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1. Introduction

The discovery of graphene has been important not only to 
demonstrate the existence of thermodynamically stable two-
dimensional (2D) crystals, but also to introduce a family of 
materials with extremely high crystal quality, new physical 
phenomena, and unique properties [1–4]. The most excep-
tional electronic quality in graphene is that charge carriers 
can travel thousands of interatomic distances without scatter-
ing. With this inherent advantage, the mobility of graphene 
has been observed to approach 15 000 cm2 V−1 s−1 in ambi-
ent atmosphere, and can exceed 100 000 cm2 V−1 s−1 at low 
temper atures [5–10]. Graphene’s transport properties also 
stand out as it shows a pronounced ambipolar behavior, where 
the charge carrier behavior in graphene can be tuned con-
tinuously between that of electrons or holes by applying an 
external electric field [3, 7, 8]. With such benefits, the rise of 
graphene with one single atomic layer thickness in the cross-
plane direction, easily exfoliated due to the layer-to-layer 

van der Waals interaction, offers many new inroads into low-
dimensional physics. One aspect of graphene that severely 
limits its potential for electronic applications is its lack of 
a bandgap and the resulting large off-state current during  
transistor operation [7, 10]. Various functionalized forms of 
graphene can be generated and accompanied with certain val-
ues of energy gap, but, this comes at severe cost to its transport 
properties, resulting in degraded carrier mobility [11–13]. 
As a potential alternative, gapped semiconducting transition 
metal dichalcogenides (TMDs) have been introduced into 2D 
materials research in recent years. The TMD family is com-
posed of strong X–M–X intralayer covalent bondings, where 
M indicates a transition metal group material, and X represents 
chalcogen atoms (either Se, S, or Te) [14, 15]. This family of 
new materials has been regarded as a promising candidate for 
field-effect transistors (FETs) with relatively high on/off ratios 
and reasonable carrier mobility [16–24]. In addition to TMDs, 
it is interesting to explore other new 2D semiconductors with 
much higher carrier mobility. Black phosphorus (BP) is one 
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of the promising candidates, which has a narrow bandgap of 
0.3 eV in bulk form. As this material is thinned down to the 
monolayer limit, which has been termed phosphorene, the 
bandgap varies as a function of the number of layers, going up 
to 2.0 eV in the monolayer [25–27]. The history of bulk BP can 
be traced back to a century ago. It was first synthesized from 
red phosphorus under high temperature and pressure [28].  
In the past century, the synthesis, physical properties, and 
device applications of bulk BP have been investigated to some 
extent. The successful exfoliation of monolayer phosphorene, 
leading to the discovery of superior transport properties of the 
ultra-thin BP film, has generated wide research interest in this 
nanomaterial, because BP bridges the gap between zero band-
gap graphene and wide bandgap TMDs, thereby providing a 
brand new avenue to expand the scope of experimentally acces-
sible 2D crystals, and pursue a broad range of transport studies.

2. Transport studies in semiconductor and metallic 
TMDs

MoS2, one of the most studied materials from the TMD  
family, has shown a stable direct excitonic transition energy at 
the Brillouin zone К point with varied thickness. However, the 
indirect bandgap in MoS2 increases monotonically as the num-
ber of layers decreases [29, 30]. Under such circumstances, 
the indirect transition energy becomes so high in monolayer 
MoS2 that the material changes into a semiconductor with a 
direct bandgap of around 1.9 eV [16, 31]. This section cen-
ters on the fundamental transport studies of TMDs, which are 
currently being characterized with weak localization, weak 
antilocalization, and Hall effect measurements. We also inte-
grate approaches being developed to reach superconductivity 
in TMDs by applying ionic liquid gating and high pressure 
methods. Furthermore, we have highlighted key progress in 
transport studies of MoS2 through study of an hBN-encap-
sulated heterostructure, which shows quantum oscillations at 
low temperatures. Transport studies in TMDs offer abundant 
opportunities for conducting both fundamental and techno-
logically relevant research, paving the way to generate new 
device concepts in the future.

2.1. Weak localization effect in MoS2

An investigation into the magneto-transport properties of 
MoS2 starts with characterizing phase coherence length and 
spin–orbit scattering length via weak localization measure-
ments and Hall effect measurements [32]. The weak local-
ization effect originates from the constructive interference of 
backscattered electronic wave functions which increases the 
probability of scattering an electron. This phenomenon mani-
fests itself by a positive correction to resistivity under small 
magnetic fields. The application of a magnetic field induces 
an additional phase difference to break the constructive inter-
ference, leading to negative magneto-resistance and positive 
magneto-conductance [33, 34]. The magneto-conductivity 
is calculated from the measured ρxx and ρxy by matrix inver-
sion, and an observed positive magneto-conductivity at zero 

magnetic field over the studied temperature range of gate volt-
ages is shown in figure 1(a), characteristic of a weak localiza-
tion effect. To gain insight into the phase coherence length, 
experimental data curves can be fitted by the Hikami–Larkin–
Nagaoka (HLN) model [34]. An estimated phase coherence 
length as a function of carrier density has been depicted in 
figure 1(b), in which a magnitude of 50 nm phase coherence 
length is reported over a back gate bias of 40 V up to 100 V. 
The weak localization effect also presents a temperature-
dependent behavior. The phase coherence length, extracted 
from the temperature dependent magneto-conductivity curve, 
decays as T −0.5 at two different back gate voltages, which 
suggests that electron–electron scattering is attributed to the 
dephasing of the electron wave function [35]. In contrast to 
silicon, where only inter-valley scattering is important with 
negligible spin–orbit scattering, or narrow bandgap III–V 
quantum wells, in which only spin–orbit scattering is impor-
tant within a single valley, the significance of probing spin 
and valley properties of MoS2 stands out as its accommo-
dation of inter-valley scattering and spin–orbit scattering, 
which are simultaneously present in one single material [32]. 
MoS2 and other TMDs have provided a new type of mat-
erial system with inherent superiority to study the interaction 
of these scattering mechanisms. As a proof of concept, the  
fitting parameter extracted from the HLN formula is shown 
in figure 1(c). The values of the fitting parameter over a range 
of carrier densities are greater than 0 but less than 2, so that 
the observed magneto-transport indicates a weak localization 
phenomenon, but cannot be explained by inter-valley scatter-
ing alone. Therefore, further reduction of the fitting parameter 
below 2 is appointed to spin–orbit scattering, which is strong 
enough to reduce but weak enough to realize a weak antilocal-
ization. The estimated spin–orbit scattering lengths are shown 
in figure 1(d). The magnitudes of spin–orbit scattering lengths 
increase with increasing carrier density, reaching as high as 
430 nm at a carrier density of 1.1  ×  1013 cm−2.

2.2. Quantum phenomenon in a hBN-encapsulated MoS2 
heterostructure

MoS2 holds great promise for electrical, optical, and mechani-
cal devices because its relatively large bandgap allows for 
FETs with a very low off-state current. However, the electron 
mobility of monolayer and few-layer MoS2 has so far been 
found to be substantially below the theoretically predicted 
limits [36–38]. Beyond mechanical exfoliation, chemical 
vapor deposition (CVD) has proved to be an effective method 
for 2D crystal growth to realize large scale syntheses for 
future manufacturable technology. The earliest attempts to 
obtain monolayer MoS2 relied on the solid state sulfuriza-
tion of molybdenum and molybdenum compounds [39, 40], 
or the sulfurization of MoO3 [41, 42]. Typically, these synth-
etic routes provide a low cost path to achieve high yield and 
large area thin films, but with the sacrifice of a carrier mobility  
as low as 0.1–10 cm2 V−1 s−1 [20, 39–42]. On the other 
hand, the room temperature field-effect mobility of exfoli-
ated few-layer MoS2 onto a SiO2 substrate reported so far 
is below 100 cm2 V−1 s−1, which also has hampered efforts 
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to observe its intrinsic quantum physics in low temperature 
magneto-transport. Defects such as sulfur vacancies in the 
MoS2, charge traps present at the interface between the sub-
strate and the MoS2 layer, as well as surface scattering from 
neighboring adsorbates under atmospheric conditions all act 
as potential sources of disorder and scattering that have been 
proposed as the dominant cause for such low mobility in MoS2  
[38, 43–46]. In order to reduce extrinsic scattering and 
improve electron mobility, Cui et al have recently developed 
a van der Waals heterostructure platform wherein MoS2 lay-
ers are fully encapsulated by hexagonal boron nitride (hBN) 
layers and the device is contacted with gate-tunable graphene 
electrodes [47]. To examine the quality of the hBN-encapsu-
lated devices, Hall mobility for 1–6 layer samples was derived 
in figure  2(a) as a function of temper ature, with maximum 
values ranging from 1020 cm2 V−1 s−1 in the CVD monolayer 
to 34 000 cm2 V−1 s−1 for a 6-layer MoS2 device at cryo-
genic temperatures. The considerably enhanced Hall mobil-
ity enabled the observation of the Shubnikov–de Haas (SdH) 
oscillations for the first time in MoS2, providing additional 
strong evidence of the high quality of the hBN-encapsulated 
MoS2 sample. Magneto-resistance (Rxx) and Hall resistance 
(Rxy) of a 6-layer MoS2 device as a function of magnetic field 
at a constant temperature of 0.3 K are shown in figure 2(b). 
For the 6-layer sample, which has the highest carrier mobil-
ity at low temperature, the onset of SdH oscillation roughly 

occurred at 1 T, and plateau-like oscillation structures begin 
to unveil in the Hall resistance under the high magnetic field. 
These emerging features were similar to the early studies of 
the quantum Hall effect (QHE) on graphene, giving hope that 
fully developed quantum states, in particular related to spin 
and valley physics, can be observed with further improvement 
of sample quality in MoS2.

2.3. Weak antilocalization effect in metallic 2H-TaSe2

Single crystal heterostructures are typically realized  
with chemically dissimilar lattice-matched compounds via 
heteroepitaxy or solid-state reaction. Nevertheless, the family 
of layered atomically thin TMD materials is unique in that 
it is chemically homogeneous but exhibits both semiconduct-
ing and metallic polymorphs that are lattice matched in prin-
ciple. For a trigonal prismatic (2H) phase, chalcogen atoms in 
the upper layer are located directly above those in the lower 
layer. On the other hand, within octahedral (1T) geometry, 
chalcogen atoms in the upper and lower planes offset each 
other, letting transition metal atoms occupy the octahedral 
holes of chalcogen layers [48, 49]. Certain methods, such 
as lithium intercalation, would process the phase transition 
of TMDs from a 2H-semiconductor to 1T-metallic [50–53]. 
Similar to graphene, although metallic TMDs are not suitable 
as FET channel materials, they can be engineered as part of 

Figure 1. (a) Differential magneto-conductivity curves versus magnetic field of electron-doped few-layer MoS2 for different applied 
back gate voltages. (b) Phase coherence length (c) fitting parameter α, and (d) spin–orbit scattering length as a function of carrier density 
determined by applying the HLN equation. Reproduced with permission from [32]. Copyright 2013 American Chemical Society.
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the contact regions for low resistive contacts [54]. Interest in 
metallic TMDs is on the rise also in condensed-matter phys-
ics because of their superconducting [55, 56] and charge-
density wave (CDW) properties [57–59]. Another important 
application of metallic TMDs, particularly of 2H-TaSe2, is for 
spintronics devices. Recent work on the magneto-transport 
of metal in 2H-TaSe2 has characterized a weak antilocaliza-
tion effect [60], in which a system with spin–orbit coupling 
denotes that the spin of a carrier is coupled to its momentum. 
Instead of correcting magneto-conductance with a reduced 
depth, weak antilocalization shows an enhanced magneto-
conductance within a small magnetic field. The strong spin–
orbit coupling may make TaSe2 an ideal 2D material for 
the spin Hall effect [60, 61]. In contrast to the semiconduc-
tor phase of MoS2, which demonstrates a weak localization 
effect, spin–orbit coupling in 2H-TaSe2 is strong enough to 
reverse the fitting parameter to achieve a weak antilocaliza-
tion. Differential magneto-conductivity of 2H-TaSe2 over the 
studied range of temperatures is depicted in figure 3(a). The 
negative magneto-conductivity is a standard characteristic 
of weak antilocalization, and represents a strong spin–orbit 
coupling phenomenon. As shown in figure 3(b), the average 
magnitude of the spin–orbit scattering length in 2H-TaSe2 is 
17 nm, which is comparable to the spin–orbit scattering length 
of Pt, indicating a future potential of TaSe2 in 2D spintron-
ics devices. The weak antilocalization effect when the bias 
current is increased, as shown in figure 3(c), corresponds to 
a reduced spin–orbit coupling as extra energy is introduced 
into the system. In addition to strong spin–orbit coupling,  
a material must also support a large charge current to achieve 
spin-transfer-torque via the spin Hall effect. Along with this 
interest, breakdown current density of 2D 2H-TaSe2 has been 
engineered for the first time to test its ability to conduct DC 
current. Measurement of the breakdown current density is 
performed by continuously increasing the bias voltage across 
the device until a decrease in current of more than 1 order 

of magnitude is observed. A maximum breakdown current  
density of 3.7  ×  107 A cm−2 is observed and presented in  
figure 3(d) among a total of 18 devices. This large breakdown 
current density further demonstrates the potential of 2H-TaSe2 
as a future spin-torque device.

2.4. Superconductivity in gate-tuned semiconductor TMDs

In recent years, the electrostatic carrier doping technique has 
been widely utilized by engineering ionic liquids to form 
an electrical double layer of high capacitance [62–69]. This 
method has produced carrier densities that span the supercon-
ducting dome in high critical temperature (Tc) [70, 71], and 
proved itself as a practical tool to exhibit superconducting 
behavior in TMD family materials [72–74]. The key point to 
achieve a superconducting dome in TMD is to use ionic liquid 
for electrostatic gating, which can accumulate charge carriers 
at the surface of the channel material, reaching an order of 
1014 cm−2 density that is significantly greater than conven-
tional high-k dielectrics. So far, only a very limited selec-
tion of 2D materials have shown correlated electron states, 
such as electrostatically induced superconductivity under 
ionic liquid gating. The effect of the channel material itself 
is not very clear and is one of the immediate areas requir-
ing further study. Ionic liquid gated TMD superconductivity 
was reported by Ye et al in 2012, in which they observed a 
superconducting dome in the temperature-carrier density 
phase diagram of 2H-MoS2 [72]. Electrostatic carrier doping 
is achieved through a combination of ionic liquid and solid 
gating, and a large enhancement in the critical temperature Tc 
occurs at optimal doping in the chemically inaccessible den-
sity regime. A clear phase transition from the insulating state 
to the superconducting state is realized in gate-tuned band 
insulator MoS2 as a result of liquid ionic gate enhancement. 
Superconductivity emerges at a liquid gate bias of 4 V, and Tc 
is around 10.5 K. Electrostatically induced density of carriers 

Figure 2. (a) Hall mobility of hBN-encapsulated MoS2 devices with different numbers of layers of MoS2 as a function of temperature.  
(b) Longitudinal resistance Rxx (red curve) and Hall resistance Rxy (blue curve) of an hBN-encapsulated 6-layer MoS2 device as a function 
of magnetic field. The measurement was conducted at 3 K and with a carrier density of 5.3  ×  1012 cm−2. Reproduced with permission from 
[47]. Copyright 2015 Nature Publishing Group.
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are also calculated, where the phase diagram shows the evol-
ution of different electronic phases as a function of carrier 
density, ranging from insulating (n2D  <  6.7  ×  1012 cm−2),  
and metallic (6.7  ×  1012 cm−2  <  n2D  <  6.8  ×  1013 cm−2), 
to superconducting (n2D  >  6.8  ×  1013 cm−2). Similar work 
regarding a tungsten-based semiconducting TMD was also 
published in early 2015 [74]. A detailed characterization as 
a function of temperature and magnetic field clearly presents 
the occurrence of a gate-induced superconducting trans ition 
below a critical temperature Tc  =  4 K by investigating trans-
port through ionic liquid gated WS2 FETs. Overall, compared 
to WS2, superconductivity in MoS2 appears to be much more 
robust with a significantly higher critical temper ature, surviv-
ing up to much larger magnetic fields, bearing greater criti-
cal current, and exhibiting a considerably narrow width of the 
superconducting transition as a function of temper ature [74]. 
In addition to the ionic liquid induced electrostatic effect, the 
application of ultra-high pressure could also dramatically 
change the material’s property, and produce an insulator-
to-metal transition [75–79]. Previous work by Chi et al has 
demonstrated that the layered atomic structure of 2H-MoS2 
undergoes a polymorphic structure transition from 2Hc to 

2Ha under high pressure, following a bandgap closing pro-
cess near 20–30 GPa [78]. Recently, they presented exper-
imental evidence of superconductivity in pristine MoS2 at 
ultra-high pressure [80]. The semiconducting states of MoS2 
dominate below 60 GPa, whereas the metallic state prevails 
between 60 GPa and 90 GPa. Above 90 GPa, the entire sys-
tem completely transforms into a metallic state, out of which 
superconductivity evolves, indicated by a precipitous drop in 
resistance [80]. Meanwhile, the critical temperature enhances 
from 5 K at 90 GPa to 9 K at 110 GPa, and eventually saturates 
at 11.5 K over the pressure range of 120 GPa up to 200 GPa. 
This reported Tc is comparable to the onset temperature of 
ionic liquid gating. Pressure-induced superconductivity in 
WTe2 is also successfully achieved, where the superconduct-
ing state first appears at 2.5 GPa. The maximum observed 
critical temper ature is 7 K in an ionic liquid gated WTe2 
superconductor, at the pressure limit of 16.8 GPa [81]. Critical 
temper atures of selected 2H-TMDs through both ionic liquids 
and high pres sure are summarized in table 1.

The superconducting resistive transition of the layered 
compound niobium diselenide (NbSe2) had been first observed 
for crystals a few layer thick in 1972. Tc decreases as the 

Figure 3. (a) Differential magneto-conductivity curves of 2H-TaSe2 at temperatures from 1 K to 8 K. The negative magneto-conductivity 
is the characteristic of weak antilocalization and indicates a strong spin–orbit coupling of TaSe2. (b) Phase coherence length Lφ (black 
squares) and spin–orbit scattering length Lso (red circles) extracted from the weak antilocalization data as a function of temperature.  
(c) Differential magneto-conductivity curves of 2H-TaSe2 for different bias currents. (d) DC current density versus voltage characteristic of 
the TaSe2 device which shows the highest breakdown current. Reproduced with permission from [60]. Copyright 2014 American Chemical 
Society.
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crystal thickness is reduced below six NbSe2 layers, and a Tc 
of 3.8 K was predicted for a single layer [82]. Recently, more 
detailed studies regarding layer-dependent superconductivity 
in NbSe2 have been reported without applying ionic liquids or 
high pressure [83–86]. Bulk NbSe2 behaves as a good metal 
with a residual resistance ratio exceeding 30 before reaching 
the superconducting transition at Tc ~ 7 K. Similar behav-
ior is observed in atomically thin samples with progressive  
suppression of Tc to ~3.1 K in monolayers. In addition, bulk 
mat erial shows a broad kink around 30 K in R(T) measure-
ments, corresponding to the CDW transition. The CDW 
transition, however, is no longer visible for atomically thin 
samples due to possible broadening of the CDW feature [83].

3. Transport studies in BP

BP, which has relatively high hole mobility of 200 cm2 V−1 s−1  
at room temperature and a direct bandgap of 0.3 eV in bulk, 
and up to 2.0 eV in monolayer form [25–27], bridges the gap 
between zero bandgap graphene and large bandgap TMDs, 
making it an interesting addition to the existing 2D material 
family for nanoelectronics and nanophotonics applications 
[87–104]. BP is a stable phosphorus allotrope at room temper-
ature [25, 26]. The structure of BP is formed from stacking 
puckered atomic layers which are held together by van der 
Waals interactions, much like graphite [105, 106]. These lay-
ers can be exfoliated and transferred onto different kinds of 
substrate [108, 109]. Single layer BP, known as phosphorene, 
have also been successfully mechanically exfoliated and its 
optical properties have been investigated [88, 99]. In this sec-
tion, we broadly introduce electrical transport on BP in terms 
of its anisotropic transport properties and contact resistance. 
In addition to device perspective understanding, we also aim 
to cover the studies of low temperature magneto-transport on 
BP, including the Hall effect measurement, weak localization 
effect, as well as universal conductance fluctuation (UCF). 
More importantly, we would like to underscore the recent 
development of passivation techniques on BP, and provide 
an insightful path to fully explore the quantum phenomena of 
this 2D semiconductor.

3.1. Anisotropic transport in BP

Anisotropic transport was recorded in many early studies 
of BP [107, 110, 111], where the direction in the 2D plane 
perpend icular to the ridges shows the highest carrier mobil-
ity with the lowest effective mass. Recent density functional  
theory calculations have also demonstrated the values of effec-
tive mass. In the direction perpendicular to the ridges, known 

as the armchair direction, the effective mass of electrons and 
the hole is me  ≈  mh  ≈  0.3 m0. Along the direction parallel to 
the ridges, termed the zigzag direction, the effective mass 
of the hole is mh  ≈  8.3 m0, and the electron is me  ≈  2.6 m0  
[88, 103]. The crystal structure of BP is shown in figure 4(a). 
The unit cell contains eight atoms, which provides a calcu-
lated density of 2.69 g cm−3. The anisotropic transport behav-
ior along different directions can be electrically characterized. 
Detailed studies were carried out by Liu et al [88], in which 
a BP flake was peeled and transferred onto a 90 nm SiO2 sub-
strate, and metal contacts were symmetrically defined around 
the crystal in 45° increments. The maximum drain currents 
at a back gate voltage of  −30 V, and drain voltage of  −0.5 V 
were recorded and are displayed in figure 4(b) as a function 
of the orientation of the contact pair, showing a clear angle-
dependent transport behavior. The anisotropic drain current 
revealed a roughly sinusoidal characteristic, where the maxi-
mum drain current occurs at 135 and 315° with a magnitude 
of 137 mA mm−1, and a minimum drain current of 85 mA 
mm−1 happens at 45 and 225°. The same periodic trend can be 
simultaneously realized in the maximum value of transconduc-
tance, which could be partially related to an in-plane mobility 
variation. The significant difference in the drain current along 
different directions, together with the same periodic trend in 
mobility, provides strong evidence for anisotropic transport 
in BP. It has been shown experimentally by many groups that 
polarization-resolved Raman scattering could also examine the 
BP crystal orientation [89, 101, 112]. Three Raman peaks in 
thin film BP can be observed around 470, 440, and 365 cm−1, 

corresp onding to three Ag
2, B2g, and Ag

1 vibration modes, 

respectively [113–116]. The peak positions do not change as 
the excitation light polarization varies; however, the relative 
intensity of these three peaks does change significantly with 
the polarization direction [101, 112, 113]. Indeed, the polar-
ization-resolved Raman spectrum offers another method for 
determining the crystalline orientation of thin film BP, which 
is especially useful for relatively small flakes due to the small 
laser spot size.

3.2. Contact resistance of BP transistors

Another area of interest for BP is its device perspectives in 
terms of contact resistance [92]. An I–V output characteristic 
of a 3 μm channel length BP FET with an Ni contact is shown 
in figure 5(a). The on-state current increases as the gate bias 
changes from positive to negative voltage, which is a standard 
characteristic of a p-type transistor. The drain current varies 
linearly within the small drain bias regime, demonstrating an 
Ohmic-like contact resistance at the metal/BP interface with 
a small Schottky barrier height. An on-state drain current of 
93.3 mA mm−1 for the 3 μm channel length in the Ni contact 
device is observed with Vbg  =  −40 V, and Vds  =  −2 V. Using 
Pd contacts instead of Ni in a transistor on the same BP flake 
exhibits superior performance in terms of the on-state current, 
shown in figure  5(b). Examining the device with the same 
geometry as above, the Pd contact device has a drain current 
of 111.8 mA mm−1. This larger on-state current of the Pd 

Table 1. Critical temperatures of selected 2H-TMDs by generating 
ionic liquids and high pressure methods.

Technique MoS2 MoSe2 MoTe2 WS2 WTe2

Ionic liquids 10.5 K 7.1 K X 4.0 K X
High 
pressure

11.5 K X X X 7.0 K

J. Phys.: Condens. Matter 28 (2016) 263002
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Figure 4. (a) Crystal structure and perspective side view of BP. (b) Angular dependence of the drain current and the transconductance Gm 
of a device. Reproduced with permission from [88]. Copyright 2014 American Chemical Society.

Figure 5. Output characteristic of a BP transistor with a channel length of 3 μm (a) Ni contact and (b) Pd contact. (c) Contact resistance for 
both Ni and Pd contact metals at various gate biases. Reproduced with permission from [92]. Copyright 2014 American Chemical Society.
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transistor suggests that the Pd/BP contact has a smaller con-
tact resistance compared to the Ni/BP contact. The transfer 
length method has been introduced and patterned on the same 
BP flake to determine the contact resistance of Ni/BP and 
Pd/BP. Referring to figure 5(c), the contact resistance of BP 
transistors shows a strong gate-dependent behavior, where the 
decrease of contact resistance at lower gate bias is related to the 
increase of electrostatically doped carrier density in BP under 
the metal contacts. The higher carrier density induced by the 
negative back gate voltage enhances the carrier concentration 
in the BP flake, which leads to a narrower Schottky barrier. 
Meanwhile, a narrowed Schottky barrier would thus facilitate 
the hole injection from the metal into the valence band of BP, 
lowering the contact resistance [117]. Figure 5(c) indicates that 
the contact resistance of Ni and Pd on the same BP flake satur-
ates at around 3.15  ±  0.15 Ω · mm and 1.75  ±  0.06 Ω · mm,  
respectively. This nearly 1.8 times reduction in contact resist-
ance is mainly attributed to the different workfunction of 
the contact metals. The higher work-function metal Pd with 
5.4 eV shows significantly smaller contact resistance than the 
5.0 eV metal Ni, indicating that the Fermi-level aligned posi-
tion of Pd is relatively closer to the valence band of BP. The 
contact resistance of metal/BP is much smaller compared to 

the intrinsic TMDs materials before applying localized dop-
ing techniques [117–121], which suggests a great potential for 
BP to be scaled down for high-speed transistors without the 
adverse effects related to dimensional scaling.

3.3. Thickness-dependent weak localization effect in BP

Magneto-conductivity measurements of weak localization on 
an 8.2 nm thick few-layer BP film with different temperatures 
are shown in figure 6(a) [122]. Similar to MoS2, the strongly 
temperature-dependent weak localization effect in BP  
demonstrates a large dip at the base temperature of 350 mK, 
and quickly dies out as the temperature increases to 40 K. The 
weak localization effect is strongly gate-tunable, where the 
highly holey doped few-layer BP yields the largest correction 
to the magneto-conductivity at a back gate bias of  −30 V. The 
maximum phase coherence length extracted from the low-B 
field portion by applying the HLN model is 104 nm at 350 
mK and  −30 V back gate bias. As the temperature increases 
from 5 K up to 40 K, the phase coherence length demonstrates 
a power-law behavior of ~T −γ, shown in figure  6(b). At a 
constant of  −30 V back gate bias, the phase coherence length 
decays with temperature as ~T −0.513±0.05 over the studied 

Figure 6. (a) Magneto-conductivity measurements of few-layer BP at a constant back gate bias of  −30 V for various temperatures from 
the base temperature of 350 mK up to 40 K. (b) Phase coherence length varies with temperature at different back gate voltages. (c) Phase 

coherence length, L 2
φ
−  varies with different temperatures at a constant back gate voltage of  −30 V. The phase coherence time is proportional 

to the L2
φ, with a relation of τφ ~ L2

φ. (d) Magneto-conductivity measurements of few-layer phosphorene at a constant back gate bias 
of  −30 V for various temperatures. Reproduced with permission from [122]. Copyright 2016 IOP Publishing Group.
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temperature range, which matches the observation from pre-
vious studies that hole–hole scattering would give an expo-
nent of  −0.5 in a 2D system [32, 35]. The phase coherence 
length is related to the phase coherence time by the diffusion 

coefficient as Lφ  =   τφD , where τφ is the phase coherence 
time, and D is the diffusion coefficient. Meanwhile, the diffu-

sion coefficient is found from the relation D  =   
( )
σ

e g E2
2D F

  =  σπ∗
�

m e

2

2  

where σ is the conductivity in the channel, and m* the effec-
tive mass of carriers in the few-layer BP. Instead of calculating 
the exact value of phase coherence time, quantitative behav-
ior analysis of phase coherence time can be realized. Phase 

coherence length, φ
−L 2, which is directly proportional to phase 

coherence time τφ
−1 is plotted in figure 6(c) as a function of 

temperature. The linear dependence between phase coherence 
time and temperature agrees well with the prediction of the 
theory of carrier interaction in the diffusive regime, show-
ing a conventional behavior of carrier interference [123, 124]. 
Thickness-dependent weak localization has also been studied, 
in which a few-layer phosphorene film with a thickness of 
4.5 nm has been probed. A strong temperature-dependent weak 
localization effect is given in figure 6(d), where the shape of 
differential magneto-conductivity is similar to a few-layer BP 
sample, but with a greatly reduced magnitude due to a smaller 
carrier mobility. The phase coherence length which varies with 
different temperatures has been unfolded, and the largest phase 
coherence length in a few-layer phosphorene sample is 49.1 nm 
at 600 mK, which is much smaller compared to the one in the 
few-layer BP at the same condition. The reduction of the phase 
coherence length is also a result of decreased mobility for thin-

ner BP film which enters HLN theory as a decreased diffusion 

coefficient, where D  =  σπ∗
�

m e

2

2  allows the diffusion coefficient to 

be calculated from the conductivity.

3.4. UCF effect in BP

UCF is a quantum interference effect of diffusive charge car-
riers, observed commonly in semiconductors, metals, and 

graphene [125, 126]. The mesoscopic nature or finite size 
of a weakly disordered sample results in the loss of the self-
averaging of its physical properties. Application of a magnetic 
field to semiconductors varies the phase of the wave function 
of charge carriers, where the magnitude and interval of con-
ductance fluctuation are closely related to the phase coher-
ence length [126]. The UCF effect is realized in few-layer BP  
samples under high magnetic fields and at low temperatures 
[122]. Figure  7 illustrates magneto-conductance traces in 
an order of e2/h change at different temperatures. The UCF 
effect in BP is very sensitive to temperature, where the fluc-
tuation remains consistent at low temperatures from 350 mK  
up to 5 K; however, it decays quickly as the temperature 
increases above 10 K. The characteristic interval for magneto- 
conductance fluctuation ΔB, with a magnitude of 0.38 T for 
the few-layer BP at a base temperature of 350 mK, is robust, 
and persists to temperatures as high as 5 K. Also, the ampl-
itude of magneto-conductance fluctuation, ΔG, is 0.027 e2/h 
at T  =  350 mK for a few-layer sample, and maintains almost 
the same value between 350 mK and 5 K. It is clear that both 
the magnitude and interval of conductance fluctuation die out 
rapidly as the temperature increases, consistent with the idea 
that phase coherence length decays with temperature, indicat-
ing that the magnitude and interval of conductance fluctuation 
are closely related to the phase coherence length. The UCF 
effect has also been examined in a few-layer phosphorene 
sample; however, no obvious fluctuations have been observed 
within the studied ranges of temperature and magnetic field, 
which is attributed to the decreased phase coherence length.

3.5. Passivation techniques in BP

Many layered materials can be exfoliated from bulk down 
to one single atomic layer, but only a small number of 
them are stable under an ambient atmosphere. The reduced 
chemical stability of 2D materials is associated with the 
energy needed to maintain stable bonding configurations, 
which is affected by electrostatics and structural buckling 

Figure 7. Magneto-conductance fluctuation in a few-layer BP 
sample for a range of studied temperatures. Reproduced with 
permission from [122]. Copyright 2016 IOP Publishing Group.

Figure 8. Hall mobility as a function of temperature measured at 
varying hole carrier densities. Reproduced with permission from 
[132]. Copyright 2016 Nature Publishing Group.
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[127–129]. Thus, ambient stability is likely to be a concern for  
few-layer phosphorene since phosphorus atoms have free  
lone pairs and valence bond angles of 102° within the lattice 
[128, 133]. Surface instability has been observed in several 
studies regarding the isolation of thin layers of BP [90, 91], 
but the mechanism of surface degradation is not well under-
stood. Researchers have suggested that O2 saturated H2O 
irreversibly reacts with BP to form an oxidized phosphorus 
species, at a significant cost to electronic characteristics [127, 
128]. Certain passivation techniques have recently been pro-
posed, such as atomic layer deposited AlxOy [95, 107, 128], 
hydrophobic polymers [130, 131], and multi-layer hBN  
[132–138]. Through effective passivation, BP transistors can 
sustain good electrical performance for weeks and months. Li 
et  al recently achieved an enhanced Hall mobility in BP at 
low temperatures [132], which is much higher than previous 
recorded values. The device is accomplished by constructing a 
van der Waals heterostructure with few-layer BP sandwiched 
between two hBN flakes, and placed on a graphite back gate. 
The top hBN only protects the BP flake from degradation in 
air, but also further prevents surface scattering from neigh-
boring adsorbates. Additionally, the bottom hBN layer allows 
the electrons in the graphite to screen the impurity potential 
at the BP/hBN interface, where the impurities at the inter-
face are mainly responsible for the limited low-temperature 
Hall mobility of BP. High quality hBN-encapsulated BP has 
brought the carrier Hall mobility up to 6000 cm2 V−1 s−1 at 
low temperature. Mobility characterization of BP is shown in 
figure 8, which demonstrates Hall mobility as a function of 

temperature measured at varying hole carrier densities. For 
all carrier densities, Hall mobility increases with decreasing 
temperature and starts to saturate at 30 K. The low-temper-
ature mobility is much higher than previously reported val-
ues, and has a typical temper ature-dependent semiconductor 
behavior. It suggests that the charge transport is dominated 
by electron–phonon scattering at temperature regimes above 
30 K, and can be characterized by a T −1/2 relation. The low-
temperature mobility has a much reduced influence from 
charge impurities as a result of the protection provided by the 
hBN encapsulation.

3.6. Quantum phenomenon in a hBN-encapsulated BP 
heterostructure

The high mobility of the hBN heterostructure sample is further 
corroborated by probing the SdH oscillations as reported by  
Li et al [132]. The oscillations start from a critical magnetic field 
of Bc  =  2 T. An independent estimation of the carrier mobil-
ity μ ~ 1/Bc therefore puts the mobility at ~5000 cm2 V−1 s−1.  
The estimation agrees with the mobility obtained from the Hall 
effect measurements, which further evidences the high quality 
of the hBN-encapsulated heterostructure device. The excep-
tional carrier mobility enables an observation of the QHE for 
the first time in BP. Figure 9(a) shows the magneto-resistance 
(Rxx) and Hall resistance (Rxy) as a function of the applied 
magn etic field at varying carrier densities. At high magnetic 
field, the Hall resistance exhibits quantized plateaus, together 
with a vanishing longitude resistance, which are the hallmarks 

Figure 9. (a) Hall resistance (upper panel) and magneto-resistance (lower panel) as a function of magnetic field measured at varying hole 
doping levels. (b) Hall resistance (black) and magneto-resistance (red) as a function of gate voltage. Data were obtained at B  =  31 T and 
T  =  300 mK. Integers indicate the filling factor ν at each quantum state. Quantum plateaus are observed at ν from 1 to 7. Reproduced with 
permission from [132]. Copyright 2016 Nature Publishing Group.
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of QHE. The plateaus are defined at ν  =  1, 2, 3, and 4, and 
developing plateaus are observed up to ν  =  8. Rxx and Rxy mea-
sured as a function of Vg with magnetic field fixed at B  =  31 T  
is shown in figure 9(b). The results show that the lowest Landau 
level has been approached, and the transport study is towards 
the extreme quantum limit. The quantum states developed in 
BP have shown both odd and even integers, indicating that the 
two-fold spin degeneracy in BP is fully lifted.

4. Conclusion

The emerging field of 2D materials from gapless graphene, 
and narrow bandgap BP, to wide bandgap TMDs, has never 
ceased to surprise due to their unique crystal structures and 
fundamental properties. The rise of 2D materials has provided 
the condensed-matter field with a brand new class of materials 
that are atomically thin, and has offered many opportunities 
to study new physical phenomena which are unobservable in 
3D bulk structures. The progenitor of this family, graphene, 
has enjoyed many advantages, and no longer requires any  
further proof of its importance. Apart from its limitations in 
logic electronics, graphene has already offered many scientific 
discoveries across transport studies. On the other hand, despite 
currently being extensively studied due to the their reasonable 
band gap structures, the carrier mobility of TMDs have so far 
been substantially below the theoretically predicted limits, 
which has severely hindered investigations into their quantum 
transport behaviors. Fortunately, a van der Waals heterostruc-
ture platform has provided a practical path, moving forward, to 
achieve improved mobility by reducing the interfacial impuri-
ties and phonon scattering. This has enabled the first observa-
tion of SdH oscillations in MoS2, and may become an effective 
tool to access low-temperature quantum phenomenon in other 
TMD materials. BP, a recently rediscovered layered material 
with a much higher carrier mobility, is a semiconductor with a 
bandgap which ranges from 0.3 eV in bulk material to 2.0 eV 
for monolayer phosphorene. Additionally, BP demonstrates 
anisotropic transport and superconductivity under high pres-
sure. A relatively high intrinsic carrier mobility together with 
hBN-encapsulation techniques have allowed BP to exhibit an 
exceptionally high hole mobility at low temperatures and set 
the stage for realizing integer QHE. We presented here a short 
overview on the transport studies in TMDs and BP, and we 
sincerely hope it will help to inspire more exciting discoveries 
in this growing 2D materials field. Certainly many challenging 
problems still remain, requiring further developments to over-
come them. With continuous efforts in consummating material 
properties, our society may benefit from 2D-materials-based 
functional devices in the near future.
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