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Two-dimensional (2D) layered materials hold great promise for various future electronic and optoelectronic devices that traditional
semiconductors cannot afford. 2D pnictogen, group-VA atomic sheet (including phosphorene, arsenene, antimonene, and
bismuthene) is believed to be a competitive candidate for next-generation logic devices. This is due to their intriguing physical
and chemical properties, such as tunable midrange bandgap and controllable stability. Since the first black phosphorus field-
effect transistor (FET) demo in 2014, there has been abundant exciting research advancement on the fundamental properties,
preparation methods, and related electronic applications of 2D pnictogen. Herein, we review the recent progress in both
material and device aspects of 2D pnictogen FETs. This includes a brief survey on the crystal structure, electronic properties and
synthesis, or growth experiments. With more device orientation, this review emphasizes experimental fabrication, performance
enhancing approaches, and configuration engineering of 2D pnictogen FETs. At the end, this review outlines current challenges

and prospects for 2D pnictogen FETSs as a potential platform for novel nanoelectronics.

1. Introduction

While Moore’s law is approaching its limit, research and
development on new materials, novel device integration,
and innovative architecture are on-demand to sustain and
extend the microprocessor revolution. As a promising new
material family, two-dimensional (2D) materials could lead
novel devices with new functions never affordable by main-
stream semiconductors nowadays.

To meet the essential requirement, field-effect transistors
(FETs), for potential functional devices, numerous 2D
materials have been explored, covering a wide range from
semimetals, semiconductors to insulators, such as graphene
[1], silicene [2, 3], black phosphorus [4, 5], tellurene [6, 7],
transition metal dichalcogenides [8, 9], hexagonal boron
nitride [10, 11], and many others [12]. Different from the
conventional bulk configuration, atomic-thin 2D semicon-
ductor materials are insensitive to short channel effects,
which present the scaling potentials for sub-10nm gate

length. Besides, a widely dispersing bandgap and carrier
mobility of 2D materials could meet the requirement from
low power consumption to high speed. With the successful
demonstration of black phosphorus FET in 2014, there has
been a widespread device research attention to emerging
2D-layered pnictogen, namely, phosphorene, arsenene [13],
antimonene [14], and bismuthene [15, 16]. In the past five
years, thousands of articles about 2D pnictogen materials
have been reported, both in theory and experiment, covering
the range from synthesis to applications [17].

This review will focus on 2D pnictogen materials and
their integration into FETs. Section 2 will introduce the crys-
tal configuration and electronic properties of 2D pnictogen,
followed by a brief description of the latest experimental
progress of 2D pnictogen in Section 3. Section 4 will provide
a detailed summary on material properties and channel
dimension effects to the device behavior of 2D pnictogen
FETs. Moreover, Section 4 will discuss the device design for
high-performance FETs in terms of the heterostructure,
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FIGURE 1: (a) Structures of P, As, Sb, and Bi monolayers for « and f phases. (b) Electronic band structures of pnictogen monolayers at the HSE
level. Reproduced from Ref. [14] with permission from Wiley, copyright 2016.

functionalization, contact, gate, and dielectric engineering.
Finally, Section 5 will summarize the current research
progress, challenges, and outlook on the development of
2D pnictogen FETs.

2. Crystal Configuration and Electronic
Band Structure

2.1. Crystal Configuration. Layered pnictogen materials, pos-
sessing a series of typical allotropes, present various crystal
structures. Expressly, phosphorus exists in several common
allotropes, including white, red, violet, and black forms
[18]. Among these allotropes, bulk black phosphorus is the
most thermodynamically stable configuration under ambient
conditions, which crystallizes in layered orthorhombic struc-
ture (« phase), forming parallel puckered atomic layers with
space group Cmca by van der Waals interactions. Bulk black
phosphorus demonstrates a typical semiconducting property
with a bandgap of 0.3eV and carrier mobility of about
10> cm?® V™' s7! [19, 20]. Under a certain pressure, black phos-
phorus transforms into a semimetallic 8 phase with space
group R3m [21]. The B phase shows a layered rhombohedral
structure, holding a double-atom layer consisting of many
interlocked, ruffled six-membered rings.

Metallic arsenic possesses three common allotropes
named with gray, yellow, and black arsenic. As the most sta-
ble form with a layered rhombohedral structure, gray arsenic
with a 3 phase exists in nature and has been known for more
than a thousand years [22]. The metallic electronic structure
of gray arsenic leads to the partial overlap of bands near
the T and L points in a reciprocal space [23]. When
heated to 370K, arsenic presents phase transition from
rhombohedral to orthorhombic structure, which is similar
to the bulk black phosphorous structure [24]. Similarly,
antimony also has three known allotropes under normal
conditions, which are gray, black, and explosive antimony.
Layered gray antimony is the most stable phase and presents
the same rhombohedral structure as gray arsenic. Both bulk
gray arsenic and antimony reveal typical semimetal charac-
teristics. Interestingly, a rhombohedral structure is the only

stable form of bulk metallic bismuth, which is also a naturally
layered structure like gray arsenic and antimony.

The 2D pnictogen materials stemmed from phospho-
rus, arsenic, antimony, and bismuth are called phosphor-
ene, arsenene, antimonene, and bismuthene. Through
density functional theory, many allotropes of phosphorene
with compacted honeycomb or nonhoneycomb nanostruc-
tures have been predicted and investigated systematically
[25-27]. Among these allotropes, the puckered (a-phosphor-
ene) and buckled (f-phosphorene) monolayers are the most
common structures (Figure 1(a)), corresponding to the
monolayer structures of black and blue phosphorus crystals.
The puckered form is the most stable allotrope for phosphor-
ene, whereas the buckled arsenene, antimonene, and
bismuthene are the most thermodynamically stable due to
the lowest binding energy in all allotropes [14].

2.2. Electronic Band Structure. Much theoretical research has
been performed to investigate the bandgap and electronic
structures of 2D pnictogen materials to explore their elec-
tronic and optoelectronic properties. Figure 1(b) presents
the bandgaps of & and 8 phase phosphorene, arsenene, anti-
monene, and bismuthene based on the Heyd-Scuseria-
Ernzerhof (HSE) hybrid method [28], which is more credible
compared with the Perdew, Burke, and Ernzerhof (PBE)
method [22].

Black phosphorene can maintain a direct bandgap when
thinned to few layer even monolayer, while the bandgap
values are dependent on layer number [29]. Based on Green’s
function and screened Coulomb Interaction (GW) method
[30, 31], it reveals that a tunable bandgap of black phospho-
rous increases from 0.3 to 2.0 eV with the thickness decreas-
ing from bulk to monolayer. By contrast, semiconducting
blue phosphorene exhibits a much larger indirect band gap
of 2.62eV [25]. As the most stable allotropes, buckled
arsenene and antimonene monolayers hold 2.49 and
2.28 eV indirect bandgap at the HSE level, while puckered
ones have a smaller bandgap of 1.83 and 1.66 eV, respec-
tively. Due to heavy element that induces a strong spin-
orbit coupling (SOC) effect, the bandgap of S-antimonene
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FIGURE 2: (a) Schematic diagram of the mechanical exfoliation process. Reproduced from Ref. [64] with permission from the Royal Society of
Chemistry, copyright 2018. (b) Illustration of the sample synthesis configurations. Reproduced from Ref. [43] with permission from Nature
Publishing Group, copyright 2016. (c) STM topographic image of few-layered a-antimonene. Reproduced from Ref. [50] with permission
from Wiley, copyright 2019. (d) Schematic illustration of the plasma treatment for black phosphorus nanosheets. Reproduced from
Ref. [53] with permission from the American Chemical Society, copyright 2015. (e) Schematic diagram of the fabrication process of
liquid phase exfoliation. Reproduced from Ref. [65] with permission from Wiley, copyright 2015.

with SOC fixes to 1.55eV based on the HSE level. As the last
one of 2D pnictogen materials, semimetallic-layered f-bis-
muthene crystal is characterized by a small density of states
around the Fermi level, while its monolayer reveals a narrow
gap (0.99 eV based on HSE) for band structures [15, 32, 33].
Significantly, as the heaviest element in pnictogen, a strong
SOC eftect should impact the band structure of bismuthene,
and the fundamental bandgap decreases to 0.32eV along
with an electronic transition from direct to indirect.

3. Material Preparation

3.1. Mechanical Exfoliation. As the first method to obtain
graphene, mechanical exfoliation has been developed for
decades. It is widely used in the preparation of high-quality
black phosphorene, because of simplicity and portability
[8, 34, 35]. Phosphorene can be exfoliated from bulk phos-
phorus crystals and transferred via a scotch tape
(Figure 2(a)) onto commonly used device substrates such
as Si0,/Si, glass, and SiN. Afterwards, a protective capping
layer is often used to avoid severe degeneration for phosphor-

ene under ambient conditions, for example, AlO, [36],
PMMA (poly-methyl methacrylate) [37], PMMA/MMA
(methyl methacrylate) [38], PMMA/PVA (polyvinyl alcohol)
[34], PDMS (polydimethylsiloxane) [39], and ZEP520A
[40]. In 2016, antimonene was prepared by micromechani-
cal exfoliation successfully [41]. Nevertheless, the typical
mechanical exfoliation is hard to fabricate monolayer anti-
monene and needs to be improved due to its stronger inter-
layer van der Waals interaction. Ares et al. achieved thick
flakes and a little number of few-layer nanosheets through
replacing the scotch tape with a viscoelastic polymer [41].
The soft viscoelastic polymer promotes a higher yield of
nanosheets on the polymer surface. By pressing the poly-
mer against a SiO, substrate, thin antimonene nanosheets
are obtained controllably with a large area. Also, the stable
monolayer a-arsenene exfoliated from the natural mineral
by Chen et al. and Zhong et al. shows more competitive
in-plane anisotropies than any other known 2D crystals
[42]. Although mechanical exfoliation confirms the exis-
tence of antimonene, large quantity synthesis through this
procedure is complicated.



3.2. van der Waals Epitaxy. This technique employs classical
epitaxy growth of material on the substrate to prevent
dangling bond formation on its surface. The epitaxial layers
contact with the substrate by van der Waals forces rather
than chemical bonding. Ji et al. have grown high-quality
few-layer -phase antimonene on a variety of substrates
[43]. The experimental procedure (Figure 2(b)) adopts a
two-zone tube furnace with separate temperature controllers.
Antimony powder is put in the T, area and heated up to
660°C to produce antimony vapor, while the substrates are
put in the T, area of the furnace under 380°C that produces
antimony condensation. Using Ar/H, gas as transporting
flow, antimony vapor is transferred from the T, to the T,
zone causing a soft-landing and diffusion of Sb atoms on
the substrate and then allowing crystallization. Mainly, mica
is a suitable substrate for van der Waals epitaxial growth of
few-layer antimonene because of its ultrasmooth surface
without dangling bonds.

3.3. Molecular Beam Epitaxy. Epitaxial synthesis is a scalable
means to fabricate the quantity of crystalline 2D materials
[44-48]. Epitaxial growth of monolayer -antimonene on
the PdTe, substrate has been reported by Wu et al. [49],
which is the most air-stable phase. Recently, by the van der
Waals heteroepitaxial growth method, Shi et al. have grown
monolayer a-antimonene successfully on the WTe, substrate
with the controllable thickness (Figure 2(c)) [50]. The
ultrastable «-antimonene demonstrates a hole-doped
character with high electrical conductivity and linear band
dispersion around the Fermi level. Besides, Reis et al. have
grown monolayer bismuthene by epitaxial deposition on a
SiC (0001) substrate. Importantly, they obtained a band-
gap of 0.8eV and the existence of conductive edge states
by scanning tunneling spectroscopy, which is consistent
with theoretical results [51].

3.4. Plasma-Assisted Fabrication. The first successful experi-
ment to fabricate stable monolayer phosphorene is through
mechanical exfoliation and a subsequent Ar* plasma thin-
ning process [52]. This strategy is effectively controllable
for the fabrication of few-layer phosphorene with thickness
control based on modulated plasma treatment (Figure 2(d))
[53]. Also, Tsai et al. have synthesized multilayer arsenene
successfully on the InAs substrate by the plasma-assisted
process [54].

3.5. Liquid Phase Exfoliation. Considering the low yield of
mechanical exfoliation, researchers proposed a new method,
liquid phase exfoliation (Figure 2(e)), to prepare 2D materials
with success in high-yield and large-scale production of
phosphorene, antimonene, and bismuthene. Brent et al.
firstly produced phosphorene in N-methyl-2-pyrrolidone
(NMP) utilizing liquid phase exfoliation in 2014 [55]. Then,
Gibaja et al. reported few-layer antimonene flakes with high
quality via liquid phase exfoliation [56]. Recently, assisted
by sonication and without any additional surfactant, a liquid
phase exfoliation procedure to fabricate few-layer arsenene is
reported by Beladi-Mousavi et al. [57]. Besides, Huang et al.
successfully produced monolayer bismuthene nanosheets
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through ice-bath sonication assisted with liquid phase exfoli-
ation [58]. Liquid phase exfoliation is a powerful method
with the potential to be scalable for mass fabrication of layers
suspended in a variety of solvents.

Other methods to synthesize few-layer pnictogen are also
available, for example, pulsed laser deposition [59], electro-
chemical exfoliation [60], solvothermal synthesis [61], and
aqueous shear exfoliation [62]. Pulsed laser deposition is an
optional approach to obtain 2D monolayer materials.
Depending on this method, Yang et al. have successfully
deposited wafer-scale black phosphorus nanosheets at rela-
tively low temperatures [59]. Notably, through the same
approach, Yang et al. recently reported the direct growth of
bismuthene nanosheets in similar scale and property again,
obtaining a thickness-dependent bandgap (0.075-0.2eV) by
characterization of optical properties [63].

4. Integration and Characterization of 2D
Pnictogen FETs

As the indispensable fundamental unit of modern integrated
circuits, FET is probably the most widely studied semicon-
ductor device. Engaging 2D materials in FET could improve
its performances effectively due to the absence of dangling
bonds, undesirable coupling with phonons, and creation of
interface states. Moreover, the 2D channel structure is theo-
retically robust to against short channel effects, making it
possible to continuously prolong Moore’s law below 10 nm
[66]. As a new family of nanomaterials, 2D pnictogen
inherits the common properties including high elasticity
and superior flexibility [67], making it suitable for flexible
electronics.

Their tunable bandgap and competitive mobility meet
the requirement for high-performance power gain, analog
amplifiers, and circuits, which promote a higher on/off ratio
and faster operation [68]. Therefore, 2D pnictogen (e.g.,
black phosphorus) transistors exhibit a higher on-current
and faster speed compared with TMD-based FETs. Due to
the direct bandgap structure of black phosphorus, the band-
gap could be deduced from an absorption spectrum, ranging
from visible light to infrared. This feature leads to better
optoelectronic applications for black phosphorus with
respect to monolayer TMD materials [69]. In addition, after
structural optimization by encapsulating, the device perfor-
mance of 2D pnictogen could experience a substantial
improvement approaching that of Bi,O,Se, a novel 2D
semiconducting material, presenting significant potential
for next-generation electronic applications [70]. Therefore,
FETSs based on 2D pnictogen hold great promise for future
flexible electronics and inherited compatibility with other
2D materials due to van der Waals interaction among
the layered structures.

4.1. Device Behaviors. In 2014, the FET's based on few-layer
black phosphorus had been successfully fabricated [8, 9]. As
a schematic illustration of the device structure presented in
Figure 3(a), black phosphorus nanosheets prepared by
mechanical exfoliation are transferred onto doped silicon
wafers with thermally grown silicon dioxide as gate
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F1GURrk 3: Phosphorene, arsenene, antimonene, and bismuthene FETs. (a) Schematic of the device structure of a few-layer phosphorene FET.

Reproduced from Ref. [8] with permission from Nature Publishing

Group, copyright 2014. (b) Transfer characteristics of the monolayer

arsenene device. Reproduced from Ref. [74] with permission from Wiley, copyright 2018. (c) Output characteristics of antimonene
devices. Reproduced from Ref. [43] with permission from the American Chemical Society, copyright 2015. (d) Transfer curve of the FETs
based on 10 nm thick bismuthene flack. Reproduced from Ref. [63] with permission from Wiley, copyright 2019.

dielectrics. Typical black phosphorus FETs hold significant
drain current modulation (~10°) and thickness-dependent
field-effect mobility (~1000 cm® V™' s7') at room temperature
[8, 9, 71]. Liu et al. reported that direction-dependent on-
state current and switching speed are highly correlated to
the carrier effective mass in the corresponding transport
direction [72]. Comparing with MoS, FETs, phosphorene
FETSs possess a faster switching speed and generate higher
current density.

Soon after, black arsenic-phosphorus (AsP) was syn-
thesized with highly tunable chemical compositions and
fabricated as back-gate FETs [73]. Different transport mea-
surements reveal the semiconducting nature of black AsP
materials and their potential applications in logic electron-
ics. In 2018, Zhong et al. reported FETs based on stable
black arsenene crystals, presenting high carrier mobility
and large I /I 4 ratios (Figure 3(b)) [74]. In another

study, Ji et al. fabricated transistors by utilizing antimo-
nene polygons with HfO, as a top-gate dielectric, whose
channel materials were grown by van der Waals epitaxy
(Figure 3(c)) [43]. They pointed out that the competitive
conductivity of antimonene combined with the outstand-
ing optical transparency might attract interesting optoelec-
tronic applications. Recently, centimeter-scale bismuth
nanosheet-based FETs with considerable carrier mobility
have been reported by Yang et al. (Figure 3(d)) [63]. So
far, all 2D pnictogen entities, except nitrogen, have been
experimentally integrated into FETs, demonstrating the
excellent feasibility and great potential in electronics and
optoelectronics.

4.1.1. Ambipolar. Channel materials with ambipolar property
could present symmetric n- and p-type behavior in charge
transport. It is often desired to realize simplified and space-



saving circuit designs. Das et al. reported enhanced electron
and hole transport character in phosphorene FETs with
field-effect mobility of 172 and 38cm® V™' s™ for holes and
electrons, respectively [75]. Zhu et al. introduced an ambipo-
lar phosphorus amplifier with voltage gains of ~8.7, achieved
at symmetric DC bias of Vi = —1.6 Vand Vg = 2.1 V with
source or gate served as input terminal and drain served as
output terminal [68]. Although charge trapping sites exist
on the surface, black phosphorus FETs are still able to
demonstrate intrinsic ambipolar characteristics [76, 77].
Similarly, black arsenene FET demonstrated ambipolar
charge transport behavior, which reveals higher or compara-
ble electronic [42], thermal, and electric transport anisot-
ropies between the armchair and zigzag directions than any
other known 2D crystals.

4.1.2. Anisotropy. Inspired by a few preliminary studies, the
anisotropy effects and the unique properties of pnictogen
on the device performances have been extensively investi-
gated in experiment and theory [59, 78, 79]. For instance,
anisotropic photocurrent generation in black phosphorus
FETs has been investigated through resolved polarization-
dependent photocurrent characterization [80]. Because of
the crystal orientation-dependent absorption in black phos-
phorus, anisotropic photocurrent response is observed near
the black phosphorus-electrode contact area in its FET
devices. According to the polarization-resolved infrared
spectroscopy and angle-resolved DC conductivity, black
phosphorus demonstrates large and anisotropic in-plane
optical conductivity (Figure 4(a)) [81].

4.2. Device Parameters/Optimization. In many FET applica-
tions, it is desired to reduce the subthreshold swing and
increase on-state current and obtain well-defined saturation
of the drain current in the high drain-source bias region
[75, 84-90]. Thus, it is necessary to optimize device parame-
ters such as channel dimensions and contact resistance.

4.2.1. Channel Length. Miao et al. fabricated top-gated black
phosphorus FETs combining electron beam lithography with
angle deposition, which presented high performance
(Figure 4(b)). The channel length of the FETs can be repro-
ducibly modulated in the range from 20 to 70 nm through
the evaporation angle control [82]. With the advancement
of device fabrication technology, a large number of FETs with
short channel length were fabricated successfully, including
5nm carbon nanotube FET [91], sub 10nm even to 1 nm
channel-length MoS, FET [92-94], and silicon-based MOS-
FETs. Benefited by configuration properties of 2D black
phosphorus, the transistors revealed relatively weak short
channel effects. Meanwhile, a comparable I /I 4 ratio of
10% is obtained even with a 20nm channel. Lam et al.
reported the sub-10 nm black phosphorene with double gate
field-effect transistors. The transistors exhibit 50 fs intrinsic
delay and 10%I, /I 4 ratio based on the nonequilibrium
Green’s function formalism and Ballistic device model
[95-97]. The various performance indexes of the optimal
sub-10 nm phosphorene FETs expressively meet the require-
ments of ITRS for high-performance devices [86-88].
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Through selecting the appropriate transport direction,
I,,/I& even can be boosted more than 10° induced by
enhanced tunneling efficiency [98]. Besides, Wang et al.
systemically investigated the relation between device per-
formance and a channel length of arsenene and antimo-
nene FETs based on ab initio methods [99]. The
simulated MOSFETs with sub-10nm or even 4nm chan-
nel exhibit outstanding electrical performances and can
meet both the low power and high-performance applica-
tion requirements in the ITRS [85].

4.2.2. Channel Thickness. The thickness of 2D semiconduc-
tors is a significant parameter to determine its fundamen-
tal electronic properties and device performances. Since
the bandgap of black phosphorus is a function of layer
numbers, thickness controlling is a feasible and efficient
approach to control the performance of FETs
(Figure 4(c)) [89, 100-102]. Das et al. reported the current
density and I, /I 4 ratio of phosphorene FETs emerging
to be impacted (~10%) by the layer thickness, which is con-
firmed from the transfer characteristics by a robust technique
[103]. In theory, Yin and Yoon suggested that monolayer
black phosphorus FET's could yield comparable on-state cur-
rent with bulk phosphorus while without presenting a short-
coming of the lower density of states [104]. Meanwhile,
monolayer phosphorene FETs could also maintain steep
switching and resist gate-induced drain leakage.

Similarly, the I /I ratio of monolayer-trilayer
antimonene-based FET also can be boosted up to
4.87 x 10® with 10 nm channel length [105]. Recently, Chang
et al. proposed novel antimonene and arsenene tunneling
FETSs based on the lateral monolayer-multilayer heterostruc-
ture [106, 107]. The multilayer area introduces gapless metal-
lic states which prominently enhance the tunneling
probability and drain-source current. By ab initio electronic
structure and quantum transport computation, even a 1 nm
scale multilayer can remarkably boost the current and enable
abrupt device switching.

Besides, strain and temperature [77, 108] are also utilized
to regulate the fundamental performance of 2D pnictogen
FETs. Zhang et al. reported continuous bandgap modulation
by mechanical strain applied through flexible black phospho-
rus FETs, and a sizeable piezoresistive effect was observed in
FETs at room temperature [109]. Also, Yan et al. investigated
the temperature-dependent transport properties of phos-
phorene FETs (Figure 4(d)) [83]. In their study, off-state
channel current increases with a temperature rising while
on-state current decreases, which can be attributed to the
charge conduction limiting mechanism.

A much lower off-state channel current leads to lower
power consumption, which is critical for digital devices and
integrated circuits. The high mobility and gate modulation
(I /I ratio) make black phosphorus (BP) a suitable mate-
rial for high-performance logic circuits. Wang et al. first
introduced the gigahertz frequency BP FET in 2014 [111].
The device is fabricated with mechanical exfoliated BP, Pd
contact pad, and HfO, gate dielectric. A practically operable
cut-off frequency, f., ~12 GHz is achieved with standard RF
characterization including a deembedding process. In 2016,
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F1GURE 4: (a) DC conductivity and IR relative extinction measured along with the same six directions on this black phosphorus flake and
plotted in polar coordinates. Reproduced from Ref. [81] with permission from Nature Publishing Group, copyright 2014. (b) Transfer
characteristics of the top-gated black phosphorus FETs. Reproduced from Ref. [82] with permission from the American Chemical Society,
copyright 2015. (c) I,-V curves for black phosphorene FETs with 10 nm gate length at V|, =0.5V. Reproduced from Ref. [72] with
permission from the American Institute of Physics, copyright 2015. (d) Gate sweep of I;-Vy, curves for the device with L = 1000 nm starts

with negative voltage. Reproduced from Ref. [83] with permission from the American Chemical Society, copyright 2019.

Zhu et al. reported the first bendable gigahertz frequency
BP transistors (f; up to 7GHz) on polyimide substrate,
making BP the most promising candidate for flexible RF
nanoelectronics [110]. Most recently, Te-doped BP [112]
or carbide BP [113] FET has been developed to extend
the application of BP, for a better combination of high
carrier mobility and unchanged gate modulation. Accord-
ing to relevant experimental data shown in Table 1, BP
transistor could achieve cut-off frequency exceeding
60GHz with optimized channel orientation, metal pad,
gate dielectric, channel structure, and fabrication process
[71, 110-113]. Nevertheless, there is a lack of research in

exploring the limit of carrier mobility and on/off ratio
for arsenene and bismuthene transistors. Besides, the
field-effect characteristic of antimonene has not been
reported yet, and further investigation is required.

4.3. Heterostructures. Heterostructure, fabricated by stack-
ing different 2D-layered materials together, is a growing
trend in device research, as it is an efficient approach to
combine the virtues of different 2D layers into one entity.
2D pnictogen consists of covalently bonded, dangling-
bond-free lattice and is weakly connected to neighboring
layers by van der Waals interactions [114]. Since the
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TaBLE 1: Device parameters and properties of 2D pnictogen FETs.
priogen P Tk ) omaaer
Bulk BP 0.3 / e 350 (p); 220 (n) / / [19]
BP / 18.7 3/15 186.5 10° Pd pad [71]
S =17.5GHz, f =7
BP / 13 0.5/10.8 233 (p) 10° GHz [110]
Flexible substrate
BP / 10 45/2.3 984 (p) 10° / (8]
BP / 8.5 0.3/<50 400 2% 10° frm=51GHz, f; =12GHz [111]
Te-doped BP / 7 -/- 1850 1.5x10° Te doped [112]
Carbide BP / 7 10/5 1995 10° Carbide [113]
BP / ~5 1/- 286 10* / [9]
BP / 1.9 2/- 172 (p); 38 (n) 2.7 x 10* (p); 4.4 x 10° (n) / [75]
As 247 / -/- 59 10° / [74]
Sb 2.48 / -- / / / [43]
Bi 0.075-0.2 / 30/500 220 <10 / [63]

layered structure of pnictogen is similar to other 2D-
layered structure materials, it is feasible to isolate, mix,
and match different atomic layers to fabricate heterostruc-
tures and avoid the lattice mismatching and process
incompatibility. Hence, 2D pnictogen heterostructures pro-
mote a new field for materials engineering and device
design to achieve exotic electronic properties.

4.3.1. Black Phosphorus-Graphene. The atomic structure of
black phosphorus holds a lone pair of electrons at each P
atom, which does not merely delocalize in-plane but also
has a substantial effect on out-of-plane atoms. Thus, black
phosphorus presents higher out-of-plane conductivities
compared to TMDCs, where the chalcogen atoms are insen-
sitive to out-of-plane carrier transport. When considering
that out-of-plane transport determining device performance
metrics, it is significant to seek a suitable material to combine
with black phosphorus as a heterostructure FET. To investi-
gate the charge transport along the out-of-plane direction
in black phosphorus, Kang et al. fabricated the vertical FETs
based on black phosphorus-graphene van der Waals hetero-
structures (Figure 5(a)) [115]. The measurement of device
characteristics revealed high on-state current densities and
I /I ratios at low temperature. With high temperature
and positive gate voltages, the mechanism of charge trans-
port characteristics is determined by thermionic emission
tunneling through the black phosphorus-graphene Schottky
barrier. This work revealed black phosphorus as an appealing
candidate for van der Waals heterostructure FETs. Besides,
through the phosphorus-graphene heterostructure, the inter-
facial Schottky barrier is tunable due to the weak Fermi level
pinning, which is also another significant reason to use gra-
phene as an electrode. We will provide a detailed discussion
in Section 4.5.

4.3.2. Black Phosphorus-TMDs. Although many layered
materials can be exfoliated to individual atomic planes, not
all of them are stable under ambient conditions. Combined

with MoS, with high stability, the first black phosphorus-
TMD van der Waals heterostructure was fabricated to consti-
tute a p-n diode by Deng et al. [116]. Through illumination
measurement under the wavelength of 633nm, these
ultrathin devices exhibit a maximum photodetection respon-
sivity of 418 mA/W and photovoltaic energy conversion of
0.3% external quantum efficiency. Therefore, it is expected
to build an electrically tunable device based on the black
phosphorus-TMD heterostructure (Figure 5(b)) [117-122].
Through the methods based on cleavage, transfer, alignment,
and encapsulation of air-sensitive crystals, Cao et al. reported
FETs made from black phosphorus and NbSe, monolayer
which is conductive and sufficiently stable under ambient
conditions [123]. The approach they provided offers a chance
to efficiently expand the range of experimentally accessible
2D crystals and their heterostructures. Significantly, when
different 2D materials are stacked together to fabricate van
der Waals heterostructure, exotic physics may appear to
induce intriguing optoelectronic properties. To understand
the critical interlayer coupling in such heterostructures, Yuan
et al. systematically investigated the optical and optoelec-
tronic properties of artificial stacks of black phosphorus
and MoS,/WS, nanosheets. Although phosphorus and
MoS,/WS, layers both hold a direct bandgap each, the exci-
tons can still be efficiently split by built-in electric fields in
black phosphorus-MoS,/WS, heterostructures [124].

4.3.3. Black Phosphorus-BN. As a wide bandgap insulator,
hexagonal boron nitride (h-BN) holds an atomically flat
surface and a natural disorder-free interface contact with
other 2D materials, which makes it an excellent candidate
for gate dielectric material. Doganov et al. passivated black
phosphorus FETs by atomically thin graphene and hexagonal
boron nitride (h-BN) and revealed the mechanism of
oxidation effect on the physical properties [125]. Gillgren
et al. fabricated phosphorene-BN heterostructures by one-
dimensional edge contacts. The transport measurements
exhibit ambipolar behavior, gate-dependent metal-insulator
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Fiurg 5: Black phosphorus-based heterostructures FETs. (a) Schematic illustration of the black phosphorus-graphene vertical FET.
Reproduced from Ref. [115] with permission from the American Chemical Society, copyright 2016. (b) Schematic of black phosphorus-
MoS, heterojunction device. Reproduced from Ref. [122] with permission from the American Chemical Society, copyright 2017. (c) The
schematics of the atomically sharp interfaces in encapsulated black phosphorus device. Reproduced from Ref. [127] with permission from
the American Chemical Society, copyright 2015. (d) Schematic of the avalanche device of black phosphorus-InSe vertical heterostructures.
Reproduced from Ref. [136] with permission from Nature Publishing Group, copyright 2019.

transition, and considerable mobility with excellent stability
in ambient conditions [126]. Stacked graphene/h-BN/MoS,
devices have been developed, where MoS, and h-BN were
proved to be a valid charge trapping and potential barrier
layer, respectively. However, the overall performance is
limited by the semimetallic graphene with zero bandgap.
Therefore, by replacing graphene with semiconducting black
phosphorus, Li et al. fabricated black phosphorus/h-
BN/MoS, heterostructure FETs showing ambipolar charac-
teristics with prominent I /I ¢ ratio (10°) and remarkable
charge carrier mobility (1000 cm® V™' s™). It is anticipated
for 2D atomic pnictogen like phosphorene to have rapid
sensing of environmental change. Under inert gas condi-
tions, Avsar et al. proposed a fully encapsulated black phos-
phorus FETs by employing graphene as source-drain
electrodes and h-BN as encapsulation layer (Figure 5(c))
[127]. The linear output characteristic curves presented that
graphene electrodes result in ohmic contacts to avoid the
Schottky barrier limited transport. Chen et al. characterized
high intrinsic saturation velocity in black phosphorus
FETs as a function of temperature, charge density, and
crystalline direction. They determined that the observation

of electron-impurity and electron-phonon scatterings
results from drift velocity transition point [128].

4.3.4. Black Phosphorus-Other Materials. Beyond graphene,
h-BN, and TMDs, several other promising semiconductors
have also recently attracted much attention in respect to their
prominent properties [110, 129-134]. Jeon et al. utilized the
flexible p-type black phosphorus and ZnO to construct van
der Waals heterostructures for junction FETs [135]. For these
nanodevices with black phosphorus gate switching, high I,
/T ¢ ratio (10*) and kilohertz dynamic rectification indicate
excellent performance and large potential towards future
nanoelectronics. Recently, Gao et al. proposed vertical black
phosphorus-InSe heterostructures with ballistic avalanche
phenomena in submean free path scale (Figure 5(d)) [136].
Their avalanche photodetectors with sensitive midinfrared
light detection and steep subthreshold swing exhibit low ava-
lanche threshold, low noise figure, and distinctive density
spectral shape.

4.4. Doping and Passivation. Air-stability could be a severe
issue for 2D pnictogen. It is significant that black phosphorus
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TaBLE 2: Dopants and properties of 2D pnictogen FETs.
Dopant Device mobility (cm*/V s) Stability Ref.
Li 147 6 weeks [151]
K 262 (e) / [148]
Al 1495 10d 145, 146
Metallic atom (€) s [ )
Cu 690 (h) / (152]
MoO, ~200 (h) / [153]
Cs,Co, 27 (e) / [153]
Carbide 1995 (h) / [113]
(@) 347 (h) 2 weeks [137]
. S 607 3 weeks [150]
Nonmetallic atom
Te 818 (h) 3~4 weeks [112]
Se 756 (h) At least 6 days [149]
SN, 956 (h) 1 month [154]
TCNQ / / [155]
Molecule BV / / [156]
TTF / / [141]
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FIGURE 6: (a) Transfer characteristics of the undoped p-type and the Al-doped n-type black phosphorus FETs. Reproduced from Ref. [147]
with permission from Wiley, copyright 2017. (b) A schematic diagram describing the synthesis of phosphorus carbide. Reproduced from Ref.
[113] with permission from Wiley, copyright 2019. (c) Transfer characteristic curves of p-type monolayer phosphorene FETs with different
adsorbed molecules. Reproduced from Ref. [155] with permission from the American Chemical Society, copyright 2015.

reacts with O, and H,O under ambient exposure over a short
period irreversibly to generate phosphoric acid or oxidized
phosphorous compounds [137, 138]. Thus, it is imperative
to tailor the surface properties and avoid surface degradation
of 2D materials [139, 140] via feasible and controllable
methods such as doping and passivation. Both approaches
could reasonably regulate the electrical transport properties
of 2D pnictogen for a better fit into their electronic and opto-
electronic applications.

4.4.1. Doping. The approaches to adjust the carrier type of
semiconductors can be divided into three categories, which
involve substitutional doping, charge transfer, and field-
induced doping [141-144]. The conventional doping
approach is achieved by incorporating dopants into the host
semiconductor lattices, which is largely limited in ultrathin
2D materials. The common dopants include metallic atom,
nonmetallic atom, and molecule, as presented in Table 2.
First, alkali metallic atom is often employed as a dopant
because of relatively low electron affinities (Figure 6(a))

[145-147]. By the in situ surface functionalization with
potassium (K), Han et al. proposed a FET based on giant
electron doping of black phosphorene, presenting an ideal
device performance with a near-unity ideality factor of
1.007 and around 10*I, /I g ratio [148]. Mainly, K modifica-
tion promotes the electron transport of black phosphorus
remarkably. Not only metallic atom but also nonmetallic
atom can achieve active surface functionalization [149,
150]. Yang et al. investigated transport performances of black
phosphorus FETs doped with tellurium (Te) [112]. The Te
doping could dramatically suppress the degradation of black
phosphorus, resulting in a high mobility (1850 cm® V™' s7")
of FETs at room temperature and pressure. Hence, as a
potential route to effectively suppress ambient degradation,
a suitable element dopant can promote the development of
black phosphorus electronic devices. Besides, combined with
a novel carbon doping technique, few-layer black phospho-
rus carbide FETs fabricated by Tan et al. (Figure 6(b))
demonstrated high hole mobility of 1995 cm® V' s at room
temperature [113]. Through DFT calculations, a stable black
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FIGURE 7: (a) Schematic diagram describing the ambient degradation and AlO,, deposition of black phosphorus. Reproduced from Ref. [36]
with permission from the American Chemical Society, copyright 2014. (b) Schematic of the device structure for BP-based logic inverter,
which uses BN as dielectric and graphene as a back gate. Reproduced from Ref. [163] with permission from Springer, copyright 2019. (c)
Schematic diagram of a local-gated BP FET with h-BN at the top side. Reproduced from Ref. [164] with permission from the American
Chemical Society, copyright 2018. (d) Normalized I ,/I ¢ ratios by the initial values for AG-BP (dots) and H,-BP (star symbols) black
phosphorus devices, respectively. Reproduced from Ref. [165] with permission from Wiley, copyright 2018.

phosphorus carbide with a lighter effective mass of carriers
than its intrinsic ones was obtained. Importantly, its absorp-
tion spectrum covers the infrared regime, which is not
responded by black phosphorus.

Besides, molecule dopants are also employed to avoid
surface degradation of black phosphorus FETs. Based on
DFT and NEGF calculations, He et al. theoretically investi-
gated the dynamic transport properties of 2D pnictogen
FETSs with various molecule adsorption including FATCNQ,
BV, MoQO;, and gas molecule NO, (Figure 6(c)) [155, 156].
With dynamic transport behaviors, the adsorption of an
organic molecule can create additional channels for hole
transport, eventually enhancing the performance of p-type
FETs. The enormous potential of phosphorene FETs with
tunable charge transfer by surface doping is critical for
various applications in high-performance devices.

However, surface charge caused by organic molecules
may suffer from instability due to complementary semicon-
ductor routes with volatility and incompatibility. For more
practical uses, Xu et al. induced Si,N, dielectric coating in
few-layer black phosphorus as n dopant [154]. They deter-
mined that K" centers of Si,N, promote active electron dop-

ing into BP without external electric field and surprisingly
significant improvement of the electron mobility. In most
cases, the doping of a proper element is a valid route to sup-
press the ambient degradation of BP efficiently, and it will
accelerate the implementation of BP in novel electronic
applications.

4.4.2. Passivation. Exfoliated 2D phosphorene nanosheets
without encapsulation are found to chemically degrade upon
exposure to ambient conditions urgently [137]. Passivation is
a prominent approach to decrease surface degradation,
which not only decreases the surface roughness but also
avoids the formation of chemisorbed species [157-162].
Wood et al. investigated how exfoliated black phosphorus
degrades to oxygenated phosphorus compounds in the ambi-
ent condition through a systematical suite of microscopy and
spectroscopy techniques [36]. Their results demonstrate that
atomic AlO, deposition effectively suppresses ambient degra-
dation (Figure 7(a)), leading to relatively high on/off ratios of
~10? and mobility of ~100 cm® V' 5™ for over two weeks in
ambient environments. Recently, Zheng et al. proposed a fea-
sible and effective electron doping methodology on black
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phosphorus via in situ surface decoration with Al atom
(Figure 7(b)) [163]. After modification by Al atomic layer,
the electron mobility of black phosphorus improved mostly
by over six times due to the covalent bond at the black
phosphorus-Al layer interface, which can also serve as a local
gate to modify their transport properties. To enhance the sta-
bility and on-current of black phosphorus FETSs, Ra et al.
investigated the origin of transport limitations of local-
gated black phosphorus FETs by comparing the transport
performance of h-BN-based device configuration with
bottom-gated black phosphorus FETs (Figure 7(c)) [164].
The highest hole mobility of global-gated black phosphorus
FETs was 249 cm® V' s™' with a subthreshold swing of
848 mV/dec, which was maintained entirely for one week
without changing the device characteristics in ambient
condition.

Moreover, Wan et al. proposed a feasible hydrogen treat-
ment approach to enhance the environmental stability of
black phosphorus flakes, which drastically suppressed ambi-
ent degradation with little corrosion on the surface even after
up to 4 weeks (Figure 7(d)) [165]. Importantly, the perfor-
mance of FETs still retains over 85% of the initial mobility
and I, /I ¢ ratio. Through first-principle calculations, the
hydrogen molecules are probably inserted between black
phosphorus layers and shift down the conduction band
minimum, resulting in reliable surface protection against
the formation of superoxide. Besides, Feng et al. passivated
the dangling bonds and healed the nanoribbon edge defects
effectively in black phosphorus nanoribbons FETs by
hydrogenation, promoting nearly hysteresis-free transfer
properties [166]. They demonstrate electron mobility of
268 cm® V' 57!, which is comparable to the n-type black
phosphorus transistor realized via a doping technique using
Al, Cu, or K atoms.

4.5. Interfacial Engineering

4.5.1. Contact Resistance. The interface between channel
materials and metal electrodes should be carefully treated
when fabricating FET devices. The contact resistance turns
into a much more dominant factor for device performances
in short channel 2D pnictogen FETs. High-quality contact
with low contact resistance is desired for practical devices.
For traditional channel materials based on bulk semiconduc-
tors, substitutional doping and the formation of strong
interface bonds are standard methods to establish contacts
between electrodes and semiconductors. However, it is diffi-
cult for metal electrodes to generate robust covalent bonds
on the dangling bond-free surface of 2D materials without
deteriorating its electrical property. Several techniques
have been employed to realize the fabrication of high-
quality and low-resistance contacts, including choosing a
metallic electrode, modifying the Schottky barrier height,
tuning the interface morphology, and inserting tunneling
layers [167-170].

Unlike graphene that can form ohmic contact with
metals, 2D pnictogen usually suffers from high contact resis-
tance due to the Schottky barrier at the metal-semiconductor
interface, which significantly limits the generation of carrier
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injection [171-174]. Considering the physical property of
Schottky barrier, selecting appropriate metal electrodes for
targeted channel materials is fundamentally significant
[175-177]. Combining with first-principle calculation and
quantum transport simulation, Lu et al. systematically inves-
tigated 2D pnictogen FETs in contact with a series of metals
with a wide work function range in theory [178-183], includ-
ing Al, Cu, Ni [184], Sc [185], Ti [186], Py [187], Cr [188],
Pd, Er [189], Au, and Ag [190] (Figure 8(a)). In another
work, Gong et al. also explored the interfacial properties of
the black phosphorus-metal contact, including Cu, Zn, In,
TaP, and NbP (Figure 8(b)) [191]. Combining with the
results of geometry, bonding structure, density of states,
charge transfer, and potential barrier computation, they con-
cluded that black phosphorus-Cu contact is an excellent
ohmic contact while the rest metals forming Schottky con-
tacts with black phosphorus. Besides, semimetallic materials
are also adopted, such as graphene. According to the results
of ab initio quantum transport simulation, the FETs with
2D graphene electrodes present superior performance to
those with bulk metal electrodes because of smaller and tun-
able Schottky barrier heights and the absence of metal-
induced gap states in the channels (Figure 8(c)). Notably,
the performance limit of 2D pnictogen FETs with graphene
electrodes exceeds monolayer MoS,, carbon nanotube, and
advanced silicon transistors, fulfilling the requirements of
the latest ITRS in the next decade.

4.5.2. High-k Dielectric. In short, channel FET devices as the
tunneling effect becomes nonnegligible and the leakage cur-
rent tends to be much higher, resulting from the ultrathin
properties of the SiO, dielectric layer. Therefore, high-k
dielectric layers are employed to obtain the same gate-
insulator capacitance and suppress leakage current in smaller
thickness than traditional dielectric materials such as SiO,
and BN [192, 193]. Generally, common high-k dielectric
materials include AL,O,, HfO,, TiO,, HfLaO, and SrTiO;.
Liu et al. investigated the few-layer phosphorene FETs
behavior with the top gate, which used Al,O, as dielectrics
by atomic layer deposition [194]. After Al,O; capping, a
transition of device behavior from p-type to ambipolar
conduction has been observed, which is attributed to the
alternate of the Schottky barrier heights for electrons and
holes. Also, Haratipour et al. presented a thorough investi-
gation of the mobility anisotropy in black phosphorus
MOSFETs with HfO, gate dielectrics [195]. The measured
room-temperature field-effect mobility was found to be
higher in the AC direction, in which the anisotropy ratio
was found to increase with carrier concentration in the
low-concentration area. Similarly, Liang et al. reported
radiation-induced charge trapping and low-frequency
noise in passivated black phosphorus FETs with HfO, gate
dielectric [196]. The observation of the reduction of ioni-
zation induced threshold voltage shift from thinning the
gate dielectric. After radiation exposure, field-effect mobil-
ity significantly decreased, which could be avoided by
reducing the density of O vacancies in the dielectric layer
and decreasing the amount of hydrogen in the configuration.
Besides, Xiong et al. used HfLaO as the back gate dielectric



Research

13

Top gate

Type 1
A B C D E A B
m w |
ML | 1

P-Al/Ag/Au/Cu

P-Cr P-Ti/Ni/Pd

Ec
P 0" \ e
E EF"‘ L EV

FIGURE 8: (a) Schematic cross-sectional view of a typical metal contact to intrinsic monolayer phosphorene channel. Reproduced from
Ref. [178] with permission from the American Chemical Society, copyright 2016. (b) Electronic structure at the interface of the contact
region. Reproduced from Ref. [191] with permission from the American Physical Society, copyright 2014. (c) Three possible band
diagrams of the monolayer phosphorene FETs in terms of the quantum transport calculations, depending on the type of metal
Reproduced from Ref. [178] with permission from the American Chemical Society, copyright 2016.

layer in black phosphorus FET's, which demonstrated excel-
lent device performance [197]. Compared with typical SiO,
gate dielectrics, both electronic and optoelectronic properties
of these high-k dielectric FETs are greatly enhanced on
account of the interface quality improvement.

4.5.3. Ferroelectric Capacitance. The significant potential of
negative capacitance (NC) is demonstrated to promote FET
performance with the steeper slope, which is very useful for
voltage/power applications. A negative capacitance FET
adopts a thin layer ferroelectric material to the gate oxide of
a MOSFET (Figure 9(a)).

Theoretically, black phosphorus has been predicted as a
suitable channel material for NC-FET's [198]. Liu et al. inves-
tigated the quantum transport properties of NC-FET's based

on monolayer phosphorus (Figure 9(b)). In NC-FETs, a fer-
roelectric (FE) gate layer is adopted and combined with a
positive capacitor to obtain a bistable state. The synergetic
effect of the polarization in the FE material and the external
electric field result in a negative voltage drop through the
FE layer, causing a “voltage amplification” that improves
the subthreshold characteristics of FETs. Computational
results presented that the amplification effect of the ferroelec-
tric layer can be enhanced by black phosphorus. By increas-
ing the thickness of the dielectric, device performance can
be further improved, which is embodied in a significantly
reduced subthreshold swing of 27 mV-dec™.

By contrast, the relevant experimental progress is still
insufficient. Lee et al. reported few-layered black phosphorus
FETs with a ferroelectric top-gate insulator [199]. Different
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with permission from the American Chemical Society, copyright 2015. (b) Device transfer characteristics of black phosphorus FETs and
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from conventional ambipolar FETs, these ferroelectric FET's
demonstrate only p-type behavior because of the carbon-
fluorine dipole effect of the P(VDF-TrFE) layer. With ferro-
electric layer inserting into devices, their experiments pre-
sented the highest 1159 c¢cm® V' s mobility and a
10°1,,/I 4 ratio. Recently, Tian et al. successfully fabricated
NC-FETs based on black phosphorus by a HfZrO ferroelec-
tric capacitor, which exhibits relatively low subthreshold
slope with two types of behaviors [200]. The research pro-
vides an innovative idea in the exploration of NC-FETSs for
2D pnictogen.

4.6. Liquid and Dual Gating. Under an external electric field,
more charge carriers will accumulate around the channel/-
electrolyte interface by introducing the different organic
and inorganic electrolytes, including polymer electrolytes
and ionic liquids or gels. Then, a new kind of transistor
named with the electric double layer transistor is designed
for examining the charge transport, which is originated from
supercapacitors to achieve low voltage operation. Saito et al.
reported the electric-double-layer transistor based on the
gate tuning of thermoelectric power in black phosphorus
nanosheets (Figure 10(a)) [201]. By controlling the thermo-
electric power effectively, they revealed that ion-gated black
phosphorus possesses a relatively high power at 210 K in
the hole-depleted state. The improvement mainly originated
from the thinning of the conduction channel analyzed by first
principle-based computation. Moreover, Gao et al. reported a
tunable tribotronic dual-gate FET's based on black phospho-
rus and MoS$,, carrying the sliding mode triboelectric nano-
generator, which could be driven efficiently by triboelectric
potential without applying gate voltages (Figure 10(b))
[202]. The tribotronic FETs demonstrate high performance
with I, /I exceeding 10° and off-state current below
1 pAum™. The creative FET configurations offer active,
low-power-consuming, and universal approaches to modu-
late semiconductor devices and logic circuits based on 2D
materials.

In addition, designing dual-gate architecture is also an
effective strategy to improve the FET performance. Kim
et al. reported dual-gate FET's with black phosphorus channel
on a glass substrate, which holds a patterned-gate configura-
tion with Al,O; dielectrics on the top and bottom of the
channel (Figure 10(c)) [203]. Top, bottom, and dual gate-
controlling mobilities were measured to be 92, 277, and
213 cm®V''s™, respectively. Significantly, these dual-gate
FETs presented not only the switching for green and blue
OLEDs but also NOR logic functions via separately
employing top and bottom input. Recently, Wu et al.
reported few-layer black phosphorus TFETs with multiple
top gates and electrostatic doping in the source and drain
areas (Figure 10(d)) [204]. The devices can be modified to
n-type or p-type behavior under electrically tuning the dop-
ing types and levels. Moreover, record-high current densities
have been obtained in devices due to the suitable choice of
materials and cautious construction of device configurations.

5. Summary and Perspective

This review summarized the basic structural and fundamen-
tal electronic characteristics of 2D pnictogen and its field-
effect device configuration design as well as several
performance enhancement technologies. 2D pnictogen dem-
onstrates promising physical properties, such as tunable
moderate bandgap between graphene and TMDs, holding
significant potential for novel device applications with high
speed and energy efficient combined. In the device aspect,
we discussed recent studies focused on 2D pnictogen transis-
tors featuring high stability and high performance, covering
all aspects from their fundamental characteristics to device
configurations and integration engineering.

Nevertheless, there are remaining challenges to fulfill the
practical use of 2D pnictogen FETs. The first is how to pro-
duce large-area 2D pnictogen with good uniformity and high
quality, especially for monolayer. Second, there is an urgent
concern on the air stability of 2D pnictogen FET devices to
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F1GURE 10: (a) Conceptual image of a black phosphorus-electric double-layer transistor for thermoelectric measurements. Reproduced from
Ref. [201] with permission from the American Chemical Society, copyright 2016. (b) The working principle of the tribotronic logic device.
Reproduced from Ref. [202] with permission from Wiley, copyright 2018. (c) Schematic 3D view of dual gate black phosphorus FET.
Reproduced from Ref. [203] with permission from the American Chemical Society, copyright 2015. (d) Schematic of the black phosphorus
reconfigurable electrostatically doped tunneling FET. Reproduced from Ref. [204] with permission from the American Chemical Society,

copyright 2019.

keep the performance stable enough for practical applica-
tions. Another issue is the interfacial optimization, including
dielectrics and contact quality, customized and optimized
configuration for 2D pnictogen FET devices.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Wenhan Zhou and Jiayi Chen contributed equally to this
work.

Acknowledgments

This work is financially supported by “the Fundamental
Research Funds for the Central Universities” (No.
30919011109; No. 2242017R30008), the Natural Science
Foundation of Jiangsu Province (No. BK20180071), and the
National Science Foundation of China (No. 51602051).

References

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov et al., “Electric
field effect in atomically thin carbon films,” Science,
vol. 306, no. 5696, pp. 666-669, 2004.

[2] L. Tao, E. Cinquanta, D. Chiappe et al., “Silicene field-effect
transistors operating at room temperature,” Nature Nano-
technology, vol. 10, no. 3, pp. 227-231, 2015.

[3] A. Molle, C. Grazianetti, L. Tao, D. Taneja, M. H. Alam, and
D. Akinwande, “Silicene, silicene derivatives, and their device
applications,” Chemical Society Reviews, vol. 47, no. 16,
pp. 63706387, 2018.

[4] L. Li, Y. Yu, G. J. Ye et al,, “Black phosphorus field-effect
transistors,” Nature Nanotechnology, vol. 9, no. 5, pp. 372-
377, 2014.

[5] H.Liu, A. T. Neal, Z. Zhu et al., “Phosphorene: an unexplored
2D semiconductor with a high hole mobility,” ACS Nano,
vol. 8, no. 4, pp- 4033-4041, 2014.

[6] Y. Wang, G. Qiu, R. Wang et al., “Field-effect transistors
made from solution-grown two-dimensional tellurene,”
Nature Electronics, vol. 1, no. 4, pp. 228-236, 2018.



16

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

J. Yan, X. Zhang, Y. Pan et al., “Monolayer tellurene-metal
contacts,” Journal of Materials Chemistry C, vol. 6, no. 23,
pp. 6153-6163, 2018.

B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and
A. Kis, “Single-layer MoS, transistors,” Nature Nanotechnol-
ogy, vol. 6, no. 3, pp. 147-150, 2011.

Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and
M. S. Strano, “Electronics and optoelectronics of two-
dimensional transition metal dichalcogenides,” Nature
Nanotechnology, vol. 7, no. 11, pp. 699-712, 2012.

K. Watanabe, T. Taniguchi, and H. Kanda, “Direct-bandgap
properties and evidence for ultraviolet lasing of hexagonal
boron nitride single crystal,” Nature Materials, vol. 3, no. 6,
Pp. 404-409, 2004.

L. Song, L. Ci, H. Lu et al., “Large scale growth and character-
ization of atomic hexagonal boron nitride layers,” Nano
Letters, vol. 10, no. 8, pp. 3209-3215, 2010.

W. Zhou, S. Guo, S. Zhang et al., “Unusual electronic transi-
tions in two-dimensional layered Sn Sb, Te, driven by
electronic state rehybridization,” Physical Review Applied,
vol. 11, no. 6, article 064045, 2019.

S. Zhang, Z. Yan, Y. Li, Z. Chen, and H. Zeng, “Atomically
thin arsenene and antimonene: semimetal-semiconductor
and indirect-direct band-gap transitions,” Angewandte Che-
mie International Edition, vol. 54, no. 10, pp. 3112-3115,
2015.

S. Zhang, M. Xie, F. Li et al., “Semiconducting group 15
monolayers: a broad range of band gaps and high carrier
mobilities,” Angewandte Chemie International Edition,
vol. 55, no. 5, pp. 1666-1669, 2016.

E. Aktiirk, O. U. Aktiirk, and S. Ciraci, “Single and bilayer
bismuthene: stability at high temperature and mechanical
and electronic properties,” Physical Review B, vol. 94, no. 1,
article 014115, 2016.

M. Pumera and Z. Sofer, “2D monoelemental arsenene, anti-
monene, and bismuthene: beyond black phosphorus,”
Advanced Materials, vol. 29, no. 21, article 1605299, 2017.

J. Sturala, Z. Sofer, and M. Pumera, “Chemistry of layered
pnictogens: phosphorus, arsenic, antimony, and bismuth,”
Angewandte Chemie, vol. 131, no. 23, pp. 7631-7637, 2019.
R. Hultgren, N. S. Gingrich, and B. E. Warren, “The atomic
distribution in red and black phosphorus and the crystal
structure of black phosphorus,” The Journal of Chemical
Physics, vol. 3, no. 6, pp. 351-355, 1935.

R. W. Keyes, “The electrical properties of black phosphorus,”
Physical Review, vol. 92, no. 3, pp. 580-584, 1953.

D. Warschauer, “Electrical and optical properties of crystal-
line black phosphorus,” Journal of Applied Physics, vol. 34,
no. 7, pp. 1853-1860, 1963.

J. C. Jamieson, “Crystal structures adopted by black phospho-
rus at high pressures,” Science, vol. 139, no. 3561, pp. 1291-
1292, 1963.

S. Zhang, S. Guo, Z. Chen et al, “Recent progress in 2D
group-VA semiconductors: from theory to experiment,”
Chemical Society Reviews, vol. 47, no. 3, pp. 982-1021, 2018.
J. H. Xu, E. G. Wang, C. S. Ting, and W. P. Su, “Tight-binding
theory of the electronic structures for rhombohedral semi-
metals,” Physical Review B, vol. 48, no. 23, pp. 17271-
17279, 1993.

G. N. Greaves, S. R. Elliott, and E. A. Davis, “Amorphous
arsenic,” Advances in Physics, vol. 28, no. 1, pp. 49-141, 1979.

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

Research

Z.Zhu and D. Tomanek, “Semiconducting layered blue phos-
phorus: a computational study,” Physical Review Letters,
vol. 112, no. 17, article 176802, 2014.

M. Wu, H. Fu, L. Zhou, K. Yao, and X. C. Zeng, “Nine new
phosphorene polymorphs with non-honeycomb structures:
a much extended family,” Nano Letters, vol. 15, no. 5,
pp. 3557-3562, 2015.

Z. Zhuo, X. Wu, and J. Yang, “Two-dimensional phosphorus
porous polymorphs with tunable band gaps,” Journal of the
American Chemical Society, vol. 138, no. 22, pp. 7091-7098,
2016.

J. Heyd, G. E. Scuseria, and M. Ernzerhof, “Hybrid func-
tionals based on a screened Coulomb potential,” Journal of
Chemical Physics, vol. 118, no. 18, pp. 8207-8215, 2003.

J. Qiao, X. Kong, Z. X. Hu, F. Yang, and W. Ji, “High-mobility
transport anisotropy and linear dichroism in few-layer black
phosphorus,” Nature Communications, vol. 5, no. 1, article
4475, 2014.

L. Hedin, “New method for calculating the one-particle
Green’s function with application to the electron-gas prob-
lem,” Physical Review, vol. 139, no. 3A, pp. A796-A823,
1965.

M. Shishkin and G. Kresse, “Implementation and perfor-
mance of the frequency-dependent GW method within the
PAW framework,” Physical Review B, vol. 74, no. 3, article
035101, 2006.

L. Cheng, H. Liu, X. Tan et al., “Thermoelectric properties of
a monolayer bismuth,” The Journal of Physical Chemistry C,
vol. 118, no. 2, pp. 904-910, 2014.

F. Ersan, E. Aktiirk, and S. Ciraci, “Stable single-layer struc-
ture of group-V elements,” Physical Review B, vol. 94,
no. 24, article 245417, 2016.

Z.Luo, ]. Maassen, Y. Deng et al., “Anisotropic in-plane ther-
mal conductivity observed in few-layer black phosphorus,”
Nature Communications, vol. 6, no. 1, article 8572, 2015.

X. Wang, A. M. Jones, K. L. Seyler et al., “Highly anisotropic
and robust excitons in monolayer black phosphorus,” Nature
Nanotechnology, vol. 10, no. 6, pp. 517-521, 2015.

J. D. Wood, S. A. Wells, D. Jariwala et al., “Effective passiv-
ation of exfoliated black phosphorus transistors against ambi-
ent degradation,” Nano Letters, vol. 14, no. 12, pp. 6964-
6970, 2014.

Y. Anugrah, M. C. Robbins, P. A. Crowell, and S. J. Koester,
“Determination of the Schottky barrier height of ferromag-
netic contacts to few-layer phosphorene,” Applied Physics
Letters, vol. 106, no. 10, article 103108, 2015.

V. Tayari, N. Hemsworth, I. Fakih et al., “T'wo-dimensional
magnetotransport in a black phosphorus naked quantum
well,” Nature Communications, vol. 6, no. 1, article 7702,
2015.

A. Favron, E. Gaufres, F. Fossard et al., “Photooxidation
and quantum confinement effects in exfoliated black phos-
phorus,” Nature Materials, vol. 14, no. 8, pp. 826-832,
2015.

Y. Saito and Y. Iwasa, “Ambipolar insulator-to-metal transi-
tion in black phosphorus by ionic-liquid gating,” ACS Nano,
vol. 9, no. 3, pp. 3192-3198, 2015.

P. Ares, F. Aguilar-Galindo, D. Rodriguez-San-Miguel et al.,
“Mechanical isolation of highly stable antimonene under
ambient conditions,” Advanced Materials, vol. 28, no. 30,
pp. 6332-6336, 2016.



Research

(42]

(43]

[44]

[45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

Y. Chen, C. Chen, R. Kealhofer et al., “Black arsenic: a layered
semiconductor with extreme in-plane anisotropy,” Advanced
Materials, vol. 30, no. 30, article 1800754, 2018.

J. Ji, X. Song, J. Liu et al.,, “T'wo-dimensional antimonene
single crystals grown by van der Waals epitaxy,” Nature
Communications, vol. 7, no. 1, article 13352, 2016.

H. A. Chen, H. Sun, C. R. Wu et al,, “Single-crystal antimo-
nene films prepared by molecular beam epitaxy: selective
growth and contact resistance reduction of the 2D material
heterostructure,” ACS Applied Materials & Interfaces,
vol. 10, no. 17, pp. 15058-15064, 2018.

Y. Shao, Z. L. Liu, C. Cheng et al., “Epitaxial growth of flat
antimonene monolayer: a new honeycomb analogue of gra-
phene,” Nano Letters, vol. 18, no. 3, pp. 2133-2139, 2018.
M. Fortin-Deschénes, O. Waller, T. O. Mentes et al., “Synthe-
sis of antimonene on germanium,” Nano Letters, vol. 17,
no. 8, pp. 4970-4975, 2017.

M. Fortin-Deschénes, R. M. Jacobberger, C. A. Deslauriers
et al., “Dynamics of antimonene-graphene van der Waals
growth,” Advanced Materials, vol. 31, no. 21, article
1900569, 2019.

T. Niu, W. Zhou, D. Zhou et al., “Modulating epitaxial atomic
structure of antimonene through interface design,” Advanced
Materials, vol. 31, no. 29, article 1902606, 2019.
X. Wu, Y. Shao, H. Liu et al, “Epitaxial growth and air-
stability of monolayer antimonene on PdTe,,” Advanced
Materials, vol. 29, no. 11, article 1605407, 2017.

Z. Q. Shi, H. Li, Q. Q. Yuan et al,, “van der Waals heteroepi-
taxial growth of monolayer Sb in a puckered honeycomb
structure,” Advanced Materials, vol. 31, no. 5, article
1806130, 2019.

F. Reis, G. Li, L. Dudy et al,, “Bismuthene on a SiC substrate: a
candidate for a high-temperature quantum spin hall mate-
rial,” Science, vol. 357, no. 6348, pp. 287-290, 2017.

W. Lu, H. Nan, J. Hong et al., “Plasma-assisted fabrication of
monolayer phosphorene and its Raman characterization,”
Nano Research, vol. 7, no. 6, pp. 853-859, 2014.

J. Jia, S. K. Jang, S. Lai et al., “Plasma-treated thickness-
controlled two-dimensional black phosphorus and its elec-
tronic transport properties,” ACS Nano, vol. 9, no. 9,
pp. 8729-8736, 2015.

H. S. Tsai, S. W. Wang, C. H. Hsiao et al., “Direct synthesis
and practical bandgap estimation of multilayer arsenene
nanoribbons,” Chemistry of Materials, vol. 28, no. 2,
pp. 425-429, 2016.

J. R. Brent, N. Savjani, E. A. Lewis, S. J. Haigh, D. J. Lewis, and
P. O'Brien, “Production of few-layer phosphorene by liquid
exfoliation of black phosphorus,” Chemical Communications,
vol. 50, no. 87, pp. 13338-13341, 2014.

C. Gibaja, D. Rodriguez-San-Miguel, P. Ares et al., “Few-layer
antimonene by liquid-phase exfoliation,” Angewandte Che-
mie International Edition, vol. 55, no. 46, pp. 14345-14349,
2016.

S. M. Beladi-Mousavi, A. M. Pourrahimi, Z. Sofer, and
M. Pumera, “Atomically thin 2D-arsenene by liquid-phased
exfoliation: toward selective vapor sensing,” Advanced Func-
tional Materials, vol. 29, no. 5, article 1807004, 2018.

Y. Huang, C. Zhu, S. Zhang et al., “Ultrathin bismuth nano-
sheets for stable Na-ion batteries: clarification of structure
and phase transition by in situ observation,” Nano Letters,
vol. 19, no. 2, pp. 1118-1123, 2019.

[59]

[60]

[61]

(62]

[63]

(64]

(65]

(66]

[67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

(75]

17

Z.Yang, J. Hao, S. Yuan et al., “Field-effect transistors based
on amorphous black phosphorus ultrathin films by pulsed
laser deposition,” Advanced Materials, vol. 27, no. 25,
pp. 3748-3754, 2015.

L. Li, C. Tang, B. Xia, H. Jin, Y. Zheng, and S.-Z. Qiao, “Two-
dimensional mosaic bismuth nanosheets for highly selective
ambient electrocatalytic nitrogen reduction,” ACS Catalysis,
vol. 9, no. 4, pp. 2902-2908, 2019.

L. Cai, J. He, Q. Liu et al., “Vacancy-induced ferromagnetism
of MoS, nanosheets,” Journal of the American Chemical Soci-
ety, vol. 137, no. 7, pp. 2622-2627, 2015.

R. Gusmio, Z. Sofer, D. Bousa, and M. Pumera, “Pnictogen
(As, Sb, Bi) nanosheets for electrochemical applications are
produced by shear exfoliation using kitchen blenders,” Ange-
wandte Chemie International Edition, vol. 56, no. 46,
pp. 14417-14422, 2017.

7.Yang,Z. Wu, Y. Lyu, and J. Hao, “Centimeter-scale growth of
two-dimensional layered high-mobility bismuth films by pulsed
laser deposition,” InfoMat, vol. 1, no. 1, pp. 98-107, 2019.

L. Guan, B. Xing, X. Niu et al., “Metal-assisted exfoliation of
few-layer black phosphorus with high yield,” Chemical Com-
munications, vol. 54, no. 6, pp. 595-598, 2018.

Z. Guo, H. Zhang, S. Lu et al., “From black phosphorus to
phosphorene: basic solvent exfoliation, evolution of Raman
scattering, and applications to ultrafast photonics,” Advanced
Functional Materials, vol. 25, no. 45, pp. 6996-7002, 2015.

F. Schwierz, “Graphene transistors,” Nature Nanotechnology,
vol. 5, no. 7, pp. 487-496, 2010.

H. Du, X. Lin, Z. Xu, and D. Chu, “Recent developments in
black phosphorus transistors,” Journal of Materials Chemis-
try C, vol. 3, no. 34, pp. 8760-8775, 2015.

W. Zhu, M. N. Yogeesh, S. Yang et al., “Flexible black phos-
phorus ambipolar transistors, circuits and AM demodulator,”
Nano Letters, vol. 15, no. 3, pp. 1883-1890, 2015.

H. Liu, Y. Du, Y. Deng, and P. D. Ye, “Semiconducting black
phosphorus: synthesis, transport properties and electronic
applications,” Chemical Society Reviews, vol. 44, no. 9,
pp. 2732-2743, 2015.

J. Wu, H. Yuan, M. Meng et al,, “High electron mobility and
quantum oscillations in non-encapsulated ultrathin semicon-
ducting Bi,0,Se,” Nature Nanotechnology, vol. 12, no. 6,
pp. 530-534, 2017.

Y. Du, H. Liu, Y. Deng, and P. D. Ye, “Device perspective for
black phosphorus field-effect transistors: contact resistance,
ambipolar behavior, and scaling,” ACS Nano, vol. 8, no. 10,
pp. 10035-10042, 2014.

F. Liu, Y. Wang, X. Liu, J. Wang, and H. Guo, “Ballistic trans-
port in monolayer black phosphorus transistors,” IEEE
Transactions on Electron Devices, vol. 61, no. 11, pp. 3871-
3876, 2014.

B. Liu, M. Kopf, A. N. Abbas et al., “Black arsenic-phospho-
rus: layered anisotropic infrared semiconductors with highly
tunable compositions and properties,” Advanced Materials,
vol. 27, no. 30, pp. 4423-4429, 2015.

M. Zhong, Q. Xia, L. Pan et al, “Thickness-dependent
carrier transport characteristics of a new 2D elemental
semiconductor: black arsenic,” Advanced Functional Mate-
rials, vol. 28, no. 43, article 1802581, 2018.

S. Das, M. Demarteau, and A. Roelofs, “Ambipolar phos-
phorene field effect transistor,” ACS Nano, vol. 8, no. 11,
pp. 11730-11738, 2014.



18

(76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

S. Seo, B. Park, Y. Kim et al., “Black phosphorus quan-
tum dot-based field-effect transistors with ambipolar char-
acteristics,” Applied Surface Science, vol. 448, pp. 576-582,
2018.

X. Feng, X. Huang, L. Chen, W. C. Tan, L. Wang, and K.-
W. Ang, “High mobility anisotropic black phosphorus
nanoribbon field-effect transistor,” Advanced Functional
Materials, vol. 28, no. 28, article 1801524, 2018.

P. Zhao, J. Li, W. Wei et al., “Giant anisotropic photogalvanic
effect in a flexible AsSb Monolayer with ultrahigh carrier
mobility,” Physical Chemistry Chemical Physics, vol. 19,
no. 40, pp. 27233-27239, 2017.

F. Chu, M. Chen, Y. Wang et al., “A highly polarization sen-
sitive antimonene photodetector with a broadband photore-
sponse and strong anisotropy,” Journal of Materials
Chemistry C, vol. 6, no. 10, pp. 2509-2514, 2018.

T. Hong, B. Chamlagain, W. Lin et al., “Polarized photocur-
rent response in black phosphorus field-effect transistors,”
Nanoscale, vol. 6, no. 15, pp. 8978-8983, 2014.

F. Xia, H. Wang, and Y. Jia, “Rediscovering black phosphorus
as an anisotropic layered material for optoelectronics and
electronics,” Nature Communications, vol. 5, no. 1, article
4458, 2014.

J. Miao, S. Zhang, L. Cai, M. Scherr, and C. Wang, “Ultrashort
channel length black phosphorus field-effect transistors,”
ACS Nano, vol. 9, no. 9, pp. 9236-9243, 2015.

X. Yan, H. Wang, and L. Sanchez Esqueda, “Temperature-
dependent transport in ultrathin black phosphorus field-
effect transistors,” Nano Letters, vol. 19, no. 1, pp. 482-487,
2019.

N. Haratipour, M. C. Robbins, and S. J. Koester, “Black phos-
phorus P-MOSFETSs with 7-nm HfO, gate dielectric and low
contact resistance,” IEEE Electron Device Letters, vol. 36,
no. 4, pp. 411-413, 2015.

X. Sun, Z. Song, S. Liu et al., “Sub-5 nm monolayer arsenene
and antimonene transistors,” ACS Applied Materials & Inter-
faces, vol. 10, no. 26, pp. 22363-22371, 2018.

H. Li,J. Tie, J. Li et al., “High-performance sub-10-nm mono-
layer black phosphorene tunneling transistors,” Nano
Research, vol. 11, no. 5, pp. 2658-2668, 2018.

H. Li, B. Shi, Y. Pan et al., “Sub-5 nm monolayer black phos-
phorene tunneling transistors,” Nanotechnology, vol. 29,
no. 48, article 485202, 2018.

R. Quhe, Q. Li, Q. Zhang et al., “Simulations of quantum
transport in sub-5-nm monolayer phosphorene transis-
tors,” Physical Review Applied, vol. 10, no. 2, article 024002,
2018.

H. Li and J. Lu, “Sub-10nm vertical tunneling transistors
based on layered black phosphorene homojunction,” Applied
Surface Science, vol. 465, pp. 895-901, 2019.

J. Wang, Q. Cai, J. Lei et al., “Performance of monolayer blue
phosphorene double-gate MOSFETs from the first princi-
ples,” ACS Applied Materials & Interfaces, vol. 11, no. 23,
Pp- 20956-20964, 2019.

C. Qiu, Z. Zhang, M. Xiao, Y. Yang, D. Zhong, and L.-
M. Peng, “Scaling carbon nanotube complementary transis-
tors to 5-nm gate lengths,” Science, vol. 355, no. 6322,
pp. 271-276, 2017.

S. B. Desai, S. R. Madhvapathy, A. B. Sachid et al., “MoS,
transistors with 1-nanometer gate lengths,” Science,
vol. 354, no. 6308, pp. 99-102, 2016.

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

(103]

[104]

[105]

[106]

[107]

[108]

Research

A. Nourbakhsh, A. Zubair, R. N. Sajjad et al., “MoS, field-
effect transistor with sub-10 nm channel length,” Nano
Letters, vol. 16, no. 12, pp- 7798-7806, 2016.
L. Xie, M. Liao, S. Wang et al, “Graphene-contacted
ultrashort channel monolayer MoS, transistors,” Advanced
Materials, vol. 29, no. 37, article 1702522, 2017.

K. T. Lam, Z. Dong, and J. Guo, “Performance limits
projection of black phosphorous field-effect transistors,”
IEEE Electron Device Letters, vol. 35, no. 9, pp. 963-965, 2014.
R. Wan, X. Cao, and J. Guo, “Simulation of phosphorene
Schottky-barrier transistors,” Applied Physics Letters,
vol. 105, no. 16, article 163511, 2014.

X. Cao and J. Guo, “Simulation of phosphorene field-effect
transistor at the scaling limit,” IEEE Transactions on Electron
Devices, vol. 62, no. 2, pp. 659-665, 2015.

J. Chang and C. Hobbs, “Theoretical study of phosphorene
tunneling field effect transistors,” Applied Physics Letters,
vol. 106, no. 8, article 083509, 2015.

Y. Wang, P. Huang, M. Ye et al., “Many-body effect, carrier
mobility, and device performance of hexagonal arsenene
and antimonene,” Chemistry of Materials, vol. 29, no. 5,
pp. 2191-2201, 2017.

F. W. Chen, H. Ilatikhameneh, T. A. Ameen, G. Klimeck, and
R. Rahman, “Thickness engineered tunnel field-effect transis-
tors based on phosphorene,” IEEE Electron Device Letters,
vol. 38, no. 1, pp. 130-133, 2017.

F. Liu, Q. Shi, J. Wang, and H. Guo, “Device performance
simulations of multilayer black phosphorus tunneling tran-
sistors,” Applied Physics Letters, vol. 107, no. 20, article
203501, 2015.

N. Haratipour, S. Namgung, S. H. Oh, and S. J. Koester, “Fun-
damental limits on the subthreshold slope in Schottky sour-
ce/drain black phosphorus field-effect transistors,” ACS
Nano, vol. 10, no. 3, pp- 3791-3800, 2016.

S. Das, W. Zhang, M. Demarteau, A. Hoffmann,
M. Dubey, and A. Roelofs, “Tunable transport gap in
phosphorene,” Nano Letters, vol. 14, no. 10, pp. 5733-5739,
2014.

D. Yin and Y. Yoon, “Design strategy of two-dimensional
material field-effect transistors: engineering the number of
layers in phosphorene FETSs,” Journal of Applied Physics,
vol. 119, no. 21, article 214312, 2016.

J. Chen, Z. Yang, W. Zhou, H. Zou, M. Li, and F. Ouyang,
“Monolayer-trilayer lateral heterostructure based antimo-
nene field effect transistor: better contact and high on/off
ratios,” physica status solidi (RRL) - Rapid Research Letters,
vol. 12, no. 5, article 1800038, 2018.

J. Chang, “Novel antimonene tunneling field-effect transis-
tors using an abrupt transition from semiconductor to metal
in monolayer and multilayer antimonene heterostructures,”
Nanoscale, vol. 10, no. 28, pp. 13652-13660, 2018.

D. Seo and J. Chang, “Doping-free arsenene heterostructure
metal-oxide-semiconductor field effect transistors enabled
by thickness modulated semiconductor to metal transition
in arsenene,” Scientific Reports, vol. 9, no. 1, article 3988,
2019.

M. Hu, Z. Yang, W. Zhou, A. Li, J. Pan, and F. Ouyang, “Field
effect transistors based on phosphorene nanoribbon with
selective edge-adsorption: a first-principles study,” Physica
E: Low-dimensional Systems and Nanostructures, vol. 98,
pp. 60-65, 2018.



Research

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Z. Zhang, L. Li, ]. Horng et al., “Strain-modulated bandgap
and piezo-resistive effect in black phosphorus field-effect
transistors,” Nano Letters, vol. 17, no. 10, pp. 6097-6103,
2017.

W. Zhu, S. Park, M. N. Yogeesh, K. M. McNicholas, S. R.
Bank, and D. Akinwande, “Black phosphorus flexible thin
film transistors at gighertz frequencies,” Nano Letters,
vol. 16, no. 4, pp- 2301-2306, 2016.

H. Wang, X. Wang, F. Xia et al., “Black phosphorus radio-
frequency transistors,” Nano Letters, vol. 14, no. 11,
pp. 6424-6429, 2014

B. Yang, B. Wan, Q. Zhou et al,, “Te-doped black phosphorus
field-effect transistors,” Advanced Materials, vol. 28, no. 42,
pp. 9408-9415, 2016.

W.C.Tan, Y. Cai, R.]. Ng et al., “Few-layer black phosphorus
carbide field-effect transistor via carbon doping,” Advanced
Materials, vol. 29, no. 24, article 1700503, 2017.

Y. Liu, N. O. Weiss, X. Duan, H.-C. Cheng, Y. Huang, and
X. Duan, “van der Waals heterostructures and devices,”
Nature Reviews Materials, vol. 1, no. 9, article 16042, 2016.
J. Kang, D. Jariwala, C. R. Ryder et al., “Probing out-of-plane
charge transport in black phosphorus with graphene-
contacted vertical field-effect transistors,” Nano Letters,
vol. 16, no. 4, pp. 2580-2585, 2016.

Y. Deng, Z. Luo, N. J. Conrad et al., “Black phosphorus-
monolayer MoS, van der Waals heterojunction p-n diode,”
ACS Nano, vol. 8, no. 8, pp. 8292-8299, 2014.

D. Li, X. Wang, Q. Zhang, L. Zou, X. Xu, and Z. Zhang, “Non-
volatile floating-gate memories based on stacked black
phosphorus-boron nitride-MoS, heterostructures,” Advanced
Functional Materials, vol. 25, no. 47, pp. 7360-7365, 2015.

R. Yan, S. Fathipour, Y. Han et al., “Esaki diodes in van der
Waals heterojunctions with broken-gap energy band align-
ment,” Nano Letters, vol. 15, no. 9, pp. 5791-5798, 2015.

P. Chen, T. T. Zhang, J. Zhang et al., “Gate tunable WSe,-Bp
van der Waals heterojunction devices,” Nanoscale, vol. 8,
no. 6, pp. 3254-3258, 2016.

R. Zhou, V. Ostwal, and J. Appenzeller, “Vertical versus lat-
eral two-dimensional heterostructures: on the topic of atom-
ically abrupt p/n-junctions,” Nano Letters, vol. 17, no. 8,
pp. 4787-4792, 2017.

D. Li, B. Wang, M. Chen, J. Zhou, and Z. Zhang, “Gate-con-
trolled Bp-WSe, heterojunction diode for logic rectifiers and
logic optoelectronics,” Small, vol. 13, no. 21, article 1603726,
2017.

X. Liu, D. Qu, H. M. Li et al, “Modulation of quantum
tunneling via a vertical two-dimensional black phosphorus
and molybdenum disulfide p-n junction,” ACS Nano,
vol. 11, no. 9, pp. 9143-9150, 2017.

Y. Cao, A. Mishchenko, G. L. Yu et al,, “Quality heterostruc-
tures from two-dimensional crystals unstable in air by their
assembly in inert atmosphere,” Nano Letters, vol. 15, no. 8,
pp. 4914-4921, 2015.

J. Yuan, S. Najmaei, Z. Zhang et al., “Photoluminescence
quenching and charge transfer in artificial heterostacks of
monolayer transition metal dichalcogenides and few-layer
black phosphorus,” ACS Nano, vol. 9, no. 1, pp. 555-563, 2015.
R. A. Doganov, E. C. T. O'Farrell, S. P. Koenig et al., “Trans-
port properties of pristine few-layer black phosphorus by van
der Waals passivation in an inert atmosphere,” Nature Com-
munications, vol. 6, no. 1, article 6647, 2015.

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

19

N. Gillgren, D. Wickramaratne, Y. Shi et al., “Gate tunable
quantum oscillations in air-stable and high mobility few-
layer phosphorene heterostructures,” 2D Materials, vol. 2,
no. 1, article 011001, 2014.

A. Avsar, L. J. Vera-Marun, J. Y. Tan et al., “Air-stable trans-
port in graphene-contacted, fully encapsulated ultrathin
black phosphorus-based field-effect transistors,” ACS Nano,
vol. 9, no. 4, pp. 4138-4145, 2015.

X. Chen, C. Chen, A. Levi et al., “Large-velocity saturation in
thin-film black phosphorus transistors,” ACS Nano, vol. 12,
no. 5, pp. 5003-5010, 2018.

R. Quhe, S. Feng, J. Lu, and M. Lei, “Electronic properties of
layered phosphorus heterostructures,” Physical Chemistry
Chemical Physics, vol. 19, no. 2, pp. 1229-1235, 2017.

L. Wang, L. Huang, W. C. Tan, X. Feng, L. Chen, and K.-
W. Ang, “Tunable black phosphorus heterojunction transis-
tors for multifunctional optoelectronics,” Nanoscale, vol. 10,
no. 29, pp. 14359-14367, 2018.

J. Miao, B. Song, Q. Li et al., “Photothermal effect induced
negative photoconductivity and high responsivity in flexible
black phosphorus transistors,” ACS Nano, vol. 11, no. 6,
pp. 6048-6056, 2017.

S. P. Koenig, R. A. Doganov, H. Schmidt, A. H. Castro Neto,
and B. Ozyilmaz, “Electric field effect in ultrathin black phos-
phorus,” Applied Physics Letters, vol. 104, no. 10, article
103106, 2014.

F. Wu, H. Xia, H. Sun et al., “AsP/InSe van der Waals tunnel-
ing heterojunctions with ultrahigh reverse rectification ratio
and high photosensitivity,” Advanced Functional Materials,
vol. 29, no. 12, article 1900314, 2019.

W. Zhou, X. Liu, X. Hu et al., “Band offsets in new BN/BX
(X = P, As, Sb) lateral heterostructures based on bond-
orbital theory,” Nanoscale, vol. 10, no. 34, pp. 15918-15925,
2018.

P.J. Jeon, Y. T. Lee, J. Y. Lim, J. S. Kim, D. K. Hwang, and
S. Im, “Black phosphorus-zinc oxide nanomaterial hetero-
junction for p-n diode and junction field-effect transistor,”
Nano Letters, vol. 16, no. 2, pp. 1293-1298, 2016.

A. Gao, J. Lai, Y. Wang et al., “Observation of ballistic ava-
lanche phenomena in nanoscale vertical InSe/BP heterostruc-
tures,” Nature Nanotechnology, vol. 14, no. 3, pp. 217-222,
2019.

J. Lu, J. Wu, A. Carvalho et al., “Bandgap engineering of phos-
phorene by laser oxidation toward functional 2D materials,”
ACS Nano, vol. 9, no. 10, pp. 10411-10421, 2015.

C. Han, Z. Hu, A. Carvalho et al., “Oxygen induced strong
mobility modulation in few-layer black phosphorus,” 2D
Materials, vol. 4, no. 2, article 021007, 2017.

S. Zhang, W. Zhou, Y. Ma et al,, “Antimonene oxides: emerg-
ing tunable direct bandgap semiconductor and novel topo-
logical insulator,” Nano Letters, vol. 17, no. 6, pp. 3434-
3440, 2017.

W. Zhou, B. Cai, S. Guo et al., “Robust two-dimensional
topological insulators in derivatives of group-VA oxides with
large band gap: tunable quantum spin hall states,” Applied
Materials Today, vol. 15, pp. 163-170, 2019.

M. Xie, S. Zhang, B. Cai, Y. Zou, and H. Zeng, “N- and p-type
doping of antimonene,” RSC Advances, vol. 6, no. 18,
pp. 14620-14625, 2016.

M. Zhong, X. Wang, S. Liu et al., “High-performance photo-
detectors based on Sb,S; nanowires: wavelength dependence



20

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

(157]

and wide temperature range utilization,” Nanoscale, vol. 9,
no. 34, pp. 12364-12371, 2017.

J. Liu, X. Liu, Z. Chen et al., “Tunable Schottky barrier width
and enormously enhanced photoresponsivity in Sb doped
SnS, monolayer,” Nano Research, vol. 12, no. 2, pp. 463-
468, 2019.

M. Zhong, C. Shen, L. Huang et al., “Electronic structure and
exciton shifts in Sb-doped MoS, monolayer,” npj 2D Mate-
rials and Applications, vol. 3, no. 1, p. 1, 2019.

A. Prakash, Y. Cai, G. Zhang, Y. W. Zhang, and K. W. Ang,
“Black phosphorus N-type field-effect transistor with ultra-
high electron mobility via aluminum adatoms doping,”
Small, vol. 13, no. 5, article 1602909, 2017.

Z. Wang, J. Lu, J. Wang et al,, “Air-stable n-doped black
phosphorus transistor by thermal deposition of metal ada-
toms,” Nanotechnology, vol. 30, no. 13, article 135201, 2019.

Y. Liu, Y. Cai, G. Zhang, Y.-W. Zhang, and K.-W. Ang, “Al-
doped black phosphorus p-n homojunction diode for high
performance photovoltaic,” Advanced Functional Materials,
vol. 27, no. 7, article 1604638, 2017.

C. Han, Z. Hu, L. C. Gomes et al,, “Surface functionalization
of black phosphorus via potassium toward high-performance
complementary devices,” Nano Letters, vol. 17, no. 7,
pp. 4122-4129, 2017.

Y. Ge, S. Chen, Y. Xu et al., “Few-layer selenium-doped black
phosphorus: synthesis, nonlinear optical properties and
ultrafast photonics applications,” Journal of Materials Chem-
istry C, vol. 5, no. 25, pp. 6129-6135, 2017.

W. Ly, B. Yang, B. Wang et al., “Sulfur-doped black phospho-
rus field-effect transistors with enhanced stability,” ACS
Applied Materials & Interfaces, vol. 10, no. 11, pp. 9663
9668, 2018.

T. Gao, X. Li, X. Xiong, M. Huang, T. Li, and Y. Wu, “Opti-
mized transport properties in lithium doped black phospho-
rus transistors,” IEEE Electron Device Letters, vol. 39, no. 5,
pp. 769-772, 2018.

S. P. Koenig, R. A. Doganov, L. Seixas et al., “Electron doping
of ultrathin black phosphorus with Cu adatoms,” Nano Let-
ters, vol. 16, no. 4, pp. 2145-2151, 2016.

D. Xiang, C. Han, J. Wu et al, “Surface transfer doping
induced effective modulation on ambipolar characteristics
of few-layer black phosphorus,” Nature Communications,
vol. 6, no. 1, article 6485, 2015.

Y. Xu, J. Yuan, K. Zhang et al., “Field-induced n-doping of
black phosphorus for CMOS compatible 2D logic electronics
with high electron mobility,” Advanced Functional Materials,
vol. 27, no. 38, article 1702211, 2017.

Y. He, F. Xia, Z. Shao, J. Zhao, and J. Jie, “Surface charge
transfer doping of monolayer phosphorene via molecular
adsorption,” The Journal of Physical Chemistry Letters,
vol. 6, no. 23, pp. 4701-4710, 2015.

F. Xia, S. Xiong, Y. He, Z. Shao, X. Zhang, and J. Jie, “Tuning
the electronic and optical properties of monolayers as, Sb,
and bi via surface charge transfer doping,” The Journal of
Physical Chemistry C, vol. 121, no. 35, pp. 19530-19537,
2017.

M. M. R. Moayed, T. Bielewicz, H. Noei, A. Stierle, and
C. Klinke, “High-performance n- and p-type field-effect
transistors based on hybridly surface-passivated colloidal
PbS nanosheets,” Advanced Functional Materials, vol. 28,
no. 19, article 1706815, 2018.

(158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Research

S. Lee, C. Yoon, J. H. Lee et al.,, “Enhanced performance of
field-effect transistors based on black phosphorus channels
reduced by galvanic corrosion of Al overlayers,” ACS Applied
Materials & Interfaces, vol. 10, no. 22, pp. 18895-18901,
2018.

W. Dickerson, V. Tayari, I. Fakih et al., “Phosphorus oxide
gate dielectric for black phosphorus field effect transistors,”
Applied Physics Letters, vol. 112, no. 17, article 173101,
2018.

D. H. Kwak, H. S. Ra, J. Yang et al., “Recovery mechanism of
degraded black phosphorus field-effect transistors by 1,2-
ethanedithiol chemistry and extended device stability,” Small,
vol. 14, no. 6, article 1703194, 2018.

X. Li, J. Wu, Y. Ye et al, “Performance and reliability
improvement under high current densities in black phospho-
rus transistors by interface engineering,” ACS Applied Mate-
rials & Interfaces, vol. 11, no. 1, pp. 1587-1594, 2019.

L. Wang, W. Liao, S. Xu, X. Gong, C. Zhu, and K.-W. Ang,
“Unipolar n-type conduction in black phosphorus induced
by atomic layer deposited MgO,” IEEE Electron Device Let-
ters, vol. 40, no. 3, pp. 471-474, 2019.

Y. Zheng, Z. Hu, C. Han et al.,, “Black phosphorus inverter
devices enabled by in-situ aluminum surface modification,”
Nano Research, vol. 12, no. 3, pp. 531-536, 2018.

H. S. Ra, A. Y. Lee, D. H. Kwak, M. H. Jeong, and J. S. Lee,
“Dual-gate black phosphorus field-effect transistors with hex-
agonal boron nitride as dielectric and passivation layers,”
ACS Applied Materials & Interfaces, vol. 10, no. 1, pp. 925-
932, 2018.

B. Wan, Q. Zhou, J. Zhang et al., “Enhanced stability of black
phosphorus field-effect transistors via hydrogen treatment,”
Advanced Electronic Materials, vol. 4, no. 2, article 1700455,
2018.

X. Feng, L. Wang, X. Huang, L. Chen, and K. W. Ang, “Com-
plementary black phosphorus nanoribbons field-effect tran-
sistors and circuits,” IEEE Transactions on Electron Devices,
vol. 65, no. 10, pp. 4122-4128, 2018.

A. Allain, J. Kang, K. Banerjee, and A. Kis, “Electrical contacts
to two-dimensional semiconductors,” Nature Materials,
vol. 14, pp. 1195-1205, 2015.

F. Gao, H. Yang, and P. Hu, “Interfacial engineering for fab-
ricating high-performance field-effect transistors based on
2D materials,” Small Methods, vol. 2, no. 6, article 1700384,
2018.

Z. Cheng, K. Price, and A. D. Franklin, “Contacting and gat-
ing 2-D nanomaterials,” IEEE Transactions on Electron
Devices, vol. 65, no. 10, pp. 4073-4083, 2018.

D. S. Schulman, A. J. Arnold, and S. Das, “Contact engineer-
ing for 2D materials and devices,” Chemical Society Reviews,
vol. 47, no. 9, pp- 3037-3058, 2018.

A. V. Penumatcha, R. B. Salazar, and J. Appenzeller, “Analys-
ing black phosphorus transistors using an analytic Schottky
barrier MOSFET model,” Nature Communications, vol. 6,
no. 1, article 8948, 2015.

M. V. Kamalakar, B. N. Madhushankar, A. Dankert, and S. P.
Dash, “Low Schottky barrier black phosphorus field-effect
devices with ferromagnetic tunnel contacts,” Small, vol. 11,
no. 18, pp. 2209-2216, 2015.

G. Wang, L. Bao, T. Pei et al,, “Introduction of interfacial
charges to black phosphorus for a family of planar devices,”
Nano Letters, vol. 16, no. 11, pp. 6870-6878, 2016.



Research

[174]

[175]

[176]

(177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

(187]

[188]

[189]

[190]

A. Avsar, J. Y. Tan, X. Luo et al., “van der Waals bonded
Co/h-BN contacts to ultrathin black phosphorus devices,”
Nano Letters, vol. 17, no. 9, pp. 5361-5367, 2017.

J. Li, X. Sun, C. Xu et al., “Electrical contacts in monolayer
blue phosphorene devices,” Nano Research, vol. 11, no. 4,
pp. 1834-1849, 2018.

K. Hirose, T. Osada, K. Uchida et al., “Double carrier trans-
port in electron-doped region in black phosphorus FET,”
Applied Physics Letters, vol. 113, no. 19, article 193101, 2018.

F. Yang, Z. Zhang, N. Z. Wang et al., “Quantum hall effect in
electron-doped black phosphorus field-effect transistors,”
Nano Letters, vol. 18, no. 10, pp. 6611-6616, 2018.

Y. Pan, Y. Wang, M. Ye et al., “Monolayer phosphorene-
metal contacts,” Chemistry of Materials, vol. 28, no. 7,
pp. 21002109, 2016.

R. Quhe, Y. Wang, M. Ye et al., “Black phosphorus transistors
with van der Waals-type electrical contacts,” Nanoscale,
vol. 9, no. 37, pp. 14047-14057, 2017.

R. Quhe, X. Peng, Y. Pan et al,, “Can a black phosphorus
Schottky barrier transistor be good enough?,” ACS Applied
Materials & Interfaces, vol. 9, no. 4, pp. 3959-3966, 2017.

Y. Pan, Y. Dan, Y. Wang et al,, “Schottky barriers in bilayer
phosphorene transistors,” ACS Applied Materials & Inter-
faces, vol. 9, no. 14, pp. 12694-12705, 2017.

X. Zhang, Y. Pan, M. Ye et al., “Three-layer phosphorene-
metal interfaces,” Nano Research, vol. 11, no. 2, pp. 707-
721, 2018.

Y. Wang, M. Ye, M. Weng et al., “Electrical contacts in mono-
layer arsenene devices,” ACS Applied Materials & Interfaces,
vol. 9, no. 34, pp. 29273-29284, 2017.

Z.P.Ling, S. Sakar, S. Mathew et al., “Black phosphorus tran-
sistors with near band edge contact Schottky barrier,” Scien-
tific Reports, vol. 5, no. 1, article 18000, 2015.

L. Li, M. Engel, D. B. Farmer, S. J. Han, and H. S. P. Wong,
“High-performance p-type black phosphorus transistor with
scandium contact,” ACS Nano, vol. 10, no. 4, pp. 4672-
4677, 2016.

H.-M. Chang, K.-L. Fan, A. Charnas et al., “Experimental
analysis of the Schottky barrier height of metal contacts
in black phosphorus field-effect transistors,” Journal of
Physics D: Applied Physics, vol. 51, no. 13, article 135306,
2018.

N. Haratipour, S. Namgung, R. Grassi, T. Low, S.-H. Oh, and
S. J. Koester, “High-performance black phosphorus MOS-
FETs using crystal orientation control and contact engineer-
ing,” IEEE Electron Device Letters, vol. 38, no. 5, pp. 685-688,
2017.

B. Jiang, X. Zou, J. Su et al., “Impact of thickness on contact
issues for pinning effect in black phosphorus field-effect tran-
sistors,” Advanced Functional Materials, vol. 28, no. 26, arti-
cle 1801398, 2018.

C.H. Wang, J. A. C. Incorvia, C. J. McClellan et al., “Unipolar
n-type black phosphorus transistors with low work function
contacts,” Nano Letters, vol. 18, no. 5, pp. 2822-2827, 2018.

N. Oliva, E. A. Casu, W. A. Vitale, I. Stolichnov, and A. M.
Tonescu, “Polarity control of top gated black phosphorous
FETs by workfunction engineering of pre-patterned Au and
Ag embedded electrodes,” IEEE Journal of the Electron
Devices Society, vol. 6, pp. 1041-1047, 2018.

[191]

[192]

(193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

21

K. Gong, L. Zhang, W. Ji, and H. Guo, “Electrical contacts to
monolayer black phosphorus: a first-principles investiga-
tion,” Physical Review B, vol. 90, no. 12, article 125441, 2014.

L. Teitz and M. C. Toroker, “Theoretical investigation of
dielectric materials for two-dimensional field-effect transis-
tors,” Advanced Functional Materials, vol. 29, no. article
1808544, 2019.

L. M. Yang, G. Qiu, M. W. Si et al., “Few-layer black phospor-
ous PMOSFETs with Bn/Ai,o, bilayer gate dielectric: achiev-
ing I =850uA/Mm, G,_=340us/Mm, and R_=0.58kQ-pym,”
in 2016 IEEE International Electron Devices Meeting (IEDM),
pp- 5.5.1-5.5.4, San Francisco, CA, USA, December 2016.

H. Liu, A. T. Neal, M. Si, Y. Du, and P. D. Ye, “The effect of
dielectric capping on few-layer phosphorene transistors: tun-
ing the Schottky barrier heights,” IEEE Electron Device Let-
ters, vol. 35, no. 7, pp- 795-797, 2014.

N. Haratipour, Y. Liu, R. J. Wu et al., “Mobility anisotropy in
black phosphorus MOSFETs with HfO, gate dielectrics,”
IEEE Transactions on Electron Devices, vol. 65, no. 10,
pp. 4093-4101, 2018.

C. D. Liang, R. Ma, Y. Su et al., “Defects and low-frequency
noise in irradiated black phosphorus MOSFETs with HfO,
gate dielectrics,” IEEE Transactions on Nuclear Science,
vol. 65, no. 6, pp. 1227-1238, 2018.

X. Xiong, X. Li, M. Huang, T. Li, T. Gao, and Y. Wu, “High
performance black phosphorus electronic and photonic
devices with HfLaO dielectric,” IEEE Electron Device Letters,
vol. 39, no. 1, pp. 127-130, 2018.

F.Liu, Y. Zhou, Y. Wang, X. Liu, J. Wang, and H. Guo, “Neg-
ative capacitance transistors with monolayer black phospho-
rus,” npj Quantum Materials, vol. 1, no. 1, article 16004, 2016.

Y. T. Lee, H. Kwon, J. S. Kim et al., “Nonvolatile ferroelectric
memory circuit using black phosphorus nanosheet-based
field-effect transistors with P(Vdf-Trfe) polymer,” ACS Nano,
vol. 9, no. 10, pp. 10394-10401, 2015.

H. Tian, Y.-X. Li, L. Li et al., “Negative capacitance black
phosphorus transistors with low SS,” IEEE Transactions on
Electron Devices, vol. 66, no. 3, pp. 1579-1583, 2019.

Y. Saito, T. lizuka, T. Koretsune, R. Arita, S. Shimizu, and
Y. Iwasa, “Gate-tuned thermoelectric power in black phos-
phorus,” Nano Letters, vol. 16, no. 8, pp. 4819-4824, 2016.

G. Gao, B. Wan, X. Liu et al., “Tunable tribotronic dual-gate
logic devices based on 2D MoS, and black phosphorus,”
Advanced Materials, vol. 30, no. 13, article 1705088, 2018.

J. S. Kim, P. J. Jeon, J. Lee et al., “Dual gate black phosphorus
field effect transistors on glass for nor logic and organic light
emitting diode switching,” Nano Letters, vol. 15, no. 9,
pp. 5778-5783, 2015.

P. Wu, T. Ameen, H. Zhang et al., “Complementary black

phosphorus tunneling field-effect transistors,” ACS Nano,
vol. 13, no. 1, pp. 377-385, 2019.



	Two-Dimensional Pnictogen for Field-Effect Transistors
	1. Introduction
	2. Crystal Configuration and Electronic Band Structure
	2.1. Crystal Configuration
	2.2. Electronic Band Structure

	3. Material Preparation
	3.1. Mechanical Exfoliation
	3.2. van der Waals Epitaxy
	3.3. Molecular Beam Epitaxy
	3.4. Plasma-Assisted Fabrication
	3.5. Liquid Phase Exfoliation

	4. Integration and Characterization of 2D Pnictogen FETs
	4.1. Device Behaviors
	4.1.1. Ambipolar
	4.1.2. Anisotropy

	4.2. Device Parameters/Optimization
	4.2.1. Channel Length
	4.2.2. Channel Thickness

	4.3. Heterostructures
	4.3.1. Black Phosphorus-Graphene
	4.3.2. Black Phosphorus-TMDs
	4.3.3. Black Phosphorus-BN
	4.3.4. Black Phosphorus-Other Materials

	4.4. Doping and Passivation
	4.4.1. Doping
	4.4.2. Passivation

	4.5. Interfacial Engineering
	4.5.1. Contact Resistance
	4.5.2. High-k Dielectric
	4.5.3. Ferroelectric Capacitance

	4.6. Liquid and Dual Gating

	5. Summary and Perspective
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

