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Various novel physical properties have emerged in Dirac electronic systems, especially the topological characters pro-
tected by symmetry. Current studies on these systems have been greatly promoted by the intuitive concepts of Berry phase
and Berry curvature, which provide precise definitions of the topological phases. In this topical review, transport properties
of topological insulator (Bi2Se3), topological Dirac semimetal (Cd3As2), and topological insulator-graphene heterojunc-
tion are presented and discussed. Perspectives about transport properties of two-dimensional topological nontrivial systems,
including topological edge transport, topological valley transport, and topological Weyl semimetals, are provided.
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1. Introduction
Inspired by the notion of “topological order”, the ex-

ploration for novel classifications of matter phases becomes
an intriguing theme in condensed-matter physics. Over
three decades, the discovery of the quantum Hall effect
(QHE) enlightened investigations on topological phases of
matters.[1–6] Assisted by the powerful concepts of Berry phase
and Berry curvature, precise definitions of topological phases
are achieved. Berry phase is the phase generation during an
adiabatic evolution process with steady external parameters
producing a loop in the parameter space.[1,2] The Berry phase
can be written as the integral of the Berry curvature.[2] More-
over, the integrals of the Berry curvature over closed surfaces
are always employed to identify topological nontrivial phases,
known as quantized Chern numbers.[2] Hence, theoretical pre-
dictions for nontrivial matters emerged endlessly for more than
a decade, and novel quantum systems were continuously re-
vealed. Such topological nontrivial systems exhibit fascinat-
ing properties, especially in transport experiments.

The QHE was discovered by Klaus von Klitzing et al.,
where the Hall conductivity of a two-dimensional (2D) sys-
tem was found to be exactly quantized under a strong magnetic
field.[7–9] Thouless et al. firstly employed topological consid-
erations to explain the QHE.[5] From their milestone work, re-
searchers began to realize that the electronic topological struc-
ture of quantum materials may be directly related to the trans-

port behaviors. Various materials with novel topological phase
have already been revealed. Graphene, the first 2D material
containing Dirac fermions, has been proved to possess a Berry
phase of π , leading to half-integer QHE observed in transport
measurements.[10–16] Topological insulators (TIs) like Bi2Se3

and Bi2Te3, where strong spin-orbit coupling creates topolog-
ical insulating electronic phases and non-zero integer Chern
numbers, are very potential platforms for spintronics and next-
generation information devices.[17–33] Gapless surface states
protected by time-reversal symmetry exist on the surface of
these materials, and less-dissipative transport can be achieved
by the surface states, which will lead to an information high-
way in the future. Similar to the graphene system, the surface
states of TIs also behave as 2D Dirac fermions with π Berry
phase.[18–21] Thus, Hall conductivity of the surface states is
half-integer quantized as well. However, the parallel connec-
tion of the top and bottom surfaces may necessarily carry an
integer QHE in real measurements.[23] Rui Yu et al. proposed
that quantum anomalous Hall effect (QAHE) can be realized
in a magnetized TI system,[25] which was confirmed by Cui-
Zu Chang et al.[26,27] Recently, topological semimetals be-
came another focus of condensed-matter physics. The topo-
logical Dirac semimetals (for example, Na3Bi and Cd3As2)

are natural three-dimensional counterpart of graphene, with
bulk linear-dispersion Dirac fermions and Fermi arcs surface
state.[34–39] The unique chiral character of the Dirac fermions
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in topological Dirac semimetals generates abundant physi-
cal entities, such as chiral anomaly induced charge pumping
behavior.[39] Novel transport properties, like anomalous neg-
ative magnetoresistance and surface state assisted Aharonov–
Bohm oscillations,[40,41] were successively discovered.

In this topical review, we generally introduce the exper-
imental investigations about transport behaviors in topologi-
cal nontrivial systems, mainly based on our own works. We
have reported abundant phenomena originating from surface
states in topological insulators, topological Dirac semimetal,
and monolayer graphene. In Section 2, we demonstrate the
enhanced photothermoelectric effect by TI helical surface
states[42] and the quantum oscillations from TI nanoribbon
sidewalls.[43] In Section 3, our investigations on the topolog-
ical Dirac semimetal Cd3As2, including negative magnetore-
sistance induced by chiral anomaly,[40] Aharonov–Bohm os-
cillations in Cd3As2 nanowires, and two-carrier transport in
Cd3As2 nanoplates are summarized.[41,44] In Section 4, we
exhibit the novel tunneling behavior in the vertical heterojunc-
tion formed by graphene and TI.[45] In Section 5, we will re-
view other significant theoretical and experimental progresses
on the topological edge state transport, the valley transport,
and the topological Weyl semimetals. Finally, we give per-
spectives and conclusions in Section 6.

2. Transport properties of topological insulator
Bi2Se3

2.1. Enhanced photothermoelectric effect of 2D topologi-
cal surface states

Here we review the photothermoelectric effect in topolog-
ical insulator Bi2Se3 nanoribbons. Bi2Se3, as a strong three-
dimensional topological insulator, has a bulk energy gap of
∼ 0.3 eV and helically conducting chiral surface states.[22,24]

The 2D surface states could be excited to be spin-polarized by

means of circularly polarized light. Due to spin-momentum
locking in topological insulators, the spin-polarized surface
states have oriented motions, which could be accelerated by
the temperature gradient, resulting in an enhanced photother-
moelectric effect.[46,47]

The Bi2Se3 nanoribbons were synthesized via the chemi-
cal vapor deposition (CVD) method. To better characterize the
crystalline quality and study the layered microstructure of the
nanoribbons, the as-synthesized Bi2Se3 nanoribbons were pre-
pared to be cross-sectional on a SrTiO3 substrate (Fig. 1(a)).
Measured from the cross section along the [100] zone axis,
the diffraction pattern indicates that the nanoribbon is single
crystalline (Fig. 1(b)) with the basic unit of quintuple layer
of –Se–Bi–Se–Bi–Se– sequentially (Fig. 1(c)). The ARPES
spectrum acquired at room temperature confirms the existence
of TI surface states (Fig. 1(d)).

Individual Bi2Se3 nanoribbons were fabricated to contact
with Cr/Au electrodes on a Si substrate with 300 nm SiO2

layer via electron beam lithography techniques, as shown in
Fig. 2(a). To study the surface state enhanced photothermo-
electric effect in the Bi2Se3 nanoribbons, the voltage response
to circularly polarized light illumination was measured. Right-
circular polarization (RCP), linear polarization (LP), and left-
circular polarization (LCP) of the incident laser were achieved
via tuning the λ/4 waveplate. The incident laser was along the
y–z plane, where θ , the relative orientation of the incident light
and the z axis, was chosen to be 0◦ and 30◦ (Fig. 2(b)). Con-
sidering that the most notable voltage response was detected
when illuminating near the electrodes, the incident laser in our
experiment was illuminated near the measurement electrodes.
At θ = 0◦, the voltage vs. time curves of RCP, LP, LCP show a
little difference, as a result of that the vertically incident laser
cannot induce in-plane surface states to be spin polarized, thus
no additional surface state related photocurrent can be excited.
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Fig. 1. (color online) (a) Cross-sectional HAADF-STEM image of a Bi2Se3 nanoribbon. (b) Diffraction pattern acquired from the cross-section
along the [100] zone axis. (c) High resolution HAADF-STEM image of the nanoribbon surface, where the quintuple layer layer is indicated.
(Bi represented by red dots; Se represented by green dots.) (d) Room-temperature ARPES spectrum for a Bi2Se3 nanoribbon.[42]
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Fig. 2. (color online) (a) Optical image of a typical Bi2Se3 nanoribbon PTE device. (b) Sketch of the measurement set up. (c) The photo-voltage
response measured when the laser illumination on Bi2Se3 was near the positive electrode. (d) The photo-voltage response measured when the
laser illumination on Bi2Se3 was near the ground electrode. (e) The physical mechanism for the light polarization-selective transition.[42]

At θ = 30◦, it is found that the RCP and LCP light have
different effects on the photothermoelectric output. When the
laser spot is near the electrode connected to the voltmeter pos-
itive terminal (the positive electrode), the RCP light induces
an obviously enhanced voltage signal, the voltages induced by
LCP and LP are similar (Fig. 2(c)). However, when the laser
is illuminated near the voltmeter ground terminal (the negative
electrode), the LCP induced photothermoelectric effect is no-
table, while the voltage response of RCP is almost the same as
that of LP (Fig. 2(d)).

The phenomena above are dominated by the light polar-
ization selective rule according to the helical character of the
carriers (Fig. 2(e)). We define the electrons in the Dirac cone
with a positive slope as spin-up, while those in the branch with
a negative slope correspond to spin-down states. The quantum
numbers of the orbital angular momentum of each branch are
+1 and −1, respectively.[48–51]A photon can selectively ex-

cite the surface states to the conduction band states (l = 0) by
transferring angular momentum.[48,51] If spin-polarized sur-
face electrons have the same direction as the electrons driven
by the temperature gradient, the generated voltage would be
enhanced. Conversely, if the additional surface electrons have
the opposite motion direction with the electrons driven by the
temperature gradient, there would be little impact on the total
generated voltage.

When the laser illumination on Bi2Se3 is near the posi-
tive electrode, the σ− photons (RCP) only excite the surface
electrons with ml = 1 to conduction bands (l = 0), while the
hopping of ml = −1 electrons is forbidden, resulting in addi-
tional spin-up surface states. Considering the spin-momentum
locking in Bi2Se3, the spin-up surface electrons have a trans-
lational direction along the +x axis,[52] which is parallel to
the direction of the temperature gradient. Naturally, additional
surface electrons would be accelerated and enhance the pho-
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tothermoelectric effect. Contrarily, the LCP would hardly en-
hance photovoltage as a result of the anti-parallel relationship
between the momentum of spin-down surface electrons and
the temperature gradient. A similar analysis can be made for
the laser illumination position near the ground electrode, in
this case, the LCP would induce significant enhancement of
the photothermoelectric effect.

2.2. Side-wall surface states associated quantum oscilla-
tions

Three-dimensional topological insulators have been
demonstrated to possess rich physical connotations.[17–24]

Bi2Se3 is always considered as a perfect platform to explore
the novel properties of 2D Dirac fermions on its surface. How-
ever, even containing a large bulk energy gap, the conduc-
tance contributed from the bulk is still notable due to Se va-
cancies in Bi2Se3 making identification of the surface states
by transport measurements a great challenge. In this section
we review our investigations on prominent SdH oscillations
originating from the surface Dirac fermions in the sidewalls
of Bi2Se3 nanoplates. Importantly, the SdH oscillations from
the sidewalls appear with a dramatically weakened magnetore-
sistance background, offering a direct path to detect the 2D
surface states when the coexistence of bulk and surface con-
ductions is inevitable.

The Bi2Se3 nanoplates were prepared by the vapor-liquid-

solid mechanism, using gold as the catalyst. Electrodes of
Cr/Au (10 nm/130 nm) were deposited by electron beam
evaporation for transport measurements (Fig. 3(b)). When
applying an in-plane magnetic field, obvious SdH oscilla-
tions can still be observed on a smoothed magnetoresistance
background (Fig. 3(c)), the oscillation features are gradually
smeared out by increasing temperature (over 20 K). Such in-
plane field induced SdH oscillations have rarely been reported
before, and apparently, this phenomenon does not originate
from the top/bottom surfaces. These results indicate that the
most possible origination is the surface states on two sidewalls.

Considering the Onsager semiclassical quantization rela-
tion, a linear relationship can be acquired: Nmin = K/B− (γ−
1/2), where Nmin indexes the N-th minimum in conductance,
K is a constant, and γ − 1/2 is related to the Berry phase by
γ−1/2 =−β/2π . Based on such a relation, the Landau level
fan diagram can be established (Fig. 3(d)). The extrapolated
Landau index at extreme field limit (1/B ∼ 0) is about 0.5,
acquired from the Landau level fan diagram, indicating an ad-
ditional Berry phase π in the system. This is direct evidence of
novel 2D Dirac fermions. We substantially demonstrated that
the oscillation behavior derived from Landau level formation
in 2D Dirac fermions. Since the applied in-plane field cannot
induce such formation in the top/bottom surface, the sidewalls
are the only possible origin for the quantum oscillation we ob-
served.

Beff/T ↼/Beff)/T-1

L
a
n
d
a
u
 i
n
d
e
x

R
x
x
/
W

Fig. 3. (color online) (a) Schematic of the in-plane magnetic field referring to the sidewall (Se: green spheres; Bi: purple spheres).(b) Optical
image of a typical Bi2Se3 nanoplate device and a schematic of the orientation of the applied magnetic field. The length between the two inner
longitudinal voltage leads, and the width of the two Hall voltage leads of the Bi2Se3 nanoplate device are 1.48 µm and 2.26 µm, respectively.
(c) Plot of longitudinal resistance Rxx versus Beff under in-plane magnetic field at different temperatures. (d) Landau-level fan diagram for the
Shubnikov–de Haas oscillation in Rxx at the lowest temperature 1.3 K.[43]
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Angle dependent magneto-transport measurements show
that the positive magnetoresistance background, which is the
contribution from three-dimensional bulk transport, remark-
ably decreases as the out-of-plane field component gradu-
ally disappears (Fig. 4(a)). To avoid the complexity that
top/bottom and sidewalls simultaneously take part in trans-
port, we measured the transversal resistance Rxy (2 K), which
should not be affected by the sidewall conductance (Fig. 4(b)).
Clear oscillation features have been observed (Fig. 4(c)). We

derived the Landau level fan diagrams from the results in
Fig. 4(b). We found that the derived slopes can be well fit-
ted by 1/cosθ (Fig. 4(d)). Therefore we can confirm that
the observed SdH oscillations avoid influences from three-
dimensional bulk transport, and the oscillations under in-plane
field should originate from the sidewalls. Moreover, such
sidewall associated SdH oscillations successfully avoid distur-
bances from bulk transport, providing an easy method to detect
surface states in topological insulators.
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Fig. 4. (color online) (a) Longitudinal resistance Rxx and (b) Hall resistance Rxy as a function of the applied magnetic field B under different
orientations described by the angle θ at a temperature of 2 K. (c) Oscillations of the Hall resistance at 2 K and at different angle θ . (d) Fitted
slope of the Landau level fan diagram derived from Rxy as a function of the angle θ ; the solid line gives a good fitting with 1/cosθ .[43]

3. Transport properties of topological Dirac
semimetal Cd3As2

3.1. Giant negative magnetoresistance induced by the chi-
ral anomaly

Cd3As2 is one kind of the so-called three-dimensional
Dirac semimetals, which are also described as three-
dimensional analogues of graphene. These materials
are unusual quantum materials containing massless Dirac
fermions.[19] By breaking the time-reversal symmetry or spa-
tial inversion symmetry, the Dirac semimetal is believed to
transform into a Weyl semimetal with chiral anomaly.[34–39,53]

In single crystal Cd3As2 nanoplates, we find large negative
magnetoresistance induced by chiral anomaly. Moreover, the
negative magnetoresistance is closely linked with the carrier
density, which is tunable by gate voltage and temperature.
Our finding is helpful to understand Weyl fermions in Dirac
semimetals.

The Cd3As2 nanoplates were prepared by the chemi-
cal vapor deposition method. The exposed surface of the
nanoplate samples was the (112) plane, identified by TEM re-
sults (Fig. 5(a)). The nanoplates possess a thickness of sev-
eral hundred nanometers (Fig. 5(b)). The Cd3As2 samples
were then fabricated to contact with Au electrodes on an oxide
Si substrate, serving as the back gate. Four-probe measure-
ments were accepted in the experiments (Fig. 5(c) inset). The
temperature dependence of resistivity of the samples demon-
strates semiconducting-like behavior, which is different from
the metallic behavior in Cd3As2 bulk crystal (Fig. 5(c)). This
is mainly attributed to the deviation of carrier density. The
Cd3As2 sample has a low carrier density and its Fermi level
is close to Dirac points, where the holes in valence bands can
be easily thermally activated to conduction bands in high tem-
perature. So the resistivity of Cd3As2 increases as the tem-
perature decreases due to the reduced thermal activation. Af-
ter decreasing to a critical low temperature, the thermal en-
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ergy is not enough for holes to activate across the gap, lead-
ing to the metallic behavior. Unlike previous nanowire, the
Cd3As2 bulks usually maintain high carrier density and the
Fermi level is always above Dirac points, where the metallic
p–T mechanism is dominant. As shown in Fig. 5(d), Cd3As2

nanoplates exhibit a notable negative MR with in-plane B,
even at room temperature . The negative MR also emerges
in Cd3As2 nanowire samples with B ‖ E. The negative MR
is mainly induced by the chiral anomaly effect. Cd3As2, as
a three-dimensional Dirac semimetal, its Dirac point is com-
posed of two overlapping Weyl nodes with opposite chirali-
ties (left handed and right handed) (Fig. 6(a)), which would be
separated in the magnetic field.[54,55] Applying an extra paral-
lel electric field, the two kinds of Weyl fermions would have
unequal chemical potentials (µR 6= µL) (Fig. 6(b)). In such a
situation, the continuity equation of the Weyl nodes is

∇· jR,L +∂tρ
R,L =± e3

4π2h̄2c
𝐸 ·𝐵. (1)

The chemical potential imbalance may induce a charge pump-
ing from one Weyl node to the other, leading to a chiral imbal-
ance, and a net current can be generated as

jc = jR
c − jL

c =
e2B

4π2h̄2c
(µR−µ

L). (2)

The chiral current is parallel to the direction of the electric
field, resulting in the negative MR. By analyzing the negative
MR of Cd3As2, we are capable of verifying the existence of
chiral characters in Cd3As2 electronic structure.

From the experimental results, we found that the MR
curves in low temperatures have two minimum points (Bc1 and
Bc2).[40] The first minimum point is ascribed to the fact that
the low carrier density allows the electrons entering into the
lowest Landau level at a relatively weak field, leading to an
inflection in the MR curve. At low temperatures, the MR in-
creases with the magnetic field due to the splitting of conduc-
tion bands.[53,56]But with temperatures increasing, the thermal
broadening of Landau levels results in the attenuation of up-
turned MR, leading to the second minimum. Moreover, it
is worth mentioning that the magnitude of the negative MR
and Bc are closely related to the carrier density. The shift of
Fermi level with gate voltage would change the carrier den-
sity, resulting in different Bc and magnitude of the negative
MR. Similarly, with increasing temperature, thermal activa-
tion leads to a rise in the carrier density and affects the MR
curves. Research suggests that the magnitude of the negative
MR decreases with the increase of the carrier density, while
the critical magnetic field Bc increases corresponding to in-
creasing carrier density.
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Fig. 5. (color online) (a) TEM image of a typical nanoplate that identifies its largest surface to be a (112) plane. Inset: the corresponding
diffraction pattern. (b) AFM measurement of the nanoplate device with height about 540 nm. (c) Temperature dependence of resistance of
the nanoplate device and its SEM image (inset). (d) Plots of MR = 100%× (R(B)/R(0)− 1) at variable temperatures. The magnitude of the
negative MR reaches maximum ∼−41% at ∼ 150 K.[40]
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Fig. 6. (color online) (a) Illustration of the split of Dirac points into Weyl nodes under an external field in the [112] direction, ±kD represent
the Dirac points in the Brillouin zone of Cd3As2 as marked by red dots, while the green (blue) dots correspond to the split left-handed (right-
handed) Weyl nodes along the direction of the magnetic field. (b) Schematic illustration for the chiral anomaly in Weyl semimetals, L and R
correspond to the left-handed and right-handed Weyl nodes, respectively. A magnetic field parallel to the electric field generates an imbalance
between the two opposite Weyl nodes and thus leads to negative MR, M = 0 corresponds to the lowest Landau level.[40]

3.2. Aharonov–Bohm oscillations in Dirac semimetal
Cd3As2 nanowires

Two-dimensional surface states also exist in Cd3As2

system. It has been predicted that topological surface
states with Fermi arcs exist on the surface, which has
been supported by angle-resolved photoemission spectroscopy
experiments.[53,57] However, the transport evidences revealing
the surface states are still in absence, on account of the highly
conductive bulk channels. In this section, we show Aharonov–
Bohm (A–B) oscillations detected in individual single-crystal
Cd3As2 nanowires, providing a transport evidence of the topo-
logical surface states in three-dimensional Dirac semimetals.

The single crystal Cd3As2 nanowires were synthesized by
chemical vapor deposition method. The Cd3As2 nanowires

were grown along the [112] direction with single crystalline
nature, confirmed by the high-resolution transmission electron
microscopy image (Fig. 7(a)). In Fig. 7(b), we display the di-
agram of a typical device and the measurement configuration.

For nanowires with perimeter comparable to the mean
free path of carriers, the quantum confinement enforces the
surface energy bands into discrete sub-bands. As sweeping the
magnetic field parallel to the nanowire direction, the density of
states (DOS) at the Fermi level is periodically altered as sub-
bands cross the Fermi level, leading to periodic oscillations
of conductance. The oscillating period is described by Φ/Φ0,
where Φ is the magnetic flux threading the nanowire cross sec-
tion and Φ0 = h/e. The A–B oscillations have been reported
in topological insulator nanoribbons and nanowires.[58–62]

Φ/↼h/e↽
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Fig. 7. (color online) (a) HRTEM image of a typical nanowire indicates 〈112〉 growth direction with interplanar space ∼ 0.73 nm. Scale
bar: 5 nm. (b) Schematic diagram of the four-terminal device with applied magnetic field aligned with the length. (c) The oscillations in
conductance as a function of magnetic field after subtracting background. (d) Oscillating conductance as a function of magnetic flux in units
of h/e at variable temperatures.[41]
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Applying a magnetic field along with the [112] direction
of Cd3As2 nanowire, notable oscillations can be detected on
a negative magnetoresistance background (Fig. 7(c)). The os-
cillation features nearly vanish after heating up to 20 K, in-
dicating its quantum nature. The negative MR is believed to
originate from the chiral anomaly. In low field regime (|𝐵| ≤
0.3 T), the MR exhibits an obtuse dip because of weak anti-
localization, which is conforming to the existence of strong
spin–orbit interaction.[53] The fast-Fourier transform (FFT) on
∆G(𝐵) extracts the main peak at ∼ 2.55 T−1, corresponding
to an individual 0.38 T period. If the oscillations originate
from the surface states, the period yields a cross-section area
of the nanowire ∼ 0.11 µm2. By direct measurements, the
cross-section area of this nanowire is exactly estimated to be
0.11±0.005 µm2, which identifies that the observed quantum
oscillations are from the surface state associated A–B effect.
We also find that the FFT peak amplitude obeys to the T−1

law in temperature range 5–20 K, which indicates the ballistic
transport nature in the circumferential direction.[61] The devi-
ation below 5 K is proposed to be due to the weak influence
of thermal broadening on the electron wave packets.[63] The
critical temperature for the deviation of T−1 dependence is
calculated to be ∼ 7.2 K, which is close to the experimental
observation (∼ 5 K).

Surprisingly, a phase-shift takes place in the range from
1 T to 2 T. The conductance peaks are at the integer quan-
tum flux (Φ = h/e, 2h/e) before the shift, while the con-
ductance peaks are stable at the half-integer quantum flux
(Φ = (5 + 1/2)h/e, (6 + 1/2)h/e, . . .) after the phase-shift
regime (Fig. 7(d)). The half-integer conductance peak be-
havior is very similar to that observed in topological insula-
tors, which was ascribed to the π Berry phase of the surface
states.[58–62] We propose that the degeneracy lifting of the two
Dirac nodes under an external magnetic field will provide an
additional Berry phase π for the surface states, leading to the
observed phase-shift. Without magnetic field, the two bulk
Dirac nodes (each one contains two degenerate Weyl nodes)
are connected by the Fermi arc surface states. The time re-
versal symmetry is broken after applying an external mag-
netic field, and the two Dirac points are split into two pairs of
Weyl nodes along the magnetic field direction.[54] The Weyl
nodes (right-handed chirality and left-handed chirality) are
connected by the surface Fermi arc respectively after apply-
ing the magnetic field. The chirality-non-trivial surface states
are non-degenerate. An additional Berry phase π emerges
for electrons after cycling around one Weyl node in the low-
energy band, because the degeneracy has been lifted. More-
over, our analysis of Shubnikov–de Haas oscillations also sup-
ports the presence of a non-trivial π Berry phase.[41]

The A–B oscillation is actually the periodic variation of
DOS at the Fermi level. Therefore, the occupation of sub-

bands can influence the behavior of oscillation in aspects of
magnitude and phase. By employing a back-gate with 285 nm
SiO2, we are able to modulate the sub-band occupation, en-
abling a deeper understanding of this phenomenon. We found
that the gate voltage can effectively modulate the oscillation
behavior of Cd3As2 nanowires. Moreover, the Lifshitz transi-
tion can be achieved by increasing the Fermi wave vector kF.
The two bulk Dirac points are separated by 2kD in momentum
space. When kF is larger than kD, the system is back to degen-
erate, leading to the so-called Lifshitz transition.[65] After the
transition, the π Berry phase will disappear, and the peaks of
∆G(𝐵) will return to the exact integer numbers. We observed
normal A–B oscillations at Vg = 60 V, with ∆G(𝐵) exactly
peaking at Φ = 5h/e, 6h/e,7h/e, 8h/e, just like the theoreti-
cal predictions.

Φ/↼h/e↽
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(a)

Fig. 8. (color online) (a) SEM image of a thick nanowire with diameter
about 200 nm. Scale bar: 1 µm. (b) The conductance oscillations as a
function of magnetic flux, showing the AAS effect.[41]

For the thick nanowire devices, the carriers along the
nanowire perimeter can be in the diffusive regime. Figure 8(a)
illustrates the SEM image of a thick nanowire with diameter
∼ 200 nm. Prominent oscillations can be easily discerned, as
shown in Fig. 8(b). According to the cross-sectional area of
the nanowire, it is found that the oscillation periods with h/2e
flux exist. These anomalous h/2e oscillation periods may be
attributed to the Altshuler–Aronov–Spivak (AAS) effect in a
diffusive transport regime. It is worth noting that the oscilla-
tion peaks at (n+1/2)h/2e (n = 2,3,4), revealing a phase shift
for the h/2e oscillations, which requires further investigations.
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3.3. Two-carrier transport in Cd3As2 nanoplates

In semimetals (graphite and bismuth), large MR un-
der low magnetic fields is always ascribed to the two-carrier
transport.[66,67] The saturation of MR under high field is due
to the breaking of electron–hole balance.[68] Previous reports
have figured out that large MR exists in high carrier concen-
tration Cd3As2 bulk materials,[69,70] and Cd3As2 with Fermi
level near the Dirac point as well.[68] Therefore, Cd3As2 may
be an ideal system to investigate the relationship between the
large MR and two-carrier transport. Here we show the temper-
ature and gate voltage-dependent magneto-transport properties
of Cd3As2 nanoplates with Fermi level closed to the Dirac
point. By taking advantage of the low carrier density in the
Cd3As2 nanoplates, the ambipolar field effect is realized. The
Hall anomaly demonstrates the two-carrier transport accompa-
nied by a transition from n-type to p-type conduction with de-
creasing temperature. The magnetoresistance exhibits a large
unsaturated value up to 2000% at high temperatures, which is
ascribed to the electron–hole compensation in the system. The
results are valuable for understanding the experimental obser-
vations related to the two-carrier transport in Dirac semimet-
als.

High-quality Cd3As2 nanoplates were synthesized via a
facile CVD method. The Cd3As2 nanoplates are single crys-
talline and the top surface is (112), consistent with the nat-
ural cleavage plane of Cd3As2 single crystal. To investi-
gate the magneto-transport properties of the as-grown Cd3As2

nanoplates, back-gate devices with a standard Hall-bar geom-

etry were fabricated, as schematically illustrated in Fig. 9(a).
A typical temperature dependence of resistivity shows semi-
conducting characteristic (Fig. 9(b)), which is ascribed to the
low carrier density in the samples. The activation energy Ea is
extracted to be 19.53 meV according to the Arrhenius plot at
high temperatures (inset in Fig. 9(b)).
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Fig. 9. (color online) (a) Schematic diagram of the Cd3As2 nanoplate
Hall device with a back gate terminal. (b) Temperature dependent lon-
gitudinal resistivity ρxx of Cd3As2 nanoplate. The activation energy of
19.53 meV is deduced from the Arrhenius plot of ρxx in the inset.[44]
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Fig. 10. (color online) (a) The Hall resistivity at different temperatures from 1.5 K to 300 K. (b) The nonlinear fits of the Hall resistivity based
on the two-carrier model at representative temperatures of 80 K and 100 K. (c) MR measured at different temperatures from 100 K to 300 K.
(d) The Kohler’s plot of the MR curves.[44]
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The evolution of the Hall curves with temperature
(Fig. 10(a)) clearly shows a transition from p-type to n-type
conduction with increasing temperature. The observed Hall
anomaly is a characteristic of two-carrier transport, which can
be described by the two-carrier model[72–74]

ρxy =
1
e

(
nhµ2

h −neµ2
e
)
+µ2

h µ2
e B2(nh−ne)

(nhµh +neµe)
2 +µ2

h µ2
e B2(nh−ne)

2 B, (3)

ρxx =
1
e
(nhµh +neµe)+(neµeµ2

h +nhµhµ2
e )B

2

(nhµh +neµe)
2 +µ2

h µ2
e B2(nh−ne)

2 , (4)

where ne(nh) and µe(µh) are the carrier density and the mo-
bility of electrons (holes), respectively. The magnetic field
dependence of the Hall resistivity can be well fitted accord-
ing to Eq. (3) at representative 80 K and 100 K, as shown
in Fig. 10(b). While at 200 K and 300 K, the MR shows a
quadratic behavior without any tendency to saturation. The
largest MR (defined as [ρxx(B)−ρxx(0)]/ρxx(0)× 100%) up
to 2000% is observed at 200 K (Fig. 10(c)). The observed
large unsaturated MR at high temperatures may be due to the
thermally activated electrons, leading to the two-carrier trans-
port. As shown in Fig. 10(d), the MR at different temperatures
could be rescaled by the Kohler plot[72,74]

∆Rxx(B)
Rxx(0)

= F
(

B
Rxx(0)

)
. (5)

Moreover, the gate-tunable MR behaviors are consistent with
the broken electron–hole compensation induced by the gate
voltage. A nearly electron–hole compensation state gives rise
to the largest MR at 200 K. The electron density increases
drastically above 150 K, consistent with the ρxx–T behavior.
In the presence of two parallel conduction paths, equation (3)
can also be used to analyze the Hall data because the two-
channel transport can be described in the frame of the two-
carrier model.

4. Gate-tunable tunneling resistance in
graphene/TI vertical junctions
Graphene-based Van der Waals heterostructures, formed

by stacking graphene with other nanostructures, have become
a prosperous avenue of nanoelectronics, which exhibit rich
physical phenomena. In this section we review our work on the
stacking of two model Dirac materials, graphene and Bi2Se3.
Theoretical predictions have indicated significant modification
of graphene electronic structure in such graphene–topological
insulator hybrid systems.[75–79] However, experimental inves-
tigations of vertical transport properties in such heterostruc-
tures remain absent. Here, we show that transport through the
vertical heterostructure is dominated by the phonon assisted
tunneling process at low temperature, which can be effectively
modulated by a gate voltage. Quantum oscillations due to the

quantized Landau levels in both graphene and Bi2Se3 surface
Dirac fermions are observed, after a magnetic field is applied.
The tunneling phenomenon when graphene becomes a quan-
tum Hall insulator is also analyzed. Our discoveries shed light
on the density of states (DOS) detector based on heterojunc-
tions.

To fabricate the hybrid devices, high quality Bi2Se3

nanoplates were transferred onto monolayer graphene flakes
which were prepared by the micromechanical cleavage
method. Deposition of patterned Cr/Au (50/170 nm) elec-
trodes followed. The device diagram and measurement config-
urations are shown in Fig. 11(a). The resistance Rj=Vj/I is the
junction resistance through the graphene–Bi2Se3 heterojunc-
tion. The resistance R2 = V2/I is a combination of the junc-
tion resistance and the underlying graphene resistance. There-
fore, the resistance Rg=R2−Rj is the in-plane resistance of the
graphene. Rxy=Vxy/I represents the transverse Hall-like resis-
tance of Bi2Se3. A back gate voltage Vg was applied to tune
the Fermi level. The external magnetic field can be tilted by
rotating the sample holder.

Firstly we analyze the temperature-dependent behavior of
the junction resistance. The junction resistance Rj exhibits
sensitive termperature dependence, while the graphene resis-
tance Rg is weakly correlated to temperature (Fig. 12(a)). The
tunneling efficiency is limited by the graphene/Bi2Se3 junction
potential barrier ∆, thus the thermally excited carrier density
can be described by n(T )∼e−∆/kBT for high temperatures, the
fitting results also give a ∆ =∼ 0.35 meV (i.e., ∼ 4 K).[45] At
low temperatures (T < 4 K), thermal activation energy can-
not excite carriers to exceed the barrier, transport is domi-
nated by tunneling current between graphene and Bi2Se3. Be-
cause of the large momentum mismatch (Fig. 11(c)), tunneling
should be assisted by phonons, which provide momentum to
inject an electron from Bi2Se3 to graphene. The tunneling in
graphene/BN heterostructures has also been reported to be as-
sisted by phonons in grapheme.[80]

The tunneling heterostructures also exhibit novel quan-
tum oscillations (Fig. 12(b)). The stable peak positions ver-
sus 1/cosθB indicate the 2D nature of the quantum oscilla-
tions. Applying relatively small magnetic fields, the oscil-
lations of junction resistance Rj are mixed with the contri-
butions from both Bi2Se3 and graphene, displaying complex
structures. While under high magnetic field, the oscillations
are from the quantized Landau levels of Bi2Se3 surface states,
because the underlying graphene stays in the quantum limit
when the gate voltage is zero. The Dirac point of graphene
is at Vg ∼ 5 V, the carrier concentration of the graphene is as
low as 3.6×1011 cm−2 at zero gate voltage, so in such a situ-
ation graphene is easily transferred to the quantum limit by a
high enough magnetic field. These results suggest that such a
tunneling junction can be used as a DOS detector.
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Fig. 11. (color online) (a) Schematic of graphene–Bi2Se3 heterostructure. Graphene is contacted with the electrodes 1 and 2. Bi2Se3 is
contacted via the electrodes a, b, and c. The bias current is applied through electrodes 1 and a. (b) Side view of the measurement configuration.
(c) Band diagram of the junction without bias voltage. The upper right panel shows the Brillouin zone of the graphene–Bi2Se3 hybrid system.
The center of the Dirac bands of graphene (or Bi2Se3) is located at K and , K′ (or Γ ) points.[45]
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Fig. 12. (color online) (a) R2 (black line), Rj (red line), and their difference Rg (blue line) as a function of temperature. (b) Rj versus
1/B⊥ = 1/(Bcosθ) for different values of θ . Curves are shifted for clarity.[45]

The back gate modulation offers a direct method to inves-
tigate the tunneling behavior. Under zero magnetic field, the
transfer curve of Rg, the calculated resistance (Rg = R2−Rj)

of the underlying graphene (Fig. 13(a)), shows typical field-
effect properties of a graphene transistor with a clear Dirac
point (Vg∼ 5 V). Besides, the Fermi level of Bi2Se3 is not sen-
sitive to the gate voltage because of the screening effect from
the underlying graphene flake. When the graphene becomes a
quantum Hall insulator, exotic phenomena are observed from
the graphene–Bi2Se3 hetero-junctions. Under a large perpen-
dicular field of 14 T, the Rj peaks are exactly located at the po-
sitions of the graphene resistance Rg valleys (Fig. 13(b)). That
is saying, the tunneling resistance maximum and the graphene

resistance minimum always come simultaneously. Consider-
ing these results, the gate tunable tunneling resistance Rj is
the consequence of the changing Fermi level in graphene and
the nearly fixed Fermi level in Bi2Se3. As the Fermi level in
graphene is tuned far away from its Dirac point, the available
DOS for tunneling increases greatly, resulting in a decreasing
Rj (Fig. 13(c)). After transforming into a quantum Hall insula-
tor, the quantum Hall states in graphene provide large DOS at
unfilled Landau levels (LLs) for tunneling carriers. However,
there are almost no available tunneling states within the gaps
between LLs. Therefore, the junction resistance Rj valleys lo-
cate at the graphene LLs, while the peaks locate at the gaps
where LLs are fully occupied (Fig. 13(d)).
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Fig. 13. (color online) (a) Resistance versus gate voltage without magnetic field. (b) Transfer curves of Rj and Rg under B = 14 T. The black
dashed lines are guides to show the alignment. (c) Schematic band diagram of the tunneling process under magnetic field. (d) The quantum
oscillations under B = 14 T are presented to compare with the DOS structure of graphene under magnetic field of 14 T.[45]

5. Recent progress on 2D topological transport
5.1. Topological edge transport

Nowadays, edge state transport is particularly im-
portant in low-consumption electronic devices due to its
non-dissipative transport property. For quantum materials
with non-zero Chern number, which is always induced by
time-reversal symmetry breaking, topological nontrivial sur-
face/edge states exist on the boundary of the materials, where
backscattering is entirely suppressed in these states, leading
to realization of non-dissipative transport. On the other hand,
various kinds of Hall effects are critical phenomena for the
existence of these nontrivial states in 2D systems, as a result,
the QHE,[2,7–16] the quantum spin Hall effect (QSHE),[81–84]

and the quantum anomalous Hall effect (QAHE)[25–27] are the
focus of experimental investigations. These novel phases al-
ways show a bulk insulating behavior together with perfectly
conducting edge transport. The QHE, a quantized version of
the Hall effect, was observed in various 2D electron gas sys-
tems over 30 years. In recent years, experimental realizations
of QSHE and QAHE have become the fantasy pursued by re-
searchers. Here, we provide a summary about the recent theo-
retical and experimental investigations on 2D topological edge
transport.

5.1.1. Quantum spin Hall effect

The QSHE, a quantized response of a transverse spin cur-
rent to an electric field, hosts two counter-circulating states
with opposite spin projections at each edge. The intrinsic SOC
is proposed to give rise to the QSH effect. Protected by time

reversal symmetry, the QSH state has a topological stability
that is insensitive to weak disorder and impurities. The QSH
effect was firstly predicted to occur in HgTe quantum wells by
Bernevig et al. and then was observed experimentally by Roth
et al.,[81,84] starting a new epoch of QSH. Theoretically, QSH
is also predicted in a graphene system with strong SOC.[83]

However, the intrinsic SOC in graphene is shown to be too
weak to realize the QSH effect under present experimental
conditions, in which case enhancement of the SOC is instantly
required. We noticed that the proximity effect is possible to en-
hance the SOC in a graphene system, Inspired by works based
on graphene Van der Waals heterostructures and hydrogenated
grapheme,[85,86] the proximity effect is possible to enhance the
SOC in graphene. Today, QSH still has a broad prospect for
development in spintronics, owing to the fact that spin current
in QSH is carried entirely by the helical edge states without
dissipation.

5.1.2. Quantum anomalous Hall effect

Unlike the conventional QHE, which is induced by a
strong magnetic field, the QAHE describes the non-dissipative
quantized Hall transport in the absence of external magnetic
fields. The QAH is a possibility in strong spin–orbit coupled
magnetic 2D electron system. The time-reversal symmetry is
broken by simultaneous magnetism. The QAHE is predicted
to exist in magnetized TI systems,[25] and in 2013, Chang et
al. firstly observed the QAH experimentally in chromium-
doped topological insulator (Bi,Sb)2Te3.[26] Then in 2015, a
robust quantum anomalous Hall state was realized in V-doped
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(Bi,Sb)2Te3.[27] Recently, it was theoretically predicted that
QAH can be realized in graphene coupled to an antiferro-
magnetic insulator by introducing Rashba SOC and an ex-
change field.[87,88] The fabrication of materials showing the
QAH phase often has enormous potential since they are ex-
pected to show a perfect edge conductance as the quantum
Hall state, but without the drawback of having to apply large
magnetic fields.

5.2. Topological valley transport

Topological materials with time-reversal symmetry
breaking may possess novel phenomena like QHE or QAHE,
revealing non-dissipative edge transport. In contrast, if
the inversion symmetry is broken, transport related to
valley pseudospin may emerge, leading to the so-called
“valleytronics”.[2,89] The valley current also maintains a long-
range character, indicating a potential vista for next-generation
information devices. In this section we review the progress on
2D topological valley transport, including the valley Hall ef-
fect (VHE) observed in MoS2 and valley current transport in
single layer and bilayer graphene.

5.2.1. The valley Hall effect

A system containing non-zero Berry curvature may ob-
tain an additional velocity term

vn (𝑘) =
∂εn(𝑘)

h̄∂𝑘
− e

h̄
𝐸×𝛺𝑛(𝑘).

In addition to the typical band dispersion contribution, an
anomalous term due to the Berry curvature emerges, the ex-
tra term is always transverse to the electric field, leading to
a Hall current.[2] For the system with inversion symmetry
breaking, the Berry curvatures in different valleys have op-
posite signs under the protection of time-reversal symmetry,
thus non-zero valley conductivity can exist in the transverse
direction, a net valley degree accumulation is expected on both
transverse sides. This phenomenon is called the “valley Hall
effect”. To experimentally realize the VHE, suppressed valley
relaxation must be achieved. The spontaneous inversion sym-
metry breaking and strong spin–orbit coupling make MoS2 an
ideal platform to realize VHE.[90] Mak et al. firstly reported
the experimental observation of VHE in monolayer MoS2.[91]

Circularly polarized light was used to create a chemical poten-
tial imbalance in the two valleys of MoS2, inverting the valley
signal to an observable electric signal; an anomalous Hall sig-
nal induced by VHE was substantially detected.

5.2.2. The valley transport in graphene

Theoretical analysis has shown that the graphene with
inversion symmetry breaking can also exhibit the VHE.[92]

However, pristine graphene (single layer or bilayer) is under
inversion symmetry protection. The experimental investiga-
tions on the valley transport in a graphene system have been

achieved recently, with the help of improvement on device fab-
rication.

In 2014, Gorbachev et al. reported a large non-local
signal detected in single layer graphene with underlying BN
substrate.[93] The inversion symmetry of graphene is believed
to be broken as the consequence of A/B sublattice global
asymmetry induced by the substrate potential. The inversion
symmetry breaking leads to a non-zero Berry curvature distri-
bution in the Brillouin zone. When the Fermi level is tuned
to the energy level where non-zero Berry curvature exists, a
large non-local signal can be detected from the transport mea-
surements. The anomalously obvious non-local signal is due
to the valley Hall effect and the inverse VHE, the latter is the
phenomenon where pure valley current gives rise to charge
current.

The novel work of Gorbachev et al. not only firstly re-
ported the experimental realization of graphene valley trans-
port, but also provided an efficient method to detect the VHE.
In 2015, the valley transport in bilayer graphene was discov-
ered by Sui et al. and Shimazaki et al. The two groups both
utilized a perpendicular electric field tuned by a gate voltage
to break the inversion symmetry of graphene, a strong non-
local signal was detected, which was attributed to the VHE and
the inverse VHE.[94,95] Their investigations show that electri-
cally driven inversion symmetry breaking is achievable, shed-
ding light on future valleytronics. Furthermore, the AB/BA
stacking domain wall in bilayer graphene has also been re-
ported to support a non-diffusional valley current.[96] The bi-
layer graphene system with broken inversion symmetry may
possess a non-zero “valley” Chern number, leading to a topo-
logical valley edge state existing along the domain wall.

5.3. Topological Weyl semimetals

Based on the quantum field theory, the fermions of our
universe are divided into three kinds: the Dirac fermions,
the Weyl fermions, and the Majorana fermions.[97] Interest-
ingly, the condensed-matter systems host quasiparticles pos-
sessing the characters of these high-energy physics concepts.
The most typical example of Dirac semimetals is graphene,
which has a Dirac point protected by time-reversal sym-
metry and inversion symmetry.[10–16] Extending the 2D lin-
ear energy–momentum dispersion relation to 3D momentum
space, the 3D Dirac semimetals were recently discovered.
Moreover, the Dirac point in 3D Dirac semimetals is com-
posed of two Weyl nodes. The topological Weyl semimetals
are the systems where low-energy excitations obey the Weyl
equations.[57,98–100] Compared to the Dirac points (four-fold
degeneracy), the Weyl nodes are only two-fold degenerate.
Thus the Weyl node can only exist in systems with sponta-
neous symmetry-breaking, because in the systems possess-
ing both the time-reversal and inversion symmetries, the band
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crossings are always four-fold degenerate.
The topology of the Weyl nodes is also defined by the

Berry curvature,[98–100] an analogy of the magnetic flux in mo-
mentum space. Generally speaking, the Weyl nodes can be
considered as the “magnetic monopoles” in momentum space,
which are the origins or ends of the Berry curvature. The chi-
rality (+1 or −1) of a Weyl node is similar to the “magnetic
charge”, reflecting the Berry curvature distribution embracing
the Weyl node. The Weyl nodes always come in pairs because
the Chern number of the Weyl semimetal must be zero, other-
wise it becomes a topological insulator.[2]

There are a large number of unusual physical features
associated with Weyl semimetal, including open Fermi arcs
in the surface and various exotic transport phenomena in-
duced by the chiral anomaly. The open Fermi arcs connect
the projections of the bulk Weyl nodes with opposite chiral-
ities onto the surface, and the Fermi arcs can be understood
as the surface states of Weyl semimetals.[98] Under the pres-
ence of external electric and magnetic fields, the chiral charge
of one Weyl node is not conserved, which is the so-called
chiral anomaly. The charge pumping effect between Weyl
nodes with opposite chiralities gives rise to large negative
magnetoresistance.[40,54–57,97,98]

It is worth noting that the Weyl semimetals discussed
above have zero density of state at the zero energy, and they
obey the Lorentz invariance in quantum field theory. This
kind of Weyl semimetals have been predicted to exist in sev-
eral symmetry-breaking materials, including TaAs, NbP, and
other systems.[99,100] By the ARPES technique, the existence
of Weyl fermions in TaAs, NbAs has been experimentally
confirmed,[101–105] and chiral-anomaly-induced negative mag-
netoresistance was also detected in TaAs recently.[106]

Recently, a new type of Weyl semimetal has been pre-
dicted in the WTe2 system.[107] In this type of Weyl semimetal,
non-zero density of state at zero energy exists, and such sys-
tem seems to break through the limit of Lorentz invariance,
which is referred as a type-2 Weyl semimetal. The remark-
able distinction between the Fermi surfaces of the two types
of Weyl semimetals leads to notable differences in the thermo-
dynamics and magneto-transport. The type-2 Weyl semimetal
exhibits the chiral anomaly effect with strong anisotropy.

6. Conclusion and perspectives
Topological nontrivial systems provide splendid plat-

forms for uncovering novel physics in mesoscopic scale, and
also for practical applications. As a powerful method of
physical characterization, transport measurements make sig-
nificant contributions in exploring these miraculous systems.
This topical review summarizes our experimental investiga-
tions on transport behaviors in topological insulator (Bi2Se3),

topological Dirac semimetal (Cd3As2), and TI-graphene het-
erojunction. We demonstrate fantastic quantum effects of
these systems, exhibiting their great potential in realizing next-
generation electronic and spintronic devices. We also review
significant breakthroughs from other groups, to depict a gen-
eral status of current research on topological transport. Al-
though great triumphs have been achieved, future investiga-
tions are still in eagerly awaited.

The past ten years have witnessed great achievements
on the graphene system. Moreover, this intriguing 2D ma-
terial still possesses unpredictable academic and application
prospects. Researchers begin to enlarge the functionaliza-
tion of graphene using graphene-based heterostructures by the
proximity effect. Other than the inversion symmetry break-
ing and enhancement of spin–orbit coupling discussed above,
a large exchange field has been introduced into graphene by a
magnetic insulator EuS.[108] We believe experimental realiza-
tions of QSHE and QAHE in graphene-based heterostructures
will come true in the near future. The physical contents and
application possibilities are obviously diversified by investiga-
tions on the graphene-based heterostructures.

The proximity effect also shows extraordinary talents in
other two-dimensional systems. The superconducting prox-
imity effect is believed to induce Majorana fermions in a
topological nontrivial system,[109] and transform the hybrid
system into a “topological superconductor”. The control-
lable realization of such fantastic fermions will start the rev-
olution of quantum computing. These features lead the su-
perconducting proximity effect to become a research focus
in recent years. Researchers have successfully detected the
signature of Majorana fermions in topological superconduc-
tor nanowires,[110,111] and we notice that a recent report
has provided evidence of the Majorana zero mode in the
Bi2Te3/NbSe2 topological superconductor.[112] The supercon-
ductivity in Dirac semimetal Cd3As2 was also achieved by
a point contact.[113] The topological superconductor systems
will remain intriguing for a long time, and there is still an in-
estimable amount of physical content for us to discover.

Many other novel 2D materials are waiting to be revealed.
The black phosphorus, which has both band gap and high
mobility, was discovered in recent years.[114–117] Researchers
have inquired into its application prospect,[114,115] and the
QHE has been realized in black phosphorus.[116,117] Other new
systems, like type-2 Weyl semimetal, are explored continu-
ously. The variety of 2D materials affords us incessant inspi-
rations, and the combination of 2D materials and other systems
(for example, 2D material with superconductors or ferromag-
nets) will actually maximize such variety.

On the other hand, the improvement of device fabrica-
tion techniques provides substantial foundation for intensive
works. The MBE method has been developed to grow high-

037301-14



Chin. Phys. B Vol. 26, No. 3 (2017) 037301

quality 2D materials and their Van der Waals heterostruc-
tures. The interference of impurity potential can be greatly
suppressed by the device encapsulation technology (for exam-
ple, BN encapsulation),[118] leading to an ultraclean device en-
vironment. By the help of technological advances, more and
more physical phenomena have been discovered experimen-
tally.

We hope the readers of Chinese Physics B may acquire
inspirations from our review, and our investigations over these
years may shed light on future explorations.
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