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Among all the unique properties of 2D materials, the ability to electrically tune the electronic, optical and
even magnetic properties at a mild electrostatic doping offers us numerous possibilities for investigat-
- . . ing electro-matter interactions and novel device applications. Here, we review the electrically tunable
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Electrically tunable property physical properties of several interesting 2D materials as well as the relevant applications on devices uti-
Electro-matter interaction lizing these unique properties. The electrically tunable valley properties of 2D materials and the recent
discovered 2D magnetism are also included.
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Introduction electronic circuits, are realized through electrical switching of car-

The discovery of graphene in 2004 [1,2], an atomically thin
carbon material, has overturned the traditional cognition that two-
dimensional (2D) materials cannot be stabilized in ambient. Since
then, various 2D materials with novel physical properties have been
brought into our sight, including the family of transition-metal
dichalcogenides (TMDs) [3-5], hexagonal boron nitride (hBN) [6,7],
black phosphorus (BP) [8,9], etc. They can be categorized as metals,
semimetals, semiconductors, insulators, topological insulators and
superconductors.

Today, 2D materials in general are no longer restricted to mono-
layer forms and are referred to the materials with layered structures
where layers are held together through van der Waals (vdW) inter-
actions. Hence 2D materials are also called layered materials or
vdW materials. A recent high-throughput computational research
has shown that 5619 compounds are in layered structure, and
among them 1825 compounds are easily or potentially exfoliable
[10]. Thus, the abundant species of 2D materials provide a vast
platform for investigating both novel physical properties and new
functional devices. For example, monolayer graphene shows an
unconventional half-integer quantum Hall effect [1,11,12], TMDs
pave the way for valley-physics and valleytronics [13], and quan-
tum spin Hall insulators are theoretically modeled and predicted
in a strong spin-orbit coupling graphene lattice [14]. The lay-
ered magnetic materials uncovered recently, push forward the
understanding of 2D magnetic phases and development of spin-
tronics [15]. Besides, vdW heterostructures [16,17], a stack of
different atomically thin 2D materials through vdW interactions,
bring us new opportunities for realizing novel functional devices,
such as vertical transistors [ 18-20], tunneling light emitting diodes
[21-23], photodetectors [24-26], memory devices [27-29], etc.

Because of the atomically thin nature of 2D materials, their
physical properties are very sensitive to external environments
and can be conveniently controlled and tuned through various
approaches. For example, the physical properties of 2D materials
strongly depend on the layer number (thickness). With increasing
layer numbers, graphene evolves from a Dirac semimetal for mono-
layer to a metallic material for bulk [30], 2H-MoS, shows a direct
to indirect bandgap transition from monolayer to bilayer [4,31],
and the bandgap of BP gradually decreases from 2eV in mono-
layer to 0.3 eV in bulk [8,9]. An in-plane compressive or tensile
strain can also be used to tune the physical properties of 2D mate-
rials, especially their electronic band structures [32]. The strain
will induce pseudo-magnetic fields [33-35], tune the bandgap size
[36,37], induce direct to indirect bandgap transitions [36,37], and
even result in structural phase transitions [38].

Another widely used and convenient way to tune the physical
properties of 2D materials is through purely electrical approaches,
such as the electrical gating [39]. Compared with other approaches,
the electrical tuning method shows various advantages. For exam-
ple, the electrical tuning of physical properties shows a much faster
speed than that of mechanical strain, and the electrical tuning
unit can be conveniently integrated on chip in micro/nanometer
scale. The electrical tuning approach has already been used in
many aspects of electronics and optoelectronics. For example, the
field-effect transistors [39-41], the fundamental unit of modern

rier transport to achieve on and off states. The light-emitting diodes
[42,43], one of the most important and indispensable technologies
in our daily life, are also controlled electrically to tune the bright-
ness and spectra. As the dielectric screening effect is much reduced
in 2D materials due to the atomically thin nature [44-46], a mild
electric field can result in a very dramatic change in the physical
properties of 2D materials compared with conventional materials.
Hence, 2D materials could offer us a new platform for investigating
both fundamental electro-matter interactions and novel functional
devices.

Here, we summarize the electrically tunable physical properties
of 2D materials. Due to the abundant species of 2D materials, we
mainly focus on several representative materials, including bilayer
graphene, BP, TMDs (MoS,, MoTe;, TaS,, and WTe, ), and emerging
layered magnetic materials, such as Crl3 and FezGeTe, (see Fig. 1).
We discuss the electrically tunable electronic properties, such
as the gate-tunable band structures, structural phase transitions,
transport metal-insulator transitions (MIT) and tunable ferroelec-
tric properties; the electrically tunable optical properties, such
as tunable optical conductivity, photoresponse and excitons; the
electrically tunable magnetic properties, including electric field-
induced magnetic phase transitions and tunable spin transport. We
also discuss the electrically tunable valley properties of graphene
and TMDs. The device applications utilizing the electrically tunable
physical properties of 2D materials are also included.

Field effect and carrier doping effect

Field effect and carrier doping effect are key physical mecha-
nisms widely used for electrically tuning the physical properties of
2D materials. Here, we use graphene, the most investigated and
well-known 2D material, as an example to illustrate these two
effects [1,2].

Fig. 1b shows the most common device configuration for uti-
lizing the field effect. It is a parallel-plate capacitor structure with
metallic materials (such as highly doped silicon) as one electrode
of the capacitor, oxide or hBN as insulating layer, and graphene
(or other 2D materials) as the other electrode. This structure has
been widely used in the fundamental building unit of modern
electronics, the metal-oxide-semiconductor (insulated-gate) field-
effect transistors, which is known as MOSFET (IGFET) [39-41].
Through applying a positive (negative) gate voltage V; on silicon,
electron (hole) carriers will be induced in graphene as a result
of the field effect (Fig. 1c¢), which is also called the electrostatic
doping effect. Due to the Pauli exclusion principle, the density of
states of electrons is finite at different Fermi energy. Hence the
filling of carriers in Fermi energy induced by the gate voltage will
shift the position of Fermi level. Compared with bulk materials,
2D materials show lower density of states and weak screening
effect, and thus the Fermi level tuning effect is more pronounced.
Especially for graphene, its linear energy-momentum dispersion
(known as Dirac cone as shown in Fig. 1c) ensures an ultra-low den-
sity of states near the Dirac point [30]. The associated electronic and
optical properties of graphene, such as density of states, electrical
conductivity and optical absorption, can be widely tuned by gate



X. Chen et al. / Nano Today 27 (2019) 99-119 101

a Electronic properties

\

b

Fig. 1. (a) Electrically tunable physical (electronic, optical and magnetic) properties of representative two-dimensional (2D) materials that are included in this review, such
as bilayer graphene, TMDs (MoS,, MoTe;, TaS,, and WTe,), black phosphorus (BP), Crl3 and Fe;GeTe,. (b) Insulated-gate field-effect structure for electrically tuning the
physical properties of 2D materials. (c) The Fermi level position of intrinsic monolayer graphene as a function of gate voltage V;. (d) Schematics showing the carrier doping

effect induced by the charge transfer from foreign atoms to 2D materials.

Table 1
Merits and disadvantages of field effect using insulated gate structure, field effect
using ion liquid, and carrier doping by foreign atoms.

Doping method Carrier density Reversibility Device
(cm~2) applications

Field effect- 103 cm—2 Reversible Suitable

insulated gate

Field effect- ion >10 cm—2 Reversible Not suitable

liquid

Foreign atoms >10" cm—2 Irreversible Not suitable

voltage V; under the field effect structure [1,11,30,47]. Since there
are abundant reviews on the physical properties and applications
of graphene [2,5,12,30,48], they will not be the focus of this review.

The carrier doping density induced by the field effect using
insulated-gate structure is usually at order of 1013 cm~2 limited
by the breakdown voltage of insulator. In some situations, higher
carrier doping density is required to observe the tunable physi-
cal properties, and ion liquid are usually used as gating materials
[49,50]. Because an ionic double layer (thickness is around 1 nm)
is formed on material surface, the gating capacitance is very high,
leading a carrier doping density over 1014 cm~2 [49,50].

Another method to electrically tune the physical properties of
2D materials is through carrier doping by foreign atoms. As illus-
trated in Fig. 1d, foreign atoms, such as potassium (K), are deposited
on to graphene surface without destroying its crystalline structure
(the ionic bond are formed between foreign atoms and graphene
instead of the covalent bond) [51]. Charges will transfer from for-
eign atoms to graphene, shift the Fermi level of graphene, and tune
the properties of graphene. Compared with the electrostatic doping
through field effect, the carrier doping density induced by foreign
atoms can be one or two orders higher. However, the carrier doping
effect induced by foreign atoms is irreversible, and is not suitable
for device applications. In Table 1, we summarized the merits and
disadvantages of field effect using insulated gate structure, field
effect using ion liquid, and carrier doping by foreign atoms.

Bilayer graphene
Electric-field induced bandgap and device applications

Bilayer graphene consists of two monolayer graphene sheets
in Bernal-stack (AB-stack) as shown in Fig. 2a. Each unit cell of
bilayer graphene contains four carbon atoms resulting in four elec-
tronic bands in momentum space (see Fig. 2b). Distinguished from
the linear energy-momentum dispersion in monolayer graphene
[1,11,52], the lower energy bands in bilayer graphene touch with
quadratic dispersion due to layer-to-layer coupling [30,53]. This
leads to many unique physical properties in bilayer graphene,
such as the massive chiral quasiparticles at Dirac point and the
unconventional integer quantum Hall effect [12,53,54]. Besides, the
double layer nature of bilayer graphene offers another degree of
freedom to control the lattice symmetry and associated physical
properties.

In 2006, McCann and Fal’ko [55,56] have theoretically shown
that an energy difference between two layers could lead to a siz-
able energy bandgap in bilayer graphene (Fig. 2b). This prediction
is soon confirmed via various experimental techniques, including
angle-resolved photoemission spectroscopy (ARPES) [57], trans-
port measurement [58-61], infrared spectroscopy [62,63], electron
compressibility [64,65] and photocurrent measurement [66].

The most effective and convenient approach to introduce
an energy difference in graphene bilayer is through electro-
static doping [59-67]. This can be realized by constructing a
metal/insulator/bilayer-graphene/insulator/metal dual-gate struc-
ture [59-66] as shown in Fig. 2c. By tuning the top gate (Vig)
and back gate (Vjg) voltages, an electrostatic displacement field
(D — sbvbg etVig

a @ ) is induced across the bilayer graphene, where
&p (dp) and &¢ (dy) are the dielectric constant (thickness) of top and
back gate insulators, respectively. This results in an energy differ-
ence between two layers, depending on the displacement field and
graphene interlayer thickness. At the same time, the carrier den-

. &V Vi . .
sity (n = Zd:,)g + séd:g) can be tuned continuously, where e is the

elementary charge. Hence, the dual-gate configuration is more flex-
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Fig. 2. Electric-field induced bandgap in bilayer graphene. (a) Perspective side and top views of bilayer graphene lattice. (b) Electronic band structure of pristine (left panel)
and gated bilayer graphene with gap opening (right panel). Reproduced with permission [62]. Copyright, 2009, Nature Group Publishing. (c) Schematic image of a dual-gate
bilayer graphene transistor. The amplitude and direction of the displacement field D are controlled through top and back gate voltages. (d) Resistance of bilayer graphene
as function of back gate voltages at different displacement fields. Reproduced with permission [61]. Copyright, 2010, American Physical Society. (e) The optical absorption
spectra of bilayer graphene at various displacement fields. Reproduced with permission [62]. Copyright, 2009, Nature Publishing Group. (f) Electric-field tunable bandgap in
bilayer graphene. Reproduced with permission [62]. Copyright, 2009, Nature Publishing Group.

ible and controllable compared with the chemical doping method
[57].

In 2008, Oostinga et al. first studied the transport properties of
bilayer graphene at different displacement fields using the dual-
gate field-effect transistor (FET) configuration [59]. Fig. 2d shows
a typical transport characteristics of bilayer graphene at different
displacement fields [61]. The resistance at charge-neutrality point
(at carrier density n = 0) is significantly larger at higher displace-
ment field, indicating an energy gap opening. At low temperature (<
70K), the resistance at higher displacement field shows insulating
behavior and was explained based on variable range hopping (VRH)
and nearest-neighbor hopping (NNH) mechanisms, consistent with
the electron behavior inside an energy gap [59,61].

A more direct approach to confirm the energy gap opening
in bilayer graphene is through optical absorption measurements
[62,63]. Under the optical excitation, several optical transitions
occur inside the four energy bands of bilayer graphene (process
[ to V shown in Fig. 2b). Zhang et al. studied the optical absorp-
tion in bilayer graphene with displacement fields up to 3Vnm™!
(Fig. 2e). At strong displacement fields (>1.2V nm~1), the transi-
tion I from upper valence band to lower conduction band can be
directly observed by monitoring the optical absorption spectrum.
The absorption peak position directly corresponds to the optical
bandgap size of bilayer graphene. However, at weak displacement
fields (< 1.2V nm~1), the transition I is too weak to be detected.
Instead, the optical bandgap can be studied through monitoring
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the absorption spectra of transition II to V [62,63]. As shown in
Fig. 2f, at a moderate displacement field of 1V nm~!, a reasonable
bandgap size of 100 meV is achieved [62].

The gap opening in bilayer graphene has enabled many novel
applications in electronics and optoelectronics. In 2010, Xia et al.
demonstrated a dual-gate bilayer graphene FET with current on-
off ratio over 100 at room temperature and 2000 at 20 K with gap
opening [60]. Then Szafranek et al. showed that bilayer graphene
FETs exhibited an intrinsic voltage gain up to 35 at a displacement
field of 1.7 Vnm~1, 6 times higher than that in monolayer graphene
FETs [67], revealing promising applications in radio frequency elec-
tronics, terahertz technology and infrared optoelectronics. In 2012,
Yan et al. demonstrated a dual-gate bilayer graphene hot-electron
bolometer operating from visible to mid-infrared region (10.6 wm),
taking advantage of the large temperature-dependent electron con-
ductivity inside the energy gap [68]. The bolometer exhibits a
low noise-equivalent power of 33 fW Hz /2 at 5K and an intrinsic
high speed at order of GHz, which outperforms commercial silicon
bolometers operating at similar temperatures [68].

Electrically tunable valley properties and valley valves

Electronic valleys, in energy band theory, refer to the energy
extrema located in momentum space. Inequivalent valleys, well
separated in the Brillouin zone, can be energetically degenerate
due to symmetry and serve as novel information carriers con-
trollable via external electric fields. In 2006, Mansour Shayegan’s
group first proposed the concept of manipulating valleys in AlAs 2D
electron systems, where they successfully changed the valley pop-
ulation and accessed the value of valley susceptibilities by applying
a strain to the system [69-71]. Later in 2007, Rycerz et al. proposed
a graphene quantum-point-contacted nanodevice using the valley
degree of freedom [72].

2D material with hexagonal lattice provides an ideal platform to
study valley physics [13]. Unlike valleys in other traditional mate-
rials (e.g., silicon [73], aluminum arsenide [69,70]), valleys in 2D
hexagonal lattice are easily addressed, manipulated, and measured
[72,74-76]. This is because there are observable physical quantities
affiliated to different valleys [77,78]. For example, in the absence
of the lattice inversion symmetry, graphene was predicted to sup-
port valley currents due to the non-vanishing Berry curvatures £2
with same magnitude but opposite signs for K and K’ valleys [77].
In 2014, Gorbachev et al. were able to detect the valley currents
in graphene superlattices through coupling graphene with a hBN
substrate [79]. At the graphene-hBN vdW-interface, a superlattice
(periodic Moiré pattern) is formed due to the lattice mismatch. As a
result, the lattice inversion symmetry of graphene is broken, giving
rise to the non-vanishing Berry curvatures at K and K’ valleys [79].

A vertical electric field not only modulates the bandgap of
bilayer graphene, but also its valley properties [80-82]. Intrinsic
bilayer graphene has preserved inversion symmetry, and Berry cur-
vature is zero all across the momentum space. However, when a
vertical electric field is applied to a bilayer graphene, the system
becomes inversion symmetry broken and a finite bandgap emerges
[62]. Fig. 3a shows the low energy band structure of gapped bilayer
graphene [81]. Two sets of energy-degenerate while inequivalent
electronic valleys K and K’ are clearly denoted by different colors.
Therefore, in the first Brillouin zone, carriers not only carry spin
indices but also valley indices. Similar to spin, valley is another
degree of freedom in 2D hexagonal lattice, and it is also expected
to store, manipulate, and carry information [69-72,83-85]. In this
case, non-trivial Berry curvature hot spots appear in K and K’ val-
leys. Because the K and K’ valleys are time-reversal copies of each
other, the Berry curvatures associated with them are of opposite
polarities [13,80,81]. Fig. 3a (right panel) also shows the Berry cur-
vature £2 and the consequent (valley) Hall conductivity U,X,H as a

function of Fermi energy [81]. Utilizing their different Berry cur-
vatures, it is feasible to distinguish carriers with different valley
indices by practical physical measurements. Berry curvature, in
short, is a pseudo-magnetic field in momentum space [86]. In real
space, carriers with opposite charge signs curve to different direc-
tions in the presence of a magnetic field, which is the well-known
Hall effect. In momentum space, carriers with opposite valley
indices curve to different directions due to the opposite pseudo-
magnetic fields (Berry curvatures) they experience. Translating to
real space, carriers in different valleys gain opposite transverse
velocities, which is schematically shown in Fig. 3b [79]. Here, car-
riers are separated by their valley indices, not charge signs, and
the phenomenon is called the valley Hall effect (VHE). In gapped
bilayer graphene, VHE has been measured due to its non-trivial
Berry curvature distribution in momentum space [13,80,81]. What
is more, it is largely tunable because of its tunable bandgap and the
associated valley properties. Fig. 3¢ shows the non-local measure-
ment scheme to detect valley current in gapped bilayer graphene
[81]. Here, VHE does not distinguish carriers with different charge
signs, therefore non-local scheme needs to be applied, instead of
conventional Hall effect configuration. Besides VHE, carriers in dif-
ferent valleys also manifest themselves in other aspects. They carry
different angular momenta, therefore it is possible to address them
by circularly polarized light, namely, left (right) circularly polarized
light can only excite carriers in K (K’) valley [77]. Bilayer graphene
thus offers an opportunity to realize tunable valleytronics, combing
with mid-infrared optoelectronics.

The bilayer graphene AB-BA domain walls also support the one-
dimensional (1D) chiral valley currents (Fig. 3d) [87-89]. In 2015,
this chiral valley currents were experimentally detected in dual-
gate bilayer graphene transistors with AB-BA domain walls [90].
Although the bilayer domain walls are robust for 1D chiral valley
currents, the seek for such domain walls is a very challenging work.
In 2016, Li et al. developed a dual-split-gate structure in bilayer
graphene (Fig. 3e) and showed strong evidence of the topological
valley currents [91]. By tuning the bilayer graphene to the insu-
lating region through controlling the two pairs of split-gates, a line
junction (quasi-1D channel) is formed between the two split-gates.
In the ‘odd’ field configuration (electric field directions of the split
gates are opposite as shown in Fig. 3e), there are four conducting
modes for each valley propagating along the line junction (two for
spins and two for layer numbers). Similar to the chiral edge states
in the quantum Hall effect, the topological protection of the val-
ley strongly suppresses any valley-mixing mechanisms and results
in the robust 2D chiral valley currents [91]. Based on this concept,
Li et al. further demonstrated a valley valve with an current on-
off ratio of 8 at zero magnetic field in 2018 [92]. As illustrated in
Fig. 3g, through tuning the polarity of split-gates, the propagation
of valley currents is controlled, acting as a current waveguide. The
device can also work as a coherent electron-beam splitter with the
presence of a magnetic field [92].

Electrically tunable excitons

Exciton, a quasiparticle formed by Coulomb interactions
between an electron and a hole, is an important physical quantity of
semiconductors [93-95]. It can be excited by optically pumping an
electron from valence band to conductance band in a semiconduc-
tor. The left hole in valence band will interact with the electron
in conductance band and form an exciton. In low dimensional
materials, the reduced Coulomb screening effect will enhance the
electron-hole interactions and lead to a larger binding energy,
which can be experimentally resolvable. Although the exciton has
been well studied in various two-dimensional systems, such as
semiconducting TMDs [96-100] and BP [101-103], it has not been
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Fig. 3. Electrically tunable valley properties in bilayer graphene. (a) Left panel: the band structure of gapped bilayer graphene. K (K’) valleys are denoted by blue (red) colors.
Right panel: Berry curvature §2 and valley Hall conductivity U,X,H are plotted as a function of Fermi level Eg, for K and K’ valleys. Reproduced with permission [81]. Copyright,
2015, Nature Publishing Group. (b) Schematic of valley Hall effect (VHE). Under a drift current, K valley carriers and K’ valley carriers have opposite transverse velocity
components, even in the absence of a magnetic field. Reproduced with permission [79]. Copyright, 2014, American Association for the Advancement of Science. (c) Schematic
of non-local measurement to detect VHE in bilayer graphene. From the driving arm (left side), due to VHE, carriers in K and K’ valleys are separated. Through the pure valley
current transport to the detection arm (right side), due to the inverse valley Hall effect (IVHE), the valley current is converted back to charge current and therefore results in a
non-local voltage drop. Reproduced with permission [81]. Copyright, 2015, Nature Publishing Group. (d) Schematic of the AB-BA domain wall in bilayer graphene. The arrows
indicate the topological one-dimensional (1D) valley current at the domain wall from K- (yellow) and K’-valley (green). Reproduced with permission [90]. Copyright, 2015,
Nature Publishing Group. (e) Schematic of the dual-split-gate structure in bilayer graphene. The black arrow indicates the electric field induced by top and back gate biases.
If the electric fields under two split gates have same (opposite) directions, the system is in even (odd) configuration. Reproduced with permission [91]. Copyright, 2016,
Nature Publishing Group. (f) Schematic (left panel) and SEM (right panel) images of the bilayer graphene valley valve and electron beam splitter. The electric field direction
from bottom to top gates is indicated by “+”. Reproduced with permission [92]. Copyright, 2018, American Association for the Advancement of Science. (f) Configuration of
the gate-controlled waveguide for the propagation of kink states. Reproduced with permission [92]. Copyright, 2018, American Association for the Advancement of Science.

observed in gapped bilayer graphene due to challenging device
fabrication and measurement techniques.

In 2017, Ju et al. reported the observation of excitons in bilayer
graphene using photocurrent measurement based on a modified
Fourier transform infrared spectroscopy [66]. The bilayer graphene
preserves its high quality and intrinsic properties through sand-
wiching into thin hexagonal boron nitride (hBN) layers. Thin
graphite bottom gate and transparent NiCr top gate are used to
tune the electric field across bilayer graphene. In the photocur-
rent spectroscopy, two pronounced exciton peaks P1 and P2 are
observed (Fig. 4a) [66]. The excitons can be widely tuned from ter-
ahertz frequency to mid-infrared region by adjusting the electric
field D across bilayer graphene (Fig. 4b) [66].

The origin of exciton P1 and P2 is quite unusual compared
with conventional semiconductors. In conventional semiconduc-
tors, such as GaAs quantum wells [104], the exciton s states are
bright whereas the p states are dark subject to the selection rules.
In contrast, due to the presence of valley-dependent pseudospin
with winding number of 2 in bilayer graphene, the exciton angu-
lar momentum would acquire a value of +2 (see Fig. 4c), resulting
in dark exciton s states and bright p states [66]. The high energy
peak P2 arises from the bright exciton p state, while the low energy

peak P1 originating from the exciton s state is not completely dark,
because of the slightly rotation symmetry breaking near K and K’
valley points [66].

Black phosphorus

Black phosphorus (BP), the most stable form of allotrope of phos-
phorus, was first synthesized by P.W. Bridgman in 1914 through
converting white phosphorus at a high pressure [105]. One century
later, BP was rediscovered as a 2D layered semiconductor and much
attention is focused on its monolayer, few-layer, and thin film forms
[106-111]. As shown in Fig. 5a, the semiconducting BP has a puck-
ered orthorhombic lattice, resulting in anisotropic electronic and
optical properties. For example, the charge carriers have higher car-
rier mobility, larger drift velocity, and smaller effective mass along
the armchair (x) direction [106-108,112-117], the optical absorp-
tion is much stronger when light polarization is along the armchair
direction[107,118,119], and the photoluminescence linearly polar-
ized along the armchair direction in monolayer and few-layer BP
[101-103]. Distinguished from TMDs, BP is a direct bandgap semi-
conductor at all thickness. The bandgap size covers the spectrum
from visible to mid-infrared regime, depending on the thickness of
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BP [111]. In monolayer BP, the bandgap size is 2 eV and its value
decreases to 0.3 eV in bulk, which has been determined by various
techniques, including photoluminescence [101,102,120], transport
[121], scanning tunneling microscopy (STM) [122] and capaci-
tance [123] (see Fig. 5b). Taking advantage of the desirable direct
bandgap of BP, various photodetectors and modulators in both vis-
ible and infrared regime are demonstrated [118,119,124-130]. For
electronic applications, thin-film BP exhibits high intrinsic carrier
mobility up to 5200 cm?V~1s~1 and current on-off ratio over 103 at
room temperature [112,116,131,132], making it a promising mate-
rial for radio frequency transistors and logic circuits [133,134]. The
detailed electronic and optical properties of BP have been summa-
rized in several reviews [8,9,135-138]. Here, we mainly focused

on the electrically tunable physical properties of thin-film BP and
associated applications.

Electric field-tunable electronic properties

In 2014, several research works [139-142] predicted that an
external electric field along the out-of-lattice-plane direction could
effectively tune the bandgap size of thin-film BP (for layer number
larger than 1). Different from the electric field-induced bandgap
opening in bilayer graphene, the bandgap size of thin-film BP
decreases under electric fields. Kim et al. directly observed the
widely tunable bandgap of few-layer BP using ARPES (see Fig. 5¢)
[143]. The electric field is induced at BP surface through deposi-
tion of potassium atoms. As shown in Fig. 5d, at a dopant density
of 8.3 x 10'3 cm~2 (0.36 monolayers), the bandgap closes and BP
transits from a semiconductor to a Dirac semimetal.

A more flexible and reversible approach to induce the electric
field across BP is through the dual-gate structure, similar to the
dual-gate bilayer graphene transistor discussed in previous sec-
tion. In 2017, Deng et al. introduced the dual-gate thin-film BP
FET (Fig. 5e) and investigated the bandgap tuning effect using 4-
terminal transport measurements [144]. The bandgap size was
extracted through fitting the temperature-dependent conductance
at charge-neutrality point inside the gap where the thermal excita-
tion of carriers dominates. For a 10 nm-thick BP film, the bandgap
can be widely tuned from 300 meV to below 50 meV at a displace-
ment field of 1.1V nm~! (see Fig. 5f). The results agree quite well
with tight-binding model including the carrier screening effect. For
thinner samples, the gap tuning efficiency decreases as a result of
smaller voltage drop across BP. Similar bandgap tuning effect in
few-layer BP was also observed by Liu et al. using STM (Fig. 5¢g, h)
[145], by Yan et al. using 2-terminal transport [146] and by Chen
et al. using photocurrent measurement [119].

Gate-tunable optical properties and applications in
optoelectronics

The optical properties of thin-film BP can also be widely tuned
under the perpendicular electric fields [119,129,130,147]. Whitney
et al. [129] and Peng et al. [130] experimentally studied the opti-
cal absorption properties of few-layer BP at different gate biases
based on a single-gate structure (Fig. 6a). As shown in Fig. 6b, a
maximum optical modulation of 3% is achieved at gate biases of
+150 Vin a 9 nm- thick BP sample (on a 450 nm-SiO,/Si substrate)
[130], revealing BP a promising material for mid-infrared electro-
optical modulators. The modulation strength and direction strongly
depends on the gate bias, as a result of competition between
quantum-confined Franz-Keldysh (QCFK) effect and Burstein-Moss
(BM) effect [129,130,147]. When an electric field presents in a
quantum-confined system, electron and hole wave functions in
conductance and valence bands are modulated and will leak into
the band gap leading to a redshift of absorption edge (see Fig. 6¢).
This is called the QCFK effect. On the other hand, gate biases induce
doping in BP and shift its Fermi energy. At sufficient large gate
biases, Pauli blocking will occur and shift the absorption edge to
higher energy resulting in the BM effect.

Compared with the single-gate electro-optical modulation
structure, the dual-gate geometry offers another degree of free-
dom to control the electric field and carrier density in few-layer
BP simultaneously. Chen et al. demonstrated a widely tunable
BP mid-infrared photodetector based on the dual-gate interdig-
itated FET structure as shown in Fig. 6d [119]. The 10-layer BP
was sandwiched by hBN flakes in an argon-filled glovebox to pre-
serve its high intrinsic quality. The interdigitated structure was
used to maximize the photocurrent collection efficiency. By tun-
ing the back gate and top gate biases, a vertical electric field is
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Fig. 5. Electric-field tunable bandgap in thin-film BP. (a) Perspective side view and top view of BP lattice. Reproduced with permission [8]. Copyright, 2015, Proceedings of the
National Academy of Sciences of the United States of America. (b) Layer-dependent bandgap of BP detected through various experimental techniques. (c) Band structure of
BP without (left panel) and with (right panel) surface potassium doping obtained by ARPES. At a doping density of 0.36 monolayer, the bandgap of BP closes. Reproduced with
permission [143]. Copyright, 2015, American Association for the Advancement of Science. (d) Bandgap of BP as a function of dopant density. Black dots denote the experimental
results and the red circles denote the DFT calculation results. Reproduced with permission [143]. Copyright, 2015, American Association for the Advancement of Science.
(e) Schematic of dual-gate thin-film BP transistors for bandgap tuning. Electric displacement field D is controlled through tuning top and back gate biases. Reproduced with
permission [144]. Copyright, 2017, Nature Publishing Group. (f) Bandgap of a 10 nm-thick (19-layer) BP film as a function of displacement field. Green dots are experimental
results obtained from temperature-dependent transport at charge-neutrality point. Solid and dashed lines denote the tight-binding calculations with and without taking
into account the dynamic screening effect. Reproduced with permission [144]. Copyright, 2017, Nature Publishing Group. (g) Schematic of STM investigation on the bandgap
tuning effect of thin-film BP. Reproduced with permission [145]. Copyright, 2017, American Chemical Society. (h) Bandgap of a 11-layer thick BP film as a function of electric
field probed by STM. Reproduced with permission [145]. Copyright, 2017, American Chemical Society.

induced across the BP film. At the same time the charge-neutrality
point of BP can be accessed, where the BM effect is negligible. For
a 10-layer BP film, the intrinsic photoresponse cutoff wavelength
is around 4 p.m. However, the BP photo-transistor exhibits a sig-
nificant photocurrent at charge-neutrality point at strong vertical
displacement fields (D>1V nm~') even under 5 and 7.7 pm mid-
infrared light (see Fig. Ge), indicating that the photoresponse cutoff
wavelength shifts to longer wavelength [119]. The strong modula-
tion of bandgap and photoresponse through external electric field
makes BP a promising material for mid-infrared photodetectors,
modulators and spectrometers.

Transition-metal dichalcogenides

Electric field-induced structural phase transition and device
applications

Transition-metal dichalcogenides (TMDs) are referred to the
layered van der Waals crystals with a chemical structure of MX5,

where M represents the transition-metals such as Mo, W, Nb,
Ta, etc., and X represents S, Se and Te [3,4,148]. TMDs have rich
structural phases. The most common structural phases in TMDs
are the 2H, 1T and 1T phases, as shown in Fig. 7a. TMDs stable
in 2H phase (such as MoS,, MoSe;, MoTe,, WS, and WSe,) are
semiconductors, while TMDs stable in 1T (TaS;) and 1T (WTe;)
phases usually show metallic behavior [148]. The realization of
dynamic control of transitions between structural phases can be
important in both understanding the interplay of physical prop-
erties between phases and achieving novel functional electronic
devices.

Several approaches have been investigated to induce 2H to
1T’/1 T phase transitions in TMDs, such as thermal synthesis at high
temperature [149], laser irradiation [150], organolithium inter-
calation [151], and plasma treatment [152]. However, the phase
transitions induced by these methods are irreversible. In 2017,
Wang et al. reported a reversible 2H to 1T phase transition in
monolayer MoTe, through ion liquid (DEME-TFSI) gating (see inset
of Fig. 7b) [153]. At a positive threshold gate voltage ~ 3V (with an
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electron doping ~ 2.2 x 10" cm~2), the transition from 2H to 1T’
phase occurs, determined by both the Raman characterization of
phonon features and second-harmonic generation (SHG) charac-
terization of lattice symmetry [153]. As shown in Fig. 7b, the SHG
intensity shows abrupt decrease when gate voltage is increasing
from 2V to 4V, indicating that the lattice inversion symmetry is
recovered at high gate voltage [153]. The observation agrees with
the lattice symmetry of MoTe; in 2H (with broken inversion sym-
metry) and 1T’ phase (where inversion symmetry is preserved and
SHG is prohibited). When lowering gate voltage back to zero, the 2H
phase of MoTe; is recovered without introducing defects in lattice
[153].

The capability to induce reversible phase transitions in mono-
layer MoTe, through electrostatic doping can be attributed to the
small energy difference 43 meV between 2H and 1T phase as
shown in Table 2 [154]. Among all Mo- and W- based TMDs, mono-
layer MoTe, has the lowest energy barrier between 2H and 1T
phase, one order smaller than that of other materials listed in
Table 2 (except for WTe, ) [154]. Hence, MoTe;, is the best candidate
for investigating the dynamic control of phase transitions through
electrical gating.

1T-TaS, is another representative TMD that exhibits electri-
cally tunable complex structural phase transitions [155-157]. It
exhibits several charge-density-wave (CDW) phases as function
of temperature [155-158], pressure [158], electrostatic doping
[155], and in-plane electric field [156,157]. Here, CDW describes
a macroscopic quantum phenomenon of periodically distortion of
the crystal lattice and redistribution of electronic charge densities
under external environmental change. Yu et al. reported a tun-
able CDW phases transitions in thin-film TaS; (3.5-23 nm) FET
using a gate-controlled lithium (Li) intercalation [155]. In bulk
TaS; samples (>10nm), TaS, flakes can experience several CDW
phase transitions as function of temperature and electrostatic dop-
ing, such as the metallic incommensurate CDW (ICCDW) phase,
the textured nearly commensurate CDW (NCCDW) phase, and the
commensurate CDW phase (CCDW) [155]. However, in 2D limit
with flake thickness 3.5nm as shown in Fig. 7c, TaS, only goes
transitions between ICCDW (at high temperatures and doping den-
sities) and NCCDW phases [155]. TaS, also exhibits an insulating
state which is absent in bulk samples, probably due to the disor-
ders which have a stronger influence on the transport of thinner
samples.
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Hollander et al. [156] and Liu et al. [157] showed that a moder-
ate in-plane source-drain voltage could also efficiently induce the
NCCDW to ICCDW phase transitions in thin-film TaS, (10 nm), as
shown in Fig. 7d. At high driven voltages thin-film TaS, exhibits

the metallic ICCDW phase, while at low voltages it switches back
to the high-resistance NCCDW phase. This transition even persists
above the room temperature. Taking advantage of this switchable
phase transitions of thin-film TaS,, Liu et al. demonstrated a MHz-
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Table 2
Ground phase and energy of 2H, 1T and 1T phase of Mo- and W- based monolayer
TMDs. The energy of 2H phase is set to be zero [154].

Phase MoS, MoSe; MoTe; WS, WSe, WTe,
Ground phase 2H 2H 2H 2H 2H 1T
2H (meV) 0 0 0 0 0 86
1T (meV) 540 330 43 530 270 0

1T (meV) 830 690 510 880 760 636

frequency oscillator operating at room temperature [157]. This is
realized by connecting the thin-film TaS, transistor to a monolayer
graphene FET which acts as a resistance-tunable load resistor as
shown in Fig. 7e. When the supply voltage Vpc is large enough and
voltage across TaS; channel reaches the forward transition thresh-
old voltage Vy, the resistance of TaS, will decrease sharply. In return
the voltage across the load resistor (graphene FET) will increase and
the voltage across TaS, decreases. When the voltage across TaS, is
below the backward transition threshold voltage Vi, the resistance
of TaS, will increase instantaneously, and thus form an oscillation
loop. Here the graphene FET (load resistor) is to provide a negative
feedback to the TaS, transistor. Besides, the resistance of graphene
FET is gate tunable, which can be utilized to tune the oscillation fre-
quency of the circuit[157]. As shown in Fig. 7f, the tuning sensitivity
is around 0.3 MHz V-1 [157].

Gate-induced transport phase transition without structural
distortion

Under structural phase transitions, the electronic transport
properties, such as conductance, also show abrupt changes as dis-
cussed in previous section. On the other hand, transport phase
transitions can occur as result of the collective behavior of elec-
trons, such as electron-electron interactions and electron-disorder
interactions, without introducing any structural distortion. In 2013,
Radisavljevic and Kis reported a transport metal-insulator transi-
tion (MIT) in monolayer MoS; transistors as shown in Fig. 7g [159].
The MoS, transistor shows an insulating behavior at low carrier
densities (small gate voltage for n-type MoS,), where the con-
ductivity o increases when temperature increases. In contrast, the
conductivity decreases when temperature increases at high car-
rier densities, indicating a metallic behavior [159,160]. This MIT
phenomenon has also been observed in monolayer and few-layer
MoS, through capacitance spectroscopy [44]. Other 2D materials,
such as WSe, [161,162], ReS; [163] and BP [164], also show similar
gate-dependent transport behavior.

The MIT is an important phenomenon in 2D electron/hole gas
systems, including traditional semiconducting system, such as
silicon [165,166] and AlGaAs/GaAs heterostructures [167,168]. A
high-performance transistor relies on MIT to switch on (metal-
lic state with high current) and off (insulating state with low
current). Currently, there are two major theories for MIT in two
dimensions [169]. One theory is based on the percolation transition
theory [44,166-168,170,171], describing the percolation transport
of charge carriers in disordered landscapes, in analogy to the
water percolation through soil. The other explanation originates
from the strong electron-electron and electron-disorder inter-
action induced transitions between conducting and localization
regimes [159,163,172,173]. Further studies are necessary to clarify
the transition mechanisms and the interplay between percolation
and quantum phase transition models.

At higher carrier densities (> 6x 10" cm=2) achieved
through ion liquid gating, few-layer (including monolayer)
MoS, becomes superconducting below the transition temperature
Tc [49,174-177]. As shown in Fig. 7h, T, as function of carrier
density exhibits a dome-shape superconductivity in MoS,. Recent

works further show that gated MoS, is an Ising superconductor
due to the strong spin-orbit interaction which locks spins to the
out-of-plane direction [174-176]. Similar as 2H-MoS,, other TMDs
such as 2H-WS, [178-180] and 2H-MoSe; [180] also exhibit
gate-induced metal-superconductor transitions.

Gate-tunable valley properties

The manipulation of valley degrees of freedom attracts great
interests in 2D materials beyond graphene [13]. Monolayer TMDs
in 2H phase, such as MoS,, possesses an inversion asymmetric stag-
gered honeycomb lattice (see Fig. 7a), resulting in a non-vanishing
Berry curvature with same amplitude but opposite signs in K and
K’ valleys (Fig. 8a) [181]. Hence, TMDs are believed to be an ideal
platform for constructing valleytronic devices.

In 2012, the control of valley polarization through optical helic-
ity was achieved in monolayer MoS; [74-76]. Under excitation of
left (right) circularly polarized light, carriers in K (K’) valley are
excited. Then by applying an in-plane electric field between source
and drain electrodes, the carriers will curve to the perpendicular
direction of electric field while moving, subject to the Berry cur-
vature. In this case, Hall voltage from pure valley current can be
directly measured, and it was demonstrated in monolayer MoS,
transistor as shown in Fig. 8b [181]. The experiment shows a gate-
dependent valley Hall current under 1.9eV circularly polarized
light excitation, of which the value increases with carrier den-
sities, while the theory predicts a gate-independent feature (see
Fig. 8c). Although several possible scenarios have been taken into
account to explain the discrepancy between theory and experi-
ment, such as photoconduction mechanisms and finite contribution
from skew-scattering processes [182], more studies are needed to
better understand this phenomenon.

Similar to the case of bilayer graphene, an out-of-plane electric
field can also break the lattice inversion symmetry of bilayer MoS,
and thereby control the magnitude of Berry curvatures in K and K’
valleys. In 2016, Lee et al. reported the electrically control of the
valley polarization in bilayer MoS, using an optical Kerr rotation
microscopy [183]. With the presence of the electric field (gate volt-
age), a pronounced valley polarization was observed near the two
edges of MoS, channels but with opposite signs. The strength and
sign of the valley polarization could be further tuned through the
gate voltage as shown in Fig. 8d [183].

The generation and detection of valley current in TMDs through
purely electrical approach has been a long-standing challenge
due to the relatively low carrier mobility compared with that
in graphene. Only till recently, Wu et al. and Hung et al. suc-
cessfully detected the valley current in monolayer MoS, through
the non-local transport approach [184,185]. By tuning the car-
rier density of MoS; beyond a critical value using gate voltages,
a pronounced non-local resistance is observed scaling cubically
with the local resistance [184]. The non-local signal can persist
at room temperature with a valley diffusion length up to 16 pum
[184], suggesting monolayer MoS; a promising material for realiz-
ing room-temperature low-dissipation valleytronics.

Electrically tunable transport and ferroelectric properties in WTe,

As a semi-metallic member (with 1T as ground phase) in
TMDs family, WTe, has attracted enormous interest since the bulk
crystals were discovered to possess a huge non-saturating mag-
netoresistance (MR) behavior in 2014 [186]. The nearly perfect
electron-hole charge compensation as well as the high carrier
mobility are considered as the main source of the extremely large
MR observed in WTe, [186-193]. In 2015, Wang et al. investigated
the magneto-transport of WTe, flakes (exfoliated on SiO, sub-
strates) at atomic scale and found that the temperature-dependent
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transport of WTe, films thicker than 5-layer still showed metallic
behavior, and more importantly their MR could be well described
by the classical two-band model [188]. For 4-layer and thin-
ner flakes, transport shows insulating and weak anti-localization
behaviors, due to significant surface scatterings induced by sur-
face degradation in ambient condition [188]. For the same reason,
a long-range field effect induced by non-local conductivity was
firstly observed in WTe, with thickness being much larger than
the electrostatic screening length [194]. As shown in Fig. 9a, in a
48nm-thick WTe, Hall-bar device, the hall conductance Gxy shows
dramatic changes (even with signs inverted) with gate voltages
which is an unexpected phenomenon in such thick metallic mate-
rials [194]. This long-range field effect can be understood as the
gate-dependent bulk hole and electron mobilities through charge-
tunable surface scatterings. As illustrated in Fig. 9b, when applying
a negative gate voltage, holes are attracted towards to surface
while electrons are pushed away, resulting in a reduced hole car-
rier mobility suffering from strong surface scatterings but enhanced
electron mobility free of surface scatterings [194]. The electron and
the hole mobility of the bulk region vary vastly while their densities
keep unchanged [194].

Bulk 1T’-WTe, are also shown to be type-Il Weyl semimetals
[195], demonstrated by first-principles calculations [196], ARPES
[197-199] and magneto-transport measurements [200,201]. When
thickness is down to monolayer, 1T-WTe;, is predicted to be a
quantum spin Hall insulator exhibiting topological edge states

inside the inverted bandgap [202]. Besides, calculations show that
the inverted bandgap is over 100 meV, indicating the possible topo-
logical transport at a relatively high temperature [203]. However,
previous studies before 2017 did not prove such topological effect
in monolayer WTe, because of the relatively reduced quality after
exposure in ambient condition. In 2017, Fei et al. experimentally
observed the edge conduction effect in hBN-sandwiched WTe,
transistors below 100K [204]. The measured edge conductance
is only half of the predicted value of e?/h, indicating significant
inelastic edge scatterings and contact resistance [204]. With further
progress in the device quality and measurement strategy, Wu et al.
demonstrated the quantum spin Hall effect in monolayer WTe,
with edge conductance fully quantized to e%/h (per edge) up to
100K inside the inverted bandgap (see Fig. 9c) [205]. The quantum
spin Hall effect is more robust in short-channel devices at low tem-
peratures, because of reduced edge and phonon scatterings [205].In
addition, because of the weak screening effect in monolayer WTe,,
the competition between bulk states and topological edge states
can be conveniently tuned by a gate voltage. Besides transport mea-
surements, STM was also used in studying the band properties and
topological edge states of monolayer WTe, [206-209]. As the tun-
neling current is directly proportional to the local density of states,
a sharp increase of density of states can be observed near the edge
of monolayer WTe; [206-209]. Recent transport studies by Fatemi
et al. and Sajadi et al. further demonstrate that monolayer WTe;
becomes a superconductor below 1 K above a mild electron critical
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density of 5 x 1012 cm~2 (see Fig. 9d) [210,211]. The critical density
is only 0.5% of an electron per W atom, one order smaller than that
in 2H-MoS; [210,211]. Although the nature of superconductivity in
monolayer WTe is still unclear, the ability to switch between the
quantum spin hall insulator and superconductor with a local elec-
trostatic gate could open new doors towards realizing Majorana
mode in a single material.

Recently, Fei et al. discovered the electrically switching ferro-
electric characteristics in bilayer and trilayer WTe, [212]. Because
the crystal structure of monolayer 1 T-WTe, is centro-symmetric,
no ferroelectric switching effect is expected. While for multilayer
WTe,, there exists an electric polar axis along the c-direction due
to the b—c mirror symmetry and a-c glide plane (see Fig. 9e) [212].
Bilayer and trilayer WTe, flakes are perfect candidates for this
ferroelectric switching studies due to the weak screening effect
and atomic thickness which allow a perpendicular electric field
to efficiently penetrate flakes. To induce the electric field across

WTe, flakes, the dual-gate structure is adopted as shown in Fig. 9f
[212]. Fig. 9h shows the conductance G of a trilayer WTe; sam-
ple as function of the vertical electric field. The conductance is
bistable at electric field E; = 0 and the electric polarization (indi-
cated by green and red arrow in Fig. 9h) is switched at a moderate
electric field ~ + 0.1V nm~! [212]. Moreover, this ferroelectric
switching can be sustained to a rather high temperature of 350 K
[212]. The polarization-dependent conductance G can be under-
stood as the redistribution of charge carriers and electrostatic
potentials (see Fig. 9g)in WTe; layers when the electric polarization
direction is switched [212]. Hence, the carrier density should also
influence the ferroelectric switching properties of WTe,, as demon-
strated by the ferroelectric switching conductance as function of
the carrier density shown in Fig. 9i [212]. Those rich electrically
tunable physical properties make WTe, a very promising candi-
date in both condensed matter physics studies and novel electronic
devices.
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Emerging 2D layered magnetic materials

Magnetic order persisting down to monolayer limit is both
fundamentally interesting for new quantum phenomenon and
engineeringly attractive for novel spintronic devices. According to
the Mermin-Wagner theorem [213], the long-range magnetic order
is theoretically prohibited in 2D isotropic systems at finite ther-
mal fluctuations. However, recent experiments have demonstrated
ferromagnetism and antiferromagnetism in several 2D layered
materials down to monolayer limit [214-217], which seems to be
contrary to the theoretical predictions [213]. This is because the
monolayer and few-layer 2D materials are magnetic anisotropic
systems instead of a perfectisotropic 2D Heisenberg system as illus-
trated in Fig. 10a [214,215]. The magnetic (spin) direction at each
site deviates from the out-plane direction and allows the formation
of the long-range magnetic order at a finite temperature.

Electrically tunable magnetic properties in Crlz and Cr,Ge,Teg —
layered semiconducting ferromagnets

The direct magneto-optical Kerr effect (MOKE) measurements
on the magnetism in atomically thin layered materials were
demonstrated by Huang et al. and Gong et al. in insulating few-layer
Crl3 [214] and CryGe;Teg [215]in 2017, respectively. Different from
few-layer Cr,Ge, Teg which shows ferromagnetism at all thickness
[215], the magnetic order in Crls is thickness-dependent [214].
Monolayer Crls is a ferromagnet with an out-of-plane magnetic
moment, while bilayer Crl; shows a surprising antiferromagnetism
with antiparallel magnetization (tand|) from two layers (see
Fig. 10b) [214]. For trilayer Crl3, the magnetization in each layer is
+/4/1 or }/1/{,and thus is ferromagnetic [214]. Utilizing this unique
antiferromagnetic coupling in few-layer Crl; (> 1-layer), spin-
filters with giant tunneling magneto-resistance are demonstrated
based on graphene/Crlz/graphene tunneling vdW heterostructures
as shown in the inset of Fig. 10c [218-220]. Here, graphene serves
as electron and hole sources. Taking bilayer Crls spin-filter device
as an example, the 1| and |1 states at magnetic field uoH = 0 are
low current states because of the large tunneling barrier height
of carriers with different spins [218]. At a relatively small out-of-
plane magnetic field (uoH, ) 0.6 T, an antiferromagnet-ferromagnet
transition occurs and bilayer Crls enters high current states 4
and ||. The tunneling magneto-resistance (TMR) in bilayer Crl3
spin-filter device, defined as (Ry;, — Ry;)/Ry4, can be tuned by a
DC bias between two graphene electrodes, which reaches 310%
at V=300mV as shown in Fig. 10c [218]. The TMR 530% is even
larger for the in-plane spin-alignment by applying an in-plane mag-
netic field (woH;) [218]. For trilayer and four-layer Crl; spin-filter
devices, the TMR is as high as 3200% and 19,000%, respectively
[218].

Due to the vdW nature and the weak interlayer exchange inter-
action in Crls, it is possible to tune the magnetic order strength and
antiferromagnet-ferromagnet transitions through non-magnetic
external perturbations, such as electrostatic doping [221,222]. As
shown in Fig. 10d, the ferromagnetic hysteresis loop of monolayer
Crl3 can be significantly modified by the electrostatic doping [222].
The electron doping (positive gate) strengthens the magnetic order,
while the hole doping (negative gate) weakens the magnetic order
[222]. Other magnetic parameters, such as coercive force, satura-
tion magnetization and Curie temperature of monolayer Crls, are
also significantly tuned [222]. In bilayer Crl3, the electrostatic dop-
ing can even induce the antiferromagnet-ferromagnet transition at
a critical electron density of 2.5 x 10'3 cm~2 as shown in Fig. 10e
[221,222]. One qualitative explanation is that the doping could
modify the interlayer exchange interaction of bilayer Crl3, and
the antiferromagnet-ferromagnet transition would occur when the
interlayer exchange interaction overcomes the demagnetization

energy [221,222]. With the presence of an out-of-plane mag-
netic field, the demagnetization energy is lowered, and hence the
transition occurs at a lower electron density [221,222]. Recent first-
principles calculations show that the antiferromagnet-ferromagnet
transition in bilayer Crl3 could be attributed to the transition of lat-
tice stacking orders [223]. Two energy minimums of lattice stacking
orders are identified in bilayer Crl3 [223]. The global minimum is
referred as AB-stacking with ferromagnetism, and the local min-
imum (with energy close to the global minimum) is referred as
AB’-stacking with antiferromagnetism [223]. Stacking order tran-
sitions could occur with the presence of electrostatic doping [223].
Further systematic experimental studies are needed to explore the
transition mechanisms.

The electric-field controllable magnetic properties are also
observed in few-layer ferromagnetic Cr,Ge,Teg recently [224].
Fig. 10g shows the normalized spin magnetization as a function
of gate voltage in a 3.5 nm-thick Cr,Ge,Teg FET [224]. The experi-
mental results (open dots) show an enhanced spin magnetization
at both electron and hole doping (< 1 x 10'3 cm~2), consistent with
the first-principles calculations and micromagnetic simulations
(solid dots) [224]. Based on the calculations, the spin magnetiza-
tion in CryGe;,Teg is contributed by the p orbital of Te atoms near
the valence band (spin down) and the d orbital of Cr atoms near the
conduction band (spin up)[224]. Asillustrated in Fig. 10f, hole (elec-
tron) doping will deplete (fill) the spin minority (majority) states
from p orbital of Te atoms (d orbital of Cr atoms) near the valence
(conduction) band and hence results in an enhanced magnetization
[224].

Electrically tunable magnetic properties in FesGeTe, — a layered
metallic ferromagnet

Besides layered semiconducting magnets, 2D layered metallic
magnets exhibiting itinerant ferromagnetism, such as Fe;GeTe,,
are also broughtinto outsightrecently [216,217,225].In2018, Deng
et al, Fei et al., and Tan et al. reported the itinerant Ising ferromag-
netism in atomically thin Fe;GeTe, flakes [216,217,225]. Similar
as Crlz and Cr,Ge, Teg, the intrinsic ferromagnetism of Fe3GeTe; is
preserved down to monolayer limit, due to the magnetic anisotropy
in vdW layered materials [216,217].

Compared with Crlz, few-layer FesGeTe, has better chemical
stability and higher Curie temperature. As shown in Fig. 11a, the
Curie temperature in monolayer Fe;GeTe, is 130 K[216,217], much
higher compared with that 45K in monolayer Crl3 [214]. With
increasing thickness, the Curie temperature of Fe3GeTe, gradu-
ally increases and finally saturates to a value of 205K in bulk form
[216,217]. Through the investigation of the thickness-dependent
Curie temperature, the 3D to 2D Ising ferromagnetism transition in
Fe3GeTe; is found at a critical thickness of 4 nm (five layers) [217].
Fig. 11b shows the phase diagram of Fe;GeTe, magnetic states as
function of temperature and thickness [217]. Above the thickness
of 15nm, Fe;GeTe, flakes exhibit a different ferromagnetic state
(FM2) because of the formation of labyrinthine magnetic domains
[217]. Magnetic force microscopy (MFM) [217], photo-emission
electron microscopy (PEEM) [226] and STM [227] are performed
to confirm the origin of FM2 state in thick Fe3GeTe; flakes.

Recently, Deng et al. successfully tuned the magnetic proper-
ties of atomically thin Fe3GeTe, flakes through ionic gating effect
(see Fig. 11c) [216]. As Fe3GeTe; is a metallic material, its mag-
netic properties can be directly studied through transport, such
as the Hall resistance. Fig. 11d shows the anomalous Hall effect
in a trilayer Fe3GeTe, device at different gate voltages [216]. The
ferromagnetic hysteresis loops are significantly modified by ionic
gating. At ionic gating voltages of 1.75V, the Curie temperature in
trilayer is enhanced from 100K to room temperature [216]. Cal-
culations based on the anisotropic Heisenberg model show that
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electron doping can induce shifting of electronic band of Fe3GeTe,
through filling Fe d,», dxy and dy, orbitals, cause dramatic changing
of density of states at Fermi level and result in the large modulation
of its ferromagnetic properties [216].

Utilizing the ferromagnetic properties of thin-film Fe3GeTe,,
tunneling spin valves based on the Fe;GeTe,/hBN/Fe;GeTe, vdW
heterostructures are demonstrated (see Fig. 11e) [228]. When the

magnetization orientations in two FezGeTe, layers (L1 and L2
indicated in Fig. 11e) are parallel (anti-parallel), the tunneling
magnetoresistance (TMR) reaches the minimum (maximum) value
[228]. This is realized by choosing two different Fe3GeTe, layers
with different spin-flip transition fields, which can be monitored by
the anomalous Hall effect [228]. By applying a voltage bias between
two Fe3GeTe, layers, the TRM is tuned. As shown in Fig. 11f, the
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TMR is suppressed at high bias as a result of the opening of inelastic
tunneling pathways and enhanced spin relaxation rates [228].

Other layered magnetic materials

In addition to Crl3, Cr,Ge,Teg, and Fe;GeTe,, many other lay-
ered magnetic materials have also been investigated using various
approaches. For example, Ising-type antiferromagnetic orders in
monolayer and few-layer insulating FePS; with a Neel temper-
ature Ty118K have been observed experimentally using Raman
spectroscopy [229]. Theories also predict that metal phosphorous
trichalcogenides (including FePS3, MnPSes, etc.) can experience
an antiferromagnetism to ferromagnetism transition at the high
carrier doping as shown in Fig. 12a [230,231]. Layered metallic
antiferromagnets, such as Ag,CrO,, with a Neel temperature (Ty)
approaching 24K, are studied using transport [232,233]. As the
paramagnetic scattering of conducting electrons are significantly
suppressed near Ty, an abrupt decreasing in longitudinal resis-

tivity (poxx) of AgoCrO, would occur [233]. Apart from Ag,CrOo,
first-principles calculation also predicts monolayer Mn,C to be
an itinerant antiferromagnets with a crystalline structure similar
to that of TMDs in 2H phase [234]. It possesses a high theoreti-
cal carrier mobility 47,000 cm?V-"s-! and an extremely high Neel
temperature of 720K (see Fig. 12b) [234]. Other ferromagnetic
monolayers, such as MnSe, [235] and VSe, [236], have also been
demonstrated recently.

Different from previously introduced magnets, Cry;3NbS; is a
chiral helimagnet with quasi-2D structure [237-240]. As shown in
Fig. 12b, the spin makes a complete 27 revolution with a length
period of Ly 48 nm along the out-of-plane direction of Cry;3NbS;
[237-240]. This particle like nontrivial magnetic structure is also
referred as the magnetic soliton, and the number of solitons in a
flake is determined by the thickness and Lg. An external in-plane
magnetic field will increase the length of magnetic solitons and
hence decrease the number of solitons. When above a critical field,
Cry;3NbS; becomes a ferromagnet. In 2017, Wang et al. showed
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direct evidence that the step-like jumps in the magnetoresistance
of Cry3NbS; crystals are related to the deleting/writing of solitons
(see Fig. 12c) [240]. When Cry3NbS; thickness is below 48 nm as
shown in Fig. 12c, no step-like features are observed because no
soliton exists in such systems [240]. The ability to control and detect
soliton numbers in Cry;3NbS; through magneto-transport shows its
promising applications in spintronics.

Major challenges and future look

Although many electrically tunable physical properties of
2D materials are very attractive, a high carrier doping density
(104 cm~2) is required to realize the tuning effect which can be
only achieved using ion liquid gating or carrier doping by for-
eign atoms. Hence these electrically tunable properties cannot be
utilized for practical device applications. For example, monolayer
MoTe, shows the 2H (semiconducting) to 1 T’ (metallic) phase tran-
sition at a doping density of 2.2 x 104 cm~2 tunable by the ion
liquid gating, as discussed in previous section [153]. At such a high
carrier density, the conductivity of MoTe; in 2H phase is already
very high, and thus the current on-off ratio before and after phase
transition should be low. More efforts are still needed for further
applications of MoTe; on phase change devices.

Besides, there are also various 2D layered materials with rich
lattice structures and interesting physical properties but less inves-
tigated. For example, few-layer InSe flakes show a high electron
mobility over 1000 cm2V-1s~1 at room temperature [241], mono-
layer GeS is also theoretically predicted to be a high carrier mobility
material [242], InpSes is a piezoelectric and ferroelectric mate-
rial [243], and GaS and GaSe flakes show potential applications
in optoelectronics [244]. Detailed physical properties and device
applications of these 2D metal chalcogenides and trichalcogenides
are summarized in Ref. [245]. Moreover, monolayer GeS family
(including GeSe, GeS, SnSe and SnS) has been theoretically pre-
dicted to exhibit giant piezoelectricity, two orders of magnitude

larger than that of traditional bulk piezoelectric materials, such as
ZnO and a-quartz, and emerging 2D piezoelectric material, such
as monolayer MoS, [246]. The electrically tunable piezoelectric
properties and related device applications are also expected. More
theoretical and experimental efforts are still needed to investigate
the electrically tunable physical properties of these 2D materials.

Recently, twisted bilayer graphene system attracts great atten-
tion due to the observation of superconductivity at an extraordinary
low carrier density of 1x10'2cm=2, which is achievable using
the insulated-gate structure [247]. Moreover, Mott-like insulator
to superconductor transition can be realized in twisted bilayer
graphene system at such a low doping density [247]. Hence, the
twisted 2D material system, including twisted bilayer graphene
and TMD systems, could provide a new platform for investigating
the novel electrically tunable properties and related device appli-
cations.

Electron-phonon interactions play an important role in vari-
ous physical phenomena, including the intrinsic carrier mobility,
carrier saturation velocity and formation of Cooper pairs [248].
Through tuning the electron-phonon interactions, the related
physical properties of materials and device performance can be
controlled. However, electrically tunable electron-phonon interac-
tions are less investigated in 2D material and vdW heterostructure
systems. Recently, novel phonon modes were observed in
WSe, /hBN, TMDs/SiO,, and BP/SiO, systems, attributed to the
electron-phonon interactions between layered material and sub-
strates [249,250]. Besides, the phonon modes can inherit the band
properties of 2D materials, such as valley properties in TMDs. Hence
electrical control of electron-phonon interactions in 2D material
and vdW heterostructure could offer opportunities in novel valley-
electronic and photonic device applications.

Despite the fancy properties of 2D materials, the wafer-scale
production of high quality atomically thin 2D materials is still a
general challenge for industrial applications with low price and
high yield. Up to today, only few 2D materials, such as graphene
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and hBN, have been successfully synthesized in wafer-scale single-
crystalline structure [251,252]. The wafer-scale synthetic TMDs,
including MoS; and WS,, produced thus far are typically polycrys-
talline [253]. The size of large-scale polycrystalline BP thin films
synthesized is limited to 5 mm [254]. Great efforts are needed to
improve the material synthetic techniques and develop new syn-
thetic methods.

Nevertheless, 2D materials research is a rapidly growing field,
and there are numerous opportunities to achieve novelty and
breakthrough. From the perspective of fundamental physics, 2D
materials provide a vast and novel platform for investigating
electro-matter interactions. Especially, in recently years, more and
more 2D materials with rich physical properties are uncovered
boosting the further development of this field. As theoretically pre-
dicted, there exists thousands of 2D material species which are still
not investigated. Moreover, vdW heterostructures with numerous
functions can be constructed by assembling different 2D materials
layer by layer into vertical stacks, providing new opportunities for
studying electro-matter interactions.

From the perspective of engineering, 2D materials are compat-
ible with the traditional silicon-CMOS technology, and can lead to
new functional devices utilizing the advantages of both silicon and
2D materials. The 2D material-silicon hybrid technology can also
provide a short-cut to the success of industrial applications of 2D
materials, before the performance and the cost of all-2D mate-
rial systems are comparable to those of silicon systems. Taking
advantage of the strong electro-matter interaction properties of 2D
materials and mature technologies of silicon, on-chip devices, such
as electro-optical modulators and tunable electronic circuits, are
very promising for commercialization in near future.

Conclusion

In summary, we have provided a comprehensive review of the
electrically tunable physical properties of 2D materials. The atom-
ically thin nature of 2D materials favors the strong electro-matter
interactions, which enables a widely tunable electronic, optical,
and magnetic properties at a mild electric field. Proof-of-concept
devices based on the electrically tunable properties, such as dual-
gate transistors, valley valves, oscillators, photodetectors, optical
modulators and tunneling spin valves, are also introduced in detail.
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