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ABSTRACT: Electron occupation of orbitals in two-dimensional (2D)
layered materials controls the magnitude and anisotropy of the inter-
atomic electron transfer and exerts a key influence on the chemical

bonding modes of 2D layered lattices. Therefore, their orbital occupa- s“iiﬁgfgﬁﬁif’w‘”ty

tions are believed to be responsible for massive variations of the physical  Electronics (2HMos,) Spintronics

and chemical properties from electrocatalysis and energy storage,

to charge density waves, superconductivity, spin—orbit coupling, and Charge \on cenuosymmetic  Magnetic Seln

valleytronics. Especially in nanoscale structures such as nanoribbons, Pupsrconductors - supercondict Q

nanoplates, and nanoflakes, 2D layered materials provide opportunities Emergent

to exploit new quantum phenomena. electromagnetism

In this Account, we report our recent progress in the rational design Ini2D laySEilaterials” gy

and chemical, electrochemical, and electrical modulations of the physical e B sl e

and chemical properties of layered nanomaterials via modification of Ferroelectricity v Magnetism
(@iTel) Naleyuonics (Cr: BiSb) Se)

the electron occupation in their electronic structures. Here, we start with
the growth and fabrication of a group of layered chalcogenides with
varied orbital occupation (from 4d/Sd electron configuration to Sp/6p Orbital
electron configuration). The growth techniques include bottom-up
methods, such as vapor—liquid—solid growth and vapor—solid growth,
and top-down methods, such as mechanical exfoliation with tape and
AFM tip scanning.

Next, we demonstrate the experimental strategies for the tuning of the chemical potential (orbital occupation tuned with electron
filling) and the resulting modulation of the electronic states of layered materials, such as electric-double-layer gating, elec-
trochemical intercalation, and chemical intercalation with molecule and zerovalence metal species. Since the properties of layered
chalcogenides are normally dominated by the specific band structure around which the chemical potential is sitting, their desired
electronic states and properties can be modulated in a large range, showing unique phenomena including quantum electronic
transport and extraordinary optical transmittance.

As the most important part of this Account, we further demonstrate some representative examples for the tuning of catalytic,
optical, electronic, and spintronic properties of 2D layered chalcogenides, where one can see not only edge-state induced
enhancement of catalysis, quantum Aharonov—Bohm interference of the topological surface states, intercalation modulated
extraordinary transmittance, and surface plasmonics but also external gating induced superconductivity and spin-coupled valley
photocurrent. Since our findings reflect the critical influences of the electron filling of orbital occupation to the properties in 2D
layered chalcogenides, we thus last highlight the importance and the prospective of orbital occupation in 2D layered materials for
further exploring potential functionalized applications.

Orbitronics

1. INTRODUCTION structure near the Fermi level, their electronic properties can be

Two-dimensional (2D) layered materials have recently attracted effectively modified by controlling the electron filling into the

much interest due to their unique physical and chemical pro-

perties' > as well as potential applications in electronics, opto-
electronics, energy storage, and catalysis.”~* A wealth of unusual
physical phenomena occurs when charges are confined into the Received: September 4, 2014
2D lattice. Determined by the Fermi surface and the specific band Published: January 2, 2015
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Figure 1. Schematic diagram demonstrating the symmetries and degrees of freedom of electrons confined in 2D layered materials and resulting

emergent phenomena that can be engineered in the layered materials.®

orbitals. Figure 1 shows the schematic diagram for the symme-
tries and degrees of freedom of electrons that can be engineered
in 2D layered materials for many emergent phenomena.’
For example, spatial variations of the d-orbital occupation are
known to generate a multitude of electronic phases with radically
different macroscopic properties,> which can bring us unique
d-orbital electron filling and anisotropic-shaped d-electron
clouds. These have been intensively investigated not only to
fundamentally understand the intriguing physics and chemistry
in 2D layered materials”® but also to examine their potential
applications in novel electrochemical, electronic, and spintronic
devices.” ' The electron count, used to describe the electron
configuration and electron filling in the orbitals in coordination
complexes (Figure 2), can serve as an effective indicator to
understand the geometry and reactivity of layered materials and also
provide us with guidance for property control. The emerging ionic,
electronic, spintronic, and photonic phenomena in the confined
electronic systems,”">'* such as the topological surface state in
topological insulators'>'® and valley polarization selection in
monolayer MoS,, can be controllably tuned by modifying their elec-
tron filling with doping, quantum size effect, field effect, or
intercalation of molecules, atoms, and ions into van der Waals layers.

Taking layered transition metal dichalcogenides (TMDs) as
examples, Figure 2 shows the evolution of the electronic struc-
tures of representative compounds with varying the electron con-
figuration and the coordination environment of metal elements.>
Considering layered dichalcogenides with trigonal prismatic
coordination of the transition-metal (D5, shown in Figure 2a),
the d orbital components d 7, d,2_2 ., and d,, , are split into three
independent subbands, with a sizable band gap between d.> and
de_y groups.2 The diverse electronic structures of TMDs arise
from the evolving electron filling of the nonbonding d bands
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(Figure 2b). For example, TMDs exhibit metallic conductivity
when the d* orbitals are partially filled in 2H-TaSe, (5d°6s*
for Ta), while they are semiconductors when the d,? orbitals are
fully occupied in 2H-WSe, (5d*6s* for W). If we further add
electrons to fully fill the Sd orbitals by changing the metal to
bismuth (5d'°6s*6p® in Bi,Ses), since the spin—orbit coupling
strength in Bi,Se; is strong enough, the layered compound thus
starts to have a “band inversion” and forms a topological surface
state in the folded band gap (0.3 eV), as shown in Figure 2¢.¢On
one hand, with varying orbital occupation, this gradual evolution
of electronic properties from metal, to semiconductor, and to
band-folded topological insulators gives us the diversity of
physical and chemical properties of 2D layered materials. On the
other hand, their materials properties can be continuously tuned
by modifying their electron filling with doping, field effect, and
intercalation. Reviewed here is our recent progress on the rational
control of the chemistry and physical properties of 2D layered
nanostructures via orbital occupation with electron filling.

2. RATIONAL SYNTHESIS

The reliable growth of high quality 2D materials with desired
dimensionality is an essential first step for realizing materials with
desired orbital occupations and further functionalizing them for
device applications.

Vapor—liquid—solid (VLS) growth is one of the most im-
portant synthetic methods for 2D layered nanoribbons and
nanowires.'” The target materials are transported by carrier gas
downstream where substrates are located (Figure 3). Before the
growth, metal nanoparticles, Au nanoparticles in most cases, are
first uniformly predeposited onto the substrates to act as the
catalysts for nanoribbon growth.'”'® There are many successful
examples of 2D layered nanoribbon and nanowire syntheses
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Figure 2. (a) Crystal structures of representative layered chalcogenides. (b) Schematic illustration for progressive electron filling of d orbitals in
transition metal chalcogenides.” (c) Band structure evolution of layered chalcogenides with group III to group V elements, with the band gap evolution
from a positive value (a semiconductor) to a negative one (a topological insulator). Panel ¢ reproduced with permission from ref 16. Copyright 2012

American Physical Society.

with this VLS method, including Bi,Se;, Bi,Te;, and Sb,Te;
nanoribbons, In,Se; and Ga,Se; nanowires, and related
alloys."”™>* Figure 3a shows the Bi,Se; nanoribbon growth
using Au nanoparticles as the catalyst."” A gold nanoparticle
present at the end of the ribbon suggests the VLS growth
mechanism. The ribbons are single-crystalline rhombohedral
phase with atomically smooth edges and flat surface (Figure 3b
and 3c). We can achieve VLS growth for In,Se; nanowires along
both in-plane and out-of plane directions, confirmed by
transmission electron microscopy (TEM). Importantly, the
final dimensionality and morphologies of 2D layered nanorib-
bons and nanowires can be flexibly controlled by changing the
growth temperature and time or the flow rate of carrier gas in
VLS synthesis in a desired way (Figure 3d).”>** For example,
Bi,Se; nanowires, which exhibit rough surfaces, are formed by
stacking nanoplates along the axial direction of the wires, and
nanoribbons are grown along [1120] direction with a rectangular
cross-section and have diverse morphologies, including czluasi—
one-dimensional, sheet-like, zigzag, and sawtooth shapes.2
Different from VLS growth, vapor—solid (VS) syntheses
are free of catalyst (Figure 4a). The high anisotropy of 2D
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materials plays a critical role in the morphology of nanoplates
(Figure 4b).”® For example, the bonds of 2D atomic layers at the
top and bottom surfaces are fully saturated without any dangling
bond, which retards the growth rate along the ¢ axis. However,
the edge of the layers have dangling bonds where the involved
gas phase vapors are preferentially attached, resulting in a signi-
ficantly faster growth rate along the in-plane directions. Few-
layer ultrathin nanoplates of Bi,Se; and Bi,Te; with thickness
down to ~3 nm were successfully achieved by this VS mechanism
on the Si/SiO, substrate (Figure 4¢).2%?° The lateral dimensions
of the nanoplates extend from several micrometers up to
~20 um. Importantly, the ternary alloyed phase (Bi,Sb,_,),Te,
nanoplates can also be obtained using VS growth using a mixture
of Bi,Te; and Sb,Te; powders as precursors.”® TEM images
suggest the single crystallinity of the nanoplates and energy-
dispersive X-ray spectroscopy elemental mapping in Figure 4
indicates the uniform distribution of bismuth and antimony
across the entire nanoplate without detectable phase separation.

Solid state reaction provides another possibility for binary
nanostructure growth using reactions of layered compounds with
other desired elements (Figure 5).27?% By heating the In,Se;
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Figure 3. (a) Schematic mechanism of VLS synthesis of layer
nanoribbons and nanowires. (b, c) SEM images of Bi,Se; nanoribbons
with Au nanoparticles as the catalyst. Reproduced from ref 19.
Copyright 2010 Nature Publishing Group. (d) Schematic of In,Se,
nanowire growth along different directions. Reproduced from ref 20.
Copyright 2008 American Chemical Society.

nanowires for solid-state reaction with copper, we can transform
the In,Se; nanowires into high-quality single-crystalline CulnSe,
nanowires. The chemical transformation from In,Se; to CulnSe,
nanowires presents the entire process of the solid state reac-
tions by in situ TEM characterizations.””** Interestingly, the
transformation temperature exhibits a surprising anisotropy, with
In,Se; nanowires grown along their [0001] direction trans-
forming at a low temperature of 225 °C, while nanowires in a
[1120] orientation require a much higher temperature of 585 °C,
due to the high anisotropy of the layered materials. These results
offer a route to the synthesis of CulnSe, nanowires at a relatively
low temperature as well as insight into the details of a transformation
commonly used in the fabrication of thin-film solar cells.

Decades ago, mechanical and chemical exfoliation were tried
to achieve layered chalcogenides with few and single layers,*”*°
providing a simple but effective method to fabricate layered
materials at their monolayer limit. Even now, “Scotch tape”
mechanical cleaving is still the most common approach for
obtaining single- and few-layer-thick 2D materials. In addition,
we reported a controlled mechanical exfoliation of Bi,Se;
nanoribbons by an atomic force microscope (AFM) tip down
to single quintuple-layers of Bi,Se; (Figure 6).>' When the
horizontal force applied by the AFM tip is large enough, the
upper portion of the ribbon will be scratched away. Therefore, we
can remove most of the upper layers and have intact ultrathin
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Figure 4. (a) Schematic mechanism of VS synthesis and anisotropic
growth of nanoplates. Reproduced from ref 25. Copyright 2010
American Chemical Society. (b) AFM images of Bi,Se; and Bi,Te,
nanoplates. Reproduced from ref 25. Copyright 2010 American
Chemical Society. (c) Optical microscopy, TEM, and EDX character-
izations of ternary (Bi,Sb;_,),Te; nanoplates. Reproduced from ref 26.
Copyright 2011 Nature Publishing Group.
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Figure S. (a, b) Schematic and optical images for the mechanism of
chemical reaction synthesis. (c, d) Schematic structure transformation
from In,Se; nanowires to Culn,Se; nanowires. Reproduced from ref 27.
Copyright 2009 American Chemical Society.

Bi,Se; at the bottom while maintaining the original lateral length
of about several micrometers.>!

3. PHYSICAL AND CHEMICAL METHODS FOR ORBITAL
OCCUPATION CONTROL

Since material properties are always associated with their
electronic structures, especially the position of Fermi level and
the size and shape of Fermi surfaces, continuous electron filling
into their orbitals can serve as the most effective way to modulate
the electronics states and therefore the physical and chemical
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Figure 6. (a) Schematic of AFM exfoliation of layered Bi,Se;
nanoribbon. (b) The horizontal tip force is from torsional displacement
of the tip. (c) AFM images after breaking by tip exfoliation. Reproduced
from ref 31. Copyright 2010 American Chemical Society.

properties of layered materials. With this general guidance, we
have successfully used the following techniques to modulate
material properties in 2D layered materials.

3.1. Electric-Double-Layer Gating
Electric-field control of charge carrier density has attracted

much attention because it is a simple method for modulating
the physical properties of materials and for exploring new

functionalities with a transistor configuration. As a functionalized
interface, the electric double layer (EDL) interface, working as a
nanogap capacitor with a huge capacitance (middle panel of
Figure 7a), can accumulate a large amount of charge with low
operation voltages, resultin% in remarkable advances in high
performance EDL transistors”>>* and electrostatic modulation of
electronic states of solids.>* Therefore, using EDL transistors to
electrostatically tune physical properties of 2D chalcogenides is a
rather new territory and can bring us to new physical
transformations (insulator—metal—superconductor transition,
modulation of spin—orbit coupling) and device functionalities
(generation of valley current and valleytronics devices). For
example, we can easily realize ambipolar operation in WSe, and
MoS, with such EDL gated transistors.'> Also, by tuning the gate
voltage within EDLT's on flakes of layered MoS,, we observe an
electric field induced quantum insulator—superconductor
transition. Further investigation clearly indicated a 2D
insulator-to-superconductor transition around the pair quantum
resistance h/(2¢)* and a dimensional crossover (2D-anostropic
3D) of the gate induced superconductivity in MoS,.

3.2. Electrochemical Intercalation

As another powerful tool based on electrochemical cells for
batteries and supercapacitors, electrochemical intercalation can
be used for tuning both the chemical potential and the electronic
structure of 2D materials with electron filling. In electrochemical
intercalation (right panel of Figure 7a), either cations (such as
Li*, Cu*, or Ag*) or anions can be electrochemically intercalated
into the van der Waals gap or the crystal lattice or reacted with
the crystal in a simple electrochemical reaction (Li + MoS, + ¢ <
Mo + LiS,). Intercalation is the change of redox state of host
lattice ions, and often the carrier density can be modulated
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significantly compared with electrostatic gating (middle panel of
Figure 7a) and therefore drive the electronic state into metallic
phase and even superconducting phase.® Also, when the
concentration of intercalation ions is high enough, it is also
possible to induce a structural or phase transformation, which
change the electronic band structure completely. Lithium atoms
can fill in the layer-like structural vacancies of In,Se; nanowires
and generate new types of vacancies and lithium atom ordering
superlattices.>®

3.3. Zerovalent Intercalation

The amount of intercalant that can be inserted into a host
material is limited by the charge and size of the guest species and
the ability of the host to maintain charge balance and structural
stability. The ionic nature of many guest species requires either a
change of the host lattice oxidation states or the presence of
atomic vacancies to maintain charge neutrality.37 Though
intercalation of alkali metals such as lithium can be high because
of their small size, most intercalation concentrations are limited
by the ionic nature of the intercalant. A zerovalent intercalant
does not require a change in the oxidation state of the host lattice,
thus allowing a high intercalation concentration.

We successfully developed a chemical, solution-based method
whereby a reaction to generate a zerovalent copper species is per-
formed in the presence of a layered material because zerovalent
intercalant does not disrupt the host crystal (Figure 8). High
densities, up to 60 atomic percent, of zerovalent copper metal can
be intercalated into Bi,Se; nanoribbons, controlled by either the
concentration or the reaction time. On one hand, this is general,
whereby many other zerovalent metals (such as Cu, Ag, Co, In,
Pt, Pd, or Sn) can be intercalated into layered Bi,Se; chalcogenide
nanoribbons.®® On the other hand, such superstoichiometric,
zerovalent intercalation can be extended to different 2D host
materials, including MoOj, Sb,Tey, In,Ses, and GaSe.” Besides the
above-mentioned intercalation of the ions, zerovalence metals, we can
also intercalate large molecules into the layered materials to modify
their electron filling and orbital occupation and resulting properties.*’

4. MODULATION OF CHEMICAL AND PHYSICAL
PROPERTY OF 2D MATERIALS VIA ELECTRON FILLING

4.1. Catalytic Properties

In these layered materials hosting d orbitals, the spatial variations
of the d-orbital occupation are known to generate a multitude of
electronic phases with radically different macroscopic properties’
and can serve as an effective way to understand the reactivity of
layered materials. The Norskov group theoretically revealed that
the edge sites of MoS, are active in catalyzing the hydrogen
evolution reaction (HER) compared with their terrace counter-
parts®*' since the edge sites of 2D layers have unsaturated
coordination and dangling bonds, which are believed to serve
as active sites to bond H (Figure 9a).*' We rationally designed
an ideal structure of edge-terminated MoS, nanofilms with
high HER activity (Figure 9b).***> This thermodynamically
unfavored structure was successfully achieved by a rapid sulfu-
rizaiton process. Accordingly, layers perpendicular to the sub-
strate are preferentially grown and finally result in the layer
vertically standing structure (Figure 9c).*

The HER performance of the edge-terminated MoS, is shown
in Figure 9d with a very large Tafel slope of 120 mV/decade,
which indicates the sluggish discharge step of HER.™ The
cathodic current reaches 2 mA/cm” at over 350 mV over-
potential. Improvements have been achieved when the edge-
terminated MoS,/MoSe, nanofilms were translated onto rough
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Figure 8. (3,b) Schematic and TEM images for Bi,Se; nanoplates before
and after Cu’ intercalation. Reproduced from ref 37. Copyright 2012
American Chemical Society. (c) EELS fine structure plots, confirming
the zerovalent nature of the intercalated copper. Reproduced from
ref 39. Copyright 2014 American Chemical Society.

and curved substrates.”® The Tafel slope was significantly
improved from 120 to 60 mV/decade, with HER activity of
10 mA/cm? at only 250 mV overpotential. To further enhance
the HER activity, we use Li electrochemical intercalation since
both the charge transfer and the layer spacing expansion can
change the electronic structure of 2D materials, thus effectively
tuning their catalytic activates for optimized electrocatalysis.
With the intercalation potential going down, the Mo oxidation
states get lower and lower (Figure 9e).**”* A transition of
semiconducting 2H to metallic 1T phases was observed, resulting
in enhanced HER catalytic activities. In addition to HER, the
efficacy of the electrochemical tuning method was also suc-
cessfully demonstrated in 2D material oxygen evolution reaction
(OER).48’49

4.2. Topological Insulators

The unique orbital occupation, strong spin—orbit coupling and
narrow band gap in the electronic structure of Bi,Se;, with the
electron occupation in atomic p orbitals (for example, Bi
(6s%6p*) and Se (4s?4p*)) make the M,X; compounds (M = Bi,
Sb; X = Se, Te) function as topological insulators (TIs, recently
discovered quantum materials that are insulating in the bulk, but
conductive on the surface).

Based on the Bi,Se; nanoribbons, which have larger surface-to-
volume ratios than bulk materials and can therefore manifest
surface effects, we show the first unambiguous transport evidence

DOI: 10.1021/ar5003297
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Nature Publishing Group. (d, ¢) Magnetoresistance as a function of the applied magnetic field, clearly indicating the Aharonov—Bohm effect in Bi,Se;
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of topological surface states through periodic quantum
interference effects (Figure 10). Pronounced Aharonov—Bohm
oscillations in the magnetoresistance clearly demonstrate the
coherent propagation of two-dimensional electrons around
the perimeter of the nanoribbon surface, as expected from the
topological nature of the surface states. The dominance of the
primary h/e oscillation, where h is Planck’s constant and e is the
electron charge, and its temperature dependence demonstrate
the robustness of these states. In the nanoribbon with sub-10 nm
thickness, we can shift the Fermi levels of the top and bottom
surfaces near the Dirac point by electrostatic gating, achieving
extremely low two-dimensional carrier concentration of 2 X
10" cm™ Therefore, we observed a topologically protected 1D
mode of surface electrons in topological insulator nanowires
existing at only two values of half magnetic quantum flux
(+h/(2¢)) due to a spin Berry’s phase (z).>° The helical 1D
mode is robust against disorder but fragile against a
perpendicular magnetic field (breaking-time-reversal symmetry),
which demonstrates a device with robust and easily accessible 1D
helical electronic states from 3D topological insulators.

Also the ternary sesquichalcogenides (Bi,Sb;_,),Te; and
Bi,(Se,Te,_,); are demonstrated to be a tunable topological
insulator system in which we are able to engineer the bulk pro-
perties by changing the composition ratio.”*?%°075% With
optimized ratio, we can reduce the bulk carrier density by over
2 orders of magnitude, while maintaining the topological
insulator properties. As a result, we observe a clear ambipolar
gating effect in (Bi,Sb;_,),Te; nanoplate field-effect transistor
devices, similar to that observed in graphene field-effect transis-
tors. The observation of the much more pronounced effect
reported here benefits from the successful synthesis of ultrathin
and low-density nanoplates, made possible by compositional
engineering of the bulk carrier density in (Bi,Sb;_,),Te; com-
pounds. An angle-dependent magnetoconductance study
showed that an appropriate magnetic field range is critical to
capture a true, two-dimensional weak antilocalization (WAL)
effect, suggesting its origin may be the topological surface
states.>* Also, low-temperature transport measurements of the
Fe-doped Bi,Se; nanoribbon devices show a clear Kondo effect at
temperatures below 30 K, confirming the presence of magnetic
impurities in the Bi,Se; nanoribbons.”*

4.3. Optical Properties

New plasmonic materials with tunable properties are in great
demand for nanophotonics and metamaterials applications,
while the electron filling and orbital occupation control in 2D
nanomaterials via intercalation affords opportunities for chang-
ing photonic properties. M,X; chalcogenides were demonstrated
as tunable metamaterials that feature both dielectric photonic
and plasmonic modes across a wide sopectral range from the
infrared to the ultraviolet (Figure 11).* Monochromated elec-
tron energy-loss spectroscopy in a scanning transmission elec-
tron microscope was used to first establish the presence of the
dielectric photonic and plasmonic modes in M, X; nanoplates and to
observe marked changes in these modes after chemical intercalation.
We show that these modal properties can also be tuned effectively
by geometric control and nanoplate composition.*’

Interestingly, we discovered a counterintuitive result in the
absorption properties of Cu-intercalated chalcogenide nano-
materials.>® By intercalating Cu atoms, both absorption and
reflection in layered Bi,Se; and Bi,Te; nanoplates are signifi-
cantly reduced, resulting in extraordinary light transmission
through thin nanoplates. The results highlight the interesting

88

T

a

1 nmI

eSe eBi elntercalant

°
L
o
Intensity (a.u.)

05° 0° o

v

\
o N

10 20 30

Intensity (a. u.)

e
e
°

BEL

020 %0 2 4 6 8
Energy loss (eV) Energy loss (eV)
Figure 11. (a) Schematic diagram for the compositional control of
Bi,(Se,Te,_,); nanoribbons for plasmon tuning. (b) EELS spectra taken
from Bi,(Se,Te,_,); nanoribbons with different values of x. (c) EELS
signal before (dotted black) and after (solid red) pyridine intercalation.
Inset shows a pyridine molecule. Reproduced from ref 40. Copyright
2013 American Chemical Society.
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Figure 12. Generation and electric control of the spin-coupled valley
photocurrent in ionic gel gated WSe, EDL transistors, based on the
circular photogalvanic effect. Reproduced from ref 54. Copyright 2014
Nature Publishing Group.

photonic properties in chalcogenide nanomaterials, which can
result from (1) tuning a large amount of carriers introduced by
intercalation to effectively modulate absorption spectra beyond
the original band gap and (2) the ultrasmall thickness of 2D
nanomaterials, which is a significant factor for optical properties
even for much longer wavelength range.

4.4. Valleytronics

Optical generation of spin and valley polarization by circularly
polarized light in MX, chalcogenides (M = Mo, W; X = S, Se)
with strong spin—orbit coupling is one of the most exciting topics
since the valley degree of freedom in layered dichalcogenides can
provide the opportunity to extend functionalities of novel
spintronics and valleytronics devices.">** If the nonequilibrium
charge carrier imbalance between two degenerate and inequi-
valent valleys to realize valley/spin polarization can be obtained,
we can realize the generation of a valley/spin current by the valley
polarization in MX,. Within an electric-double-layer transistor
based on WSe,, associated with the breaking of inversion
symmetry (lower panel of Figure 12), we can generate a spin-
coupled valley photocurrent whose direction and magnitude
depend on the degree of circular polarization of the incident
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radiation and can be further greatly modulated with an external
electric field (Figure 12).>*

The measurements induced by circularly polarized light
on WSe, were used to detect a nonuniform distribution of
photoexcited carriers and the generated spin current in WSe,.
When light is obliquely incident with a nonzero value, the obtained
photocurrent exhibits a strong dependence on light circular
polarization and oscillates with the rotation angle ¢ of the quarter
wave plate (upper panel of Figure 12). Importantly, the
photocurrent dramatically increases with external voltage from
tens of picoamperes to thousands of picoamperes, unambiguously
indicating an electric modulation of the spin current.”* Such room
temperature generation and electric control of valley/spin photo-
current provides a new property of electrons in MX, chalcogenides,
thereby enabling new degrees of control for quantum-confined
spintronics devices. More interesting, based on the large tunability
of the EDLT and the achievement of ambipolar transport of
chalcogenides, we also can realize the ambipolarity of the valley/spin
photocurrent and related electric field modulation.**

5. CONCLUSION

This Account analyzes the rational design and chemical,
electrochemical, and electrical modulations of the physical and
chemical properties of layered nanomaterials via electron filling
and orbital occupation control. Since the electron occupation of
the orbitals in 2D layered materials controls the magnitude and
anisotropy of the interatomic electron transfer and hence exerts a
key influence on the chemical bonding modes of the 2D layered
materials, we believe the modulation of orbital occupation and
electron filling in 2D layered materials can provide us with a
powerful way to achieve massive variations of their physical and
chemical properties from catalysis and energy storage to
superconductivity to spin—orbit coupling tuning and electronic,
spintronic, and valleytronic applications.
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