has been described. These achievements
demonstrate the remarkable engineering possibilities of
2D semiconductors and their layer-by-layer assembled van der
Waals heterostructures.

From the device point of view, the emerging novel physical
properties of low-dimensional structures continuously encouraged

Phys. Chem. Chem. Phys., 2022, 24, 9082-9117 | 9107


https://doi.org/10.1039/d1cp05981e

Published on 24 March 2022. Downloaded by Institute of Physics, CAS on 1/5/2023 6:16:34 AM.

PCCP

the scientists of multi-disciplinary research fields to devote
tremendous efforts towards the precise control, understanding,
and construction of nanoelectronic devices. Despite the great
success in the fabrication of proof-of-concept devices, many
challenges still remain. For single molecule devices, STM
has been employed as a powerful tool for precisely imaging,
resolving the electronic structure, and manipulating the self-
assembled ordered molecular structures at the single-molecule
level. However, switching the motion or electronic/spin states
of single molecules can only be performed one by one. A more
efficient parallel method capable of switching multiple mole-
cules each time is required. Another main challenge lies in the
real-time imaging of the molecular configuration during their
motion. The mismatch between the STM scanning rate and the
timescale of molecular motion makes the tracking of the real-
time configuration of molecular motion rather challenging.
The development of preamplifiers with broader bandwidths
will enable the fast STM scanning of the molecular configuration
and capture the molecular motion without delay. Moreover, for
practical applications of single-molecule devices, the mass pro-
duction of molecular motors and switches under ambient condi-
tions is a prerequisite. Investigation of the manipulation of
molecular motors and switches on inert substrates and under-
standing of the underlying mechanism are required. For con-
struction of nanoelectronic devices based on graphene and other
2D materials, the development of the reliable and Si-technology
compatible method to synthesize high-quality and large-scale
2D materials is required. In the past decade, big progress has
been made in wafer-scale growth of graphene, MoS,, and WS,.
However, effective doping and low-barrier contact are still big
challenges. Furthermore, hBN has been proven to be an interface
compatible dielectric for 2D materials, which greatly improves the
device performance due to the effective suppression of trapped
charge and surface roughness. However, the synthesis of wafer-
scale hBN with superior dielectric properties is yet to be devel-
oped. As an alternative route, dielectric engineering of high-k gate
dielectrics by deposition of a seed layer on 2D materials has
pushed the thickness of gate dielectrics to an equivalent oxide
thickness of 1 nm with a reduced roughness, interface states and
leakage current, enabling greatly enhanced performance in field-
effect transistors based on graphene, MoS, and WSe,. A unique
advantage of 2D materials is that lateral or vertical van der Waals
heterostructures can be constructed by layer-by-layer stacking of
2D materials with different band profiles, enabling the fabrication
of novel proof-of-concept devices. However, the aligned transfer
process is unscalable. Growth of wafer-scale and high-quality
lateral or vertical heterostructures must be fulfilled for their future
heterointegration with Si technology. By properly addressing these
challenges faced in the construction of nanoelectronic devices,
both single-molecule devices and nanoelectronic devices based on
2D materials will be indispensable in future nanotechnology.
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