I REVIEWS

'Department of Electrical
Engineering, Yale University,
New Haven, CT, USA.

?Ming Hsieh Department
of Electrical Engineering,
University of Southern
California, Los Angeles,
CA, USA.

3Department of Electrical
and Computer Engineering,
Lehigh University, Bethlehem,
PA, USA.

“Centre for Advanced 2D
Materials and Graphene
Research Centre, National
University of Singapore,
Singapore, Singapore.
SDepartment of Physics,
National University of
Singapore, Singapore,
Singapore.

SDepartment of Physics,
Washington University,

St. Louis, MO, USA.
*e-mail: fengnian.xia@yale.
edu; han.wang.4@usc.edu;
lyang@physics.wustl.edu
https://doi.org/10.1038
$42254-019-0043-5

materials

Black phosphorus and its isoelectronic

Fengnian Xia

Orthorhombic black phosphorus (BP), the most stable
allotrope of phosphorus, is a semiconductor that was
first synthesized more than a century ago'. BP was pre-
viously explored as a bulk semiconductor in the 1980s”.
Complementing the research on graphene and other 2D
materials®'°, BP was rediscovered as a 2D and thin-film
material’-**, leading to many discoveries of interesting
physical phenomena such as perfectly linearly polarized
light emission from monolayer and few-layer forms,
spin-split Landau levels in the quantum Hall regime,
tunable topological and electronic properties and
field-induced transition from semiconducting to Dirac
semimetallic states® . BP’s high carrier mobility'”-"*
and widely tunable bandgap achieved by controlling the
layer number***** and external field*** make it prom-
ising for various electronic and photonic applications.
Interestingly, BP’s isoelectronic group IV monochalco-
genides in their monolayer form (MX, M =Sn or Ge and
X =Se or S)*-* have also attracted much attention. The
crystalline structure of the monolayer MX is analogous
to that of BP but with the broken inversion symmetry,
owing to its compound nature. As a result, monolayer
group IV monochalcogenides are ideal candidates for
the exploration of exotic polarization properties and
applications in piezoelectronics and ferroelectronics.
In this forward-looking Review, we first cover var-
ious crystalline symmetries and material properties of
BP and its isoelectronic group IV monochalcogenides.
We also briefly discuss other layered elemental and com-
pound group V materials**~>*. We then focus on mate-
rial stability issues and wafer-scale synthesis approaches
of BP and MX, which are of particular significance for
the future of this group of materials. Subsequently, we
cover the new electronic and photonic device con-
cepts and potential pathways for the discoveries of
novel physical phenomena, leveraging various exciting
properties of this group of materials with diverse

"* Han Wang?*, James C. M. Hwang?, A. H. Castro Neto*> and Li Yang®°®*

Abstract | The family of 2D and layered materials has been expanding rapidly for more than a
decade. Within this large family of hundreds of materials, black phosphorus and its isoelectronic
group IV monochalcogenides have a unique place. These puckered materials have distinctive
crystalline symmetries and exhibit various exciting properties, such as high carrier mobility,
strong infrared responsivity, widely tunable bandgap, in-plane anisotropy and spontaneous
electric polarization. Here, we review their basic properties, highlight new electronic and
photonic device concepts and novel physical phenomena and discuss future directions.

crystalline symmetries. Finally, we share our views on
future research directions.

Symmetries and basic material properties
The diverse physical properties of BP and its isoelec-
tronic group IV monochalcogenides arise primarily
from their material compositions and crystalline sym-
metries, with breaking and reduction of symmetries
playing an important role. In BP, the puckered lattice
has only two-fold rotational symmetry, which is much
reduced when compared with the six-fold in-plane
rotational symmetry in monolayer graphene with a flat
hexagonal lattice, as illustrated in BOX 1. As a result, BP’s
band structure is anisotropic regardless of its thickness,
resulting in anisotropic in-plane transport, thermal and
optical properties>'®'>**, For example, in monolayer
and few-layer BP, the photoluminescence emission is
perfectly linearly polarized***”**. BP also exhibits inter-
esting electrochemical properties, which are sensitive to
its environment™*. Its work function highly depends
on the layer number, and the redox activity is very dif-
ferent for the basal and edge planes™. A few previous
reviews™ " cover in detail the physical properties of
BP. We summarize its most basic features below.
Compared with layered semiconducting transition
metal dichalcogenides (TMDs), such as molybdenum
disulfide (MoS,)’, in BP, the layer-to-layer interaction is
stronger, leading to a stronger thickness dependence of
its bandgap. The electronic bandgap of BP varies from
around 0.33 eV to 2.0eV, when its thickness is reduced
from more than ten layers to a monolayer*’. In bulk BP,
the electron (hole) effective masses along the x-direction
(armchair), y-direction (zigzag) and z-direction (per-
pendicular to the 2D plane) were experimentally meas-
ured to be around 0.08 (0.08), 1.00 (0.65) and 0.13 (0.28)
m,, respectively, where m, is the free electron mass®’.
In few-layer (3-5 layers) BP, electrons and holes were
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Key points

* The crystalline symmetries of layered black phosphorus and its isoelectronic group IV
monochalcogenides play a very important role in the determination of their physical

properties.

e Black phosphorus is likely to be the layered semiconductor material with the highest
carrier mobility at room temperature, making it promising for high-performance

electronic applications.

e Black phosphorus, arsenic phosphorus and other group V alloys may find applications
in mid-infrared photonics as alternative material systems owing to their layered
nature and moderate bandgap.

* Monolayer group IV monochalcogenides have a broken inversion symmetry and
spontaneous in-plane electric polarization. They present a great platform for the
exploration of piezoelectricity, ferroelectricity, ferroelasticity and multiferroics.

¢ In black phosphorus and other group V alloys, the interplay between the crystal
symmetry and spin—orbit coupling may lead to the realization of rich topological states.

* Wafer-scale synthesis of this group of materials remains challenging. Future research may
leverage the phase transition induced by pressure, temperature or high-intensity light.

predicted to have similar effective masses of around
0.15 and 1.00 m, along the x-direction and y-direction,
respectively”’. However, the intrinsic properties of mono-
layer and bilayer BP, including the carrier mobilities,
remain unclear’®. Future experiments are required to
accurately determine the effective masses and intrin-
sic mobilities of electrons and holes in monolayer to
five-layer BP. Compared with other semiconducting
layered TMDs such as MoS,, high-quality thin-film BP
(4 nm and thicker) exhibits much higher carrier mobil-
ity. Most notably, ultrathin, high-quality BP (~4 nm
thick; 6-8 layers) sandwiched between hexagonal boron
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nitride (hBN) layers shows an impressive hole mobility
of around 5,000 cm? V-'s™! at room temperature®, mak-
ing it suitable for advanced electronic applications, as
discussed in detail in the electronic properties section.

For photonics, the direct, moderate bandgap
(~0.33eV) of thin-film BP enables its strong interaction
with light in a broad wavelength range including the
technically challenging near-IR and mid-IR"****" ranges.
Moreover, arsenic can be introduced to BP to form an
alloy, arsenic phosphorus (As P, ), whose bandgap can
be tuned continuously from around 0.33 eV (x=0.00)
t0 0.17eV (x=0.83)". Interestingly, BP can be thinned
down using plasma without significant degradation in
electronic or photonic properties®.

BP’s isoelectronic group IV monochalcogenides in
bulk form have previously been explored for various
applications. For example, bulk SnSe has been shown
to have a high figure of merit for thermo-electronics®
owing to its unique combination of high electrical con-
ductivity and low thermal conductivity. Both SnS and
GeS have been evaluated for photovoltaics because the
bandgap of each is around 1.2 eV (REFS**”), close to the
optimal bandgap of 1.3 eV for single-junction solar
cells. In this Review, we focus on monolayer monoch-
alcogenides with low C,, crystalline symmetry, in which
the inversion symmetry is further broken as shown
in BOX 1. This makes it possible to observe new order
parameters and polarization properties. Giant pie-
zoelectricity, ferroelectricity and even multiferroics
of ferroelectricity and ferroelasticity are expected in
monolayers*>*+14,

Box 1| Symmetry group of monolayer graphene, pnictogens and monochalcogenides

graphene to that of D,

which contains a two-fold
rotation, two two-fold
perpendicular axes and a
mirror plane, leading to highly
anisotropy electronic, thermal
and optical properties. The
further lower-symmetry
structure (C,,), which only
contains a two-fold rotation
and two mirror planes, can be
obtained from D,, by breaking
the inversion symmetry in
bi-element group IV
monochalcogenides (bottom
right), making them ideal for
the exploration of electric
polarization properties.
Other than these intrinsic
symmetries, extrinsic factors,
such as strain, external electric
fields and alloying, can tune
these symmetries and
corresponding physical
properties and enable device
applications.

Graphene

Buckled arsenene
and antimonene

New physics is usually associated with symmetry breaking. The parent isotropic structure, graphene, has the highest
symmetry (D), which has a six-fold in-plane rotation, six two-fold perpendicular axes and a horizontal mirror plane

(top left). The buckling structure of arsenene and antimonene (bottom left) reduces the D, symmetry to that of D, ,, which
contains a three-fold rotation, three two-fold perpendicular axes and three mirror planes, resulting in their rather isotropic
in-plane properties. The puckered structure of monolayer black phosphorus (BP; top right) reduces the D, symmetry of
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Puckered group V (BP, arsenic phosphorus and pos-
sible antimony phosphorus, as discussed below) and
group IV-VI materials all belong to an orthorhombic
crystal system and are all semiconductors. Our main
motivation to review them together is to illustrate how
the crystal symmetry and spin-orbit coupling (SOC)
play critical roles in the determination of their physi-
cal properties. We focus on their interesting physical
properties and the most likely applications in photonics
and electronics. For BP, we concentrate on its thin-film
form in mid-IR photonics and its few-layer form in
electronics. For group V alloys, we focus on their tun-
able topological properties enabled by the strong SOC.
For group IV-VI monolayers, we emphasize their
interesting physical properties due to the intrinsic
broken inversion symmetry.

The heavier group V materials, such as bulk arsenic,
antimony and bismuth, assume a buckled honeycomb
structure and are all metallic’~*. As shown in BOX 1,
buckled free-standing monolayer arsenic (arsenene),
antimony (antimonene) and bismuth (bismuthene)
are predicted to be stable and semiconducting®-,
although recent theoretical studies show that puck-
ered free-standing monolayer arsenic and antimony
can also be thermodynamically metastable®. Buckled
monolayers have three-fold rotational symmetry, as
illustrated in BOX 1, and their band structures and
phonon energy dispersions are more isotropic than
those of monolayer BP®. Moreover, the stronger SOC
is predicted to enhance the hole mobility in monolayer
arsenic and antimony owing to SOC-induced valence
band splitting and modification of the hole effective
mass®. Extensive theoretical investigations and pre-
liminary experimental results have illustrated their
interesting properties, ranging from topological prop-
erties’’ to the metal semiconductor transition made
by varying the layer number and external strain,"->*%.
These layered group V materials are very interesting
materials and deserve further exploration. However, in
this Review, we do not cover them in detail owing to
space limitations.

External electric field, doping, pressure and strain
can further significantly modify the physical properties
of these materials. The physical properties of few-layer
and thin-film BP are widely tunable by doping®, ver-
tical electric field™**”'~"* or pressure’>’®, which enable
tunable electronic and optical responses, as well as the
observation of band inversion, topological insulators
and nodal line semimetals. Interestingly, the puckered
structure of BP and group IV monochalcogenides leads
to a profound effect of external strain that affects the
lattice spacing and material properties**>”’.

Material stability and synthesis

Stability. To produce new devices using emerging
materials, one should first demonstrate long-term sta-
bility of the device. One major concern in the 2D mate-
rial and device community is that BP and its related
materials are, in general, unstable in air. Indeed, as
other widely used materials such as silicon and ger-
manium, BP can react with oxygen’®, forming phos-
phorus oxide on its surface. Photons can accelerate the

oxidation effect in BP, and water vapour can further
transform the phosphorus oxide into aqueous phos-
phoric acid, making naked BP devices unstable in
air”. Detailed degradation processes of AsP devices
have not been reported, and they are likely to behave
similarly to BP devices. To date, many effective sur-
face passivation schemes have been demonstrated
to dramatically improve BP device stability. It was
shown that BP encapsulated by aluminium oxide
(AlO,) deposited using atomic layer deposition has
long-term stability even in air®. Without encapsula-
tion, the BP surface developed bubbles quickly, whereas
the encapsulated BP remained smooth in the long term.
FIGURE 1a denotes the atomic force microscopy image
of the BP surface without AlO_ (left) and with AlO,
(right). Moreover, the long-term stability of monolayer
and few-layer BP sandwiched between hBN layers in
ambient conditions, even under strong laser irradia-
tion, was demonstrated elsewhere®. Other than hBN
and atomic-layer-deposited oxide, covering BP with
self-aligned molecules® also prevents degradation
and leads to long-term device stability. In FIG. 1D, the
long-term stability of the BP transistor encapsulated in
aluminium oxide is illustrated, as in a previous study*,
in which the transistor’s transfer characteristics did not
degrade for over 7 months. Interestingly, even without
an encapsulation monolayer, SnSe shows much bet-
ter long-term stability in ambient conditions than BP
does, owing to its stronger bonds®. This observation is
consistent with the theoretical prediction in a previous
study”. The various scalable encapsulation schemes
have demonstrated long-term effectiveness and can be
leveraged for future development of devices. In addi-
tion, different types of defects in BP are predicted to
have different stabilities, and they can strongly affect
BP’s physical properties®®. As a result, defects could
play an important role in the degradation of BP, which
suggests that improving the quality of BP may further
enhance its long-term stability.

Synthesis. To date, most reported BP and AsP devices
are based on few layers or thin films mechanically exfo-
liated from bulk crystals. Bulk BP was first obtained by
converting red or white phosphorus under high pressure
and high temperature'. Recently, catalyst-based synthe-
sis in ampoules successfully resulted in millimetre-scale
BP and AsP clusters®”*, from which high-quality thin
films can be exfoliated. By contrast, there are few reports
on wafer-scale synthesis of BP. Red phosphorus thin film
was converted into BP in some isolated areas under a
pressure of 2.7 MPa at 950 °C with mineralizing agents®.
Under a pressure of 8 GPa, 10-40 nm-thick red phos-
phorus was successfully converted into nanocrystalline
BP at room temperature on a 4 mm diameter flexible
substrate . Using pulsed laser deposition, wafer-scale
amorphous BP as thin as 2 nm was produced”. However,
in both wafer-scale cases, the quality of the BP was infe-
rior to that of exfoliated BP. BP has also been chemi-
cally exfoliated and stabilized in solvent”. Although
the quality of chemically exfoliated BP can be high, this
approach cannot readily produce wafer-scale continuous
thin films.
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Fig. 1| Synthesis and stability of black phosphorus and monolayer SnSe. a | Atomic force microscopy (AFM) images
of black phosphorus (BP) exposed to air without AlO, (left) and with AlO, (right) encapsulation. The images are 3D plots
of the original AFM images, which have a size of 6.2 X 6.2 um with a z-axis of [0,200] nm for the left image and 6.3 x 6.3 pm
with a z-axis of [0,106] nm for the right image. b | Transfer characteristics of BP transistors encapsulated within AlL,O,,
demonstrating long-term stability. ¢ | Wafer-scale red phosphorus partially covered by hexagonal boron nitride (hBN)

flake converted into BP under high pressure and high temperature. d | High-resolution transmission electron micrograph
of converted BP. Inset presents an enlarged view of the atomically sharp hBN-BP interface. e | Atomic force micrograph of
synthesized monolayer SnSe. Inset presents a high-resolution transmission electron micrograph. Panel a is reproduced
with permission from REF.*°, ACS. Panel b is reproduced with permission from REF#, ACS. Panels c and d are reproduced

with permission from REF**, Wiley-VCH. Panel c was designed by C. Li, Yale University, USA. Panel e is reproduced with

permission from REF.5, IOP.

Most recently, red phosphorous thin films on 5 mm
diameter sapphire substrates were successfully converted
into BP at 1.5GPa and 700 °C (REF”). In this approach,
red phosphorous was first deposited by physical vapour
deposition on the sapphire substrate, and an exfoliated
few-layer hBN flake was transferred on top of the red
phosphorous. In subsequent conversion at elevated pres-
sure and temperature, as shown in FIG. I ¢, phosphorus
atoms become mobile and form highly crystalline BP
with domain size on the order of tens of micrometres, as
confirmed by Raman and IR extinction spectroscopy”.
More importantly, by partially covering the red phos-
phorus with few-layer hBN before conversion, a nearly
perfect hBN-BP interface was achieved after conversion,
as shown in FIG. 1d.

The estimated minimum pressure for the con-
version from red phosphorus into BP can be around
200 MPa (REF), and recently, the successful conver-
sion of red phosphorus into BP at 400 MPa (REF.”)
implies that this conversion approach may be applied
to red-phosphorus-covered wafers well beyond the inch
scale. Another major advantage of this approach is that
multiple wafers can be stacked and processed together
with high throughput. Moreover, such pressure-induced

phase transitions may also be applied to synthesize
wafer-scale AsP. Since wafer-scale few-layer hBN synthe-
sis and transfer have been demonstrated successfully®,
this approach lays the foundation for future realization of
hBN-BP (or hBN-AsP) heterostructures at wafer scale,
which are ideal for advanced electronic and photonic
applications. Other than the pressure-induced phase
transition, molecular beam epitaxy (MBE) is another
promising route towards large-scale synthesis. Monolayer
blue phosphorus, another phosphorus allotrope, has
been successfully grown on a gold (111) surface’” using
MBE. Few-layer BP may be grown using MBE if appro-
priate substrates can be identified, because the substrate
can play a critical role in the epitaxial growth of BP*.
Various high-quality MX monochalcogenides
have been synthesized in the bulk form. For example,
the vapour transport growth of thin-film SnSe from
high-purity SnSe powder was demonstrated”. In this
case, thin-film SnSe as thin as ~6 nm was produced.
However, although other high-quality thin-film MXs
can be similarly grown by vapour transport growth,
their thicknesses tend to be above 5nm (~10 layers).
This is most likely due to their strong layer-to-layer
interaction'”, which promotes vertical growth and also

NATURE REVIEWS | PHYSICS

VOLUME 1| MAY 2019 | 309



REVIEWS

Gate

a b
1 p
5.0 e
T 40 © ©0@eeo, o
T> 3.0 Hy
Z 8 8 986665
§ 20900 © 00008 8 g
o o
=
s 1.0+ 5 u
] FE
O n=2.8x10"%cm™
1 |@ n=4.3x10%cm?
057 g n=5.6%x102cm? L Cate
—— R—
10 100
T(K)

Gate

Fig. 2 | Few-layer black phosphorus transistors. a| Field effect (1) and Hall () mobilities measured along the armchair
direction of ~4 nm-thick black phosphorus (BP) exfoliated in vacuum. b | Schematic of a BP transistor with its channel
aligned in the armchair direction for high speed. c | Schematic of a BP transistor with its channel aligned in the zigzag
direction for minimal source (S)—-drain (D) tunnelling when the channelis shorter than 5 nm. The red atoms indicate
dopants for minimal contact resistance. hBN, hexagonal boron nitride; n, carrier density. Panel a is reproduced with

permission from REF %, ACS.

makes mechanical exfoliation of few-layer MX challeng-
ing. Although 1 nm-thin SnSe films have been produced
chemically on a submicrometre scale using one-pot
synthesis in the presence of oleylamine and phenan-
throline'”, this approach cannot be used to produce
continuous few-layer MXs on a wafer scale. The sup-
pression of vertical growth is hence critical for the future
direct synthesis of large-scale monolayer and few-layer
MXs. An alternative two-step method for the synthesis
of large-area monolayer SnSe was demonstrated, which
may also be applied to the synthesis of other mono-
chalcogenides®™. In this approach, a tens-of-nanometers
thin film of SnSe was first grown and then thermally
etched at 700 °C in a nitrogen or argon/hydrogen envi-
ronment. Thus, large-area monolayers of SnSe on a
tens-of-micrometres scale were realized in which the
etching process is self-limiting when the film reaches
the monolayer thickness, as shown in FIC. I¢, probably
owing to the strong interaction between the SnSe and
the silicon dioxide substrate. The high-resolution trans-
mission electron microscopy image indicates that such
monolayer SnSe is highly crystalline, as shown in the
inset of FIG. 1¢. Although the detailed etching mecha-
nism requires further investigation, this work represents
the first demonstration of the large-scale synthesis of
monolayer SnSe. A future detailed characterization may
reveal the exciting properties of monolayer SnSe. In
addition, MBE can be another promising direction for
the growth of monolayer and few-layer MXs. Other than
four MXs discussed above, monolayer SnTe, a material
close to orthorhombic MX discussed in this Review,
has been grown on graphene by MBE with interesting
in-plane ferroelectricity'®. Very likely, other monolayer
MXs can also be grown using MBE in a similar manner
with the proper choice of substrate.

Electronic properties of BP

Layered BP is a thin-film (below 10 nm) semiconductor
in which the mobilities of both electrons and holes are
high at room temperature, ideal for advanced electronic
circuits'**'”". Numerous high-mobility BP transistors

have been reported since 2014. In a previous study'’,
the hole effective mobility in an ~10 nm-thick BP was
measured to be around 1,000 cm? V™' s7'. In fact, the
semiconductor industry has been exploring various
high-mobility materials beyond silicon for decades, with
II-V compound semiconductors'® and germanium'®
being the leading candidates. Compared with these 3D
materials, the layered nature of BP allows for the realiza-
tion of high-mobility transistors with ultrathin channels
without dangling bonds on the surface, which is advan-
tageous for transistor scaling with excellent electrostatic
control. In an ~4 nm-thick (6-8 layers) BP sandwiched
between hBN layers, fieldeffect hole mobility as high
as 5,000 cm? V' s7! along the armchair direction was
reported at room temperature®, as shown in FIC. 2a.
The field effect mobility (y;;) and the Hall mobility at
different doping concentrations (y;;) both exhibit a tem-
perature dependence close to T~ at high temperature,
indicating that the scatterings are mainly with pho-
nons and that the BP material is close to be intrinsic.
Furthermore, at low temperature, the carrier mobility
is greater than 2x 10*cm? V™' s™! even at hole doping
above 3 x 102 cm™. Moreover, adatom-doped BP tran-
sistors have high field effect electron mobility, reaching
380cm? V' s in 10 nm-thick BP at room temperature'”’
and 1,495cm? V' s7! in 5 nm-thick BP at 260K (REF.'*)
with copper and aluminium adatoms, respectively. These
encouraging results further reveal the potential of BP in
high-speed and high-frequency electronics. To under-
score the potential of BP for advanced electronics, cut-off
frequencies in the microwave range have been shown for
BP transistors fabricated on both high-resistivity silicon
and flexible plastic substrates!*>!0%10110,

For transistors with a relatively long channel whose
length is greater than the carrier mean free path, mobility
plays a decisive role in their performance. High carrier
mobility leads to an improved ON state current and
reduced carrier transit time. However, for ultrashort
channel transistors (5 nm and below), the transport can
be close to being ballistic with negligible scattering in the
channel. Under high source-drain bias, carrier saturation
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velocity determines the transit time. Indeed, in this case,
mobility is no longer an accurate metric to gauge tran-
sistor performance. However, carrier mobility still plays
an important role, even in ballistic transistors. First, the
carrier injection efficiency from source to drain can be
affected by mobility. Even in short-channel length bal-
listic transistors, high mobility is still desirable to reduce
backscattering for carriers injected from the source to
the channel, as pointed out elsewhere'''. Second, in
high-mobility material, a lower critical field is needed for
velocity saturation''>'"*. As a result, it is possible to use a
smaller source—drain bias for saturated operation, lead-
ing to reduced power consumption. Lastly, high mobility
is critical to the reduction of parasitic resistances such
as contact and access resistance. In short, the industry
has been looking for high-mobility semiconductors for
decades, and BP seems to be a promising candidate.

Advanced electronic circuits can be made from BP
transistors only if they are viable to form hBN-BP-
hBN heterostructures or to replace hBN with other
high-quality dielectrics on a wafer scale. As discussed
above, the recent successful conversion of hBN-covered
red phosphorus into BP lays a solid foundation for the
future realization of such high-quality, air-stable hBN-
BP-hBN heterostructures on a wafer scale. As the carrier
mobility may be low in monolayer and bilayer BP owing
to its low-pair of out-of-plane p electrons®, for advanced
electronics, the community probably needs to focus on
few-layer BP (4-8 layers), in which high mobility has
already been shown experimentally®*'.

For high-performance BP transistors, high-quality
gate dielectric and low-contact resistance are two
other key ingredients. FIGURE 2b shows a conceptual
long-channel transistor in which the few-layer BP (along
the high-mobility armchair direction for high speed) is
sandwiched between thin-film hBN layers. In this case,
hBN is used as both high-quality gate dielectric and
surface passivation, as first demonstrated on graphene
in a previous study''*. Moreover, it may be possible to
leverage the traditional ion implantation and dopant
activation techniques to selectively dope BP near edge
contacts'”®, with hBN protecting the BP from damage
during implantation and activation.

For a transistor channel length shorter than 5nm,
source-drain direct tunnelling can lead to significant
leakage''®. To suppress tunnelling, large carrier effective
mass becomes desirable''®'", and one can take advantage
of the high anisotropy of BP. Along the zigzag direction,
few-layer BP has a large effective mass (~m,) for both
electrons and holes, where m; is the free electron mass.
Therefore, an ultrashort channel can be built along the
zigzag direction to suppress source—drain tunneling,
as shown in FIG.2c. Despite the large effective mass, the
mobility of few-layer BP along the zigzag direction is
still impressive’. Another requirement for deeply scaled
transistors is that the BP thickness should be much
smaller than the transistor channel length. For ultrathin
few-layer BP with a thickness in the range of 2-4nm
(~4-8layers), the calculated electronic bandgap is in the
range of 0.7-0.4eV (REF*), which is larger than the bulk
BP bandgap and is desirable for the suppression of the
OFF state current.

REVIEWS

Finally, another particularly promising direction is
to monolithically integrate ultrathin BP with silicon
or III-V compounds'” to enhance the p-type transis-
tor performance, leveraging the high hole mobility in
BP. Previously, germanium has been explored for this
purpose'®. However, growth of ultrathin high-quality
germanium on foreign substrates is very challenging.
Integration of ultrathin BP with silicon or III-V com-
pounds may significantly boost the performance of
complementary logic circuits.

Optical properties of BP and AsP

Photonic materials covering a broad wavelength range in
mid-IR and suitable for monolithic integration are very
desirable''®. Previously, various BP IR photodetectors
have been used, and their unique capability to resolve
incident light polarization owing to BP anisotropy can
be extremely useful*'"”. However, the cut-off wavelength
of BP photodetectors relying on the interband transition
is around 3.7 um, corresponding to a bandgap of around
0.33eV. In AsP, the bandgap can be continuously tuned
from 0.33 eV to around 0.17 eV by varying the arsenic
mole fraction from 0% to 83%"*, extending the cover-
age to longer wavelengths'**'*'. For example, a previous
study'? reported the detection of mid-IR light up to
8.05 um using an As P, ,, photodetector, as illustrated
in FIC. 3a. The I-V characteristics shown in FIC. 3a with
(red) and without (black) 8.05 pum light excitation vary
significantly, indicating the generation of bias-dependent
photocurrent (blue). Moreover, the vertical electric field
applied to few-layer and thin-film BP was shown to
dynamically tune its bandgap®*. The study® showed
that this bandgap tuning strongly depends on the BP
thickness owing to the competition between interlayer
interaction and the overall potential drop. As illustrated
in FIG. 3b, a moderate field of around 1V nm™ can tune
the bandgap of ~10 nm-thick BP from its pristine value
of ~0.33eV to below 0.1 eV (red dots), further extending
the coverage beyond that of AsP without an electric field.
Moreover, the observed bandgap tuning results (red
dots) are much smaller than those obtained from simple
tight-binding calculations (red dashed line)*. However,
after the variation of the BP dielectric constant as a func-
tion of the bandgap has been taken into account, the
calculated bandgap tuning results (solid red line) agree
with the measured results (red dots) very well, as shown
in FIC. 3b (also shown elsewhere®). Here, the bandgap
tuning (~0.2eV) is significant when compared with
that of the pristine BP bandgap (~0.33eV). This is very
different from the traditional quantum-confined Stark
effect in ITI-V quantum wells, in which the tuning of the
energies of the confined carriers is much smaller than
the bandgap itself, and the Stark effect is approximately
quadratic’. The widely tunable bandgap in BP and AsP,
together with their intrinsic layered nature, makes them
particularly promising in the realization of integrated
mid-IR photonic circuits.

Looking forward, thin-film BP and AsP can play
important roles in waveguide-integrated mid-IR pho-
tonic circuits for sensing and communication appli-
cations. Their thin-film nature makes them ideal for
monolithic integration. Moreover, stronger light-matter
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interaction can be achieved through integration with
passive optical structures, reducing the amount of active
material needed. As a result, these integrated mid-IR
devices can have a low dark current. For example, FIC. 3¢
shows a schematic of a proposed mid-IR BP waveguide
modulator, in which mid-IR light is guided by low-loss
germanium on a silicon-on-insulator. In this case, sil-
icon is used as the seeding layer for thick germanium
growth'”. It is also possible to use other materials such
as chalcogenide glass'** or suspended germanium'*
for mid-IR waveguiding. The thin-film (~10 nm) BP
is sandwiched between two dielectric layers, and a
vertical electric field can be applied through the bot-
tom germanium and the top transparent electrode (for
example, graphene). Recently, waveguide-integrated
mid-IR BP photodetectors operational within 2-4 um
have been demonstrated'**'*’. In the optical modulator
proposed in FIG. 3¢, the electric field can tune the BP
bandgap from around 0.33 eV to below 0.1 eV (REF%),
covering a wavelength range of approximately 4-12 pm.
Such modulators can have at least a gigahertz band-
width. The device structure in FIC. 3¢ is different from
a previously proposed BP waveguide modulator”, in
which one electrode is in direct contact with BP and
the Pauli-blocked Burstein-Moss effect can blue-shift
the absorption edge’”". Moreover, it is even feasible to
construct on-chip mid-IR spectrometers, as shown in
FIG. 3d. In such a spectrometer, broadband mid-IR light
is first coupled to the input waveguide, then spectrally

separated into different waveguides using a mid-IR array
waveguide grating'* and finally detected by an As P,
(or electrically tuned BP) photodetector array. Such an
on-chip mid-IR spectrometer can find applications in
gas sensing and multispectral surveillance systems.
In modulators and spectrometers, the armchair crystal
orientation of BP and AsP should be aligned with light
polarization to maximize the light-matter interaction.
Other than mid-IR light modulation and detection, with
further improved crystal quality, mid-IR light-emitting
diodes or even lasers may be realized on the basis of
hBN-BP-hBN heterostructures.

Moreover, AsP with high arsenic concentration
may be used to construct mid-IR imagers. Although in
mid-IR, mercury cadmium telluride (HgCdTe) imag-
ers show high efficiency with low dark current and
have been commercialized for decades, the industry is
seeking to replace HgCdTe owing to various materials
issues such as non-uniformity, instability and difficulty
to scale up and integrate with silicon readout circuits'®.
Wafer-scale encapsulated thin-film AsP is a promis-
ing alternative material for mid-IR imagers, which in
principle can be compatible with arbitrary substrates.

Finally, for photonic applications, the optimal thick-
ness for BP and AsP should be greater than 10 nm for
strong light-matter interaction in mid-IR. As a result,
the requirements for synthesis are much less demand-
ing. Most likely, BP and AsP will find applications in
photonics before electronics.
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Topological properties of group V materials

SOC is important for BP and group V compounds. In
particular, the interplay between SOC and crystal sym-
metry can lead to many interesting physical phenomena,
including the realization of rich topological states. For
few-layer BP, a band inversion can be achieved by the
gating field. Then, SOC can generate a finite bandgap,
making gated few-layer BP a 2D topological insulator
(TI)”. The estimated critical field for realizing a tunable
TI in four-layer BP is as large as 3V nm™!, which makes
experimental implementation challenging. Fortunately,
the critical field can be reduced by choosing thicker BP,
because thicker material can lead to larger bandgap tun-
ing owing to the enhanced potential difference along the
direction of the electric field”.

In the future, AsP or other group V compounds with
heavier Sb and Bi with the puckered structure can be
leveraged for the realization of tunable T1, because they
are expected to have a similar band structure to BP* but
a smaller intrinsic bandgap®*. Furthermore, the heavier
As, Sb or Bi atoms may contribute to stronger SOC,
which can result in a larger bandgap opening of the TI
state. FIGURE 4a illustrates such a dual-gated few-layer
AsP tunable TT transistor. FIGURE 4b indicates the TI
state when the vertical electric field exceeds the critical
amplitude.

For bulk BP, a moderate pressure (around 0.6 GPa)
can also induce the band inversion’. Under pressure, the
dimension of the Fermi surface of bulk BP can reduce
to a line through a Lifshitz transition, leading to a nodal
line semimetal, in which a Dirac cone-like energy dis-
persion is formed, as observed in compressed BP”>. This
phenomenon arises from the D,, crystal symmetry and
the chiral nature of electrons in BP. As a result, the effec-
tive Hamiltonian contains the forms of both Dresselhaus
and Rashba SOCs", although true SOC cannot exist in
intrinsic BP because of the inversion symmetry. This
analogous SOC term can be regarded as pseudo-SOC.
The strength of the pseudo-SOC in BP is 1-2 orders
of magnitude larger than that of typical SOC'*?. More
possible topological properties of BP and AsP can be
realized with different symmetries. For example, 2D
symmetry-protected (topological) Dirac semimetallic
states have been observed in BP'*.

In the future, the experimental realization of tunable
topological materials could be a very promising research
direction for few-layer BP and group V compounds. For
example, after further consideration of true SOC and
breaking of the inversion symmetry in compressed BP,
a finite bandgap may be formed in this nodal line semi-
metal, translating it into a 3D strong TI. Meanwhile,
tuning the electronic structure and symmetry by elec-
trical gating, strain or charge transfer induced by metal
adatoms will present opportunities for the exploration
of various topological properties.

Ordered phase and polarization properties of MX
Beyond BP, monolayer MXs break the inversion sym-
metry, reducing the point group to C,, and allowing
for the occurrence of electric polarization. This electric
polarization can be efficiently tuned by external strain
or optical excitation, resulting in enhanced piezoelec-
tric” or photostrictive'** effect (a converse piezoelectric
effect resulting in the generation of strain by photons).
Moreover, new order parameters, such as spontaneous
polarization and strain, emerge in monolayer MXs, lead-
ing to ferroelectricity and ferroelasticity. Interestingly,
these order parameters can coexist in monolayer MXs,
giving rise to multiferroics®*.

Giant piezoelectricity. Piezoelectric materials can con-
vert mechanical energy into electricity. 2D materials are
interesting for piezoelectric devices because of their abil-
ity to withstand large strain'*>"*%, Many 2D materials have
been predicted to be piezoelectric owing to the broken
inversion symmetry in monolayer form, such as hBN
and several TMDs"*'*%, Recently, the piezoelectric effect
has been demonstrated in monolayer and odd-layer
MoS, (REFS"**%. Compared with other 2D piezoelectric
materials, in monolayer MXs, the electronic polariza-
tion and piezoelectric effect are significantly enhanced
because of their ionic polar nature and the significantly
smaller elastic stiffness of the puckered structure. A giant
piezoelectric effect has been predicted in these monolay-
ers”. Their piezoelectric coefficients can be 1-2 orders of
magnitude larger than those of other 2D materials, such
as MoS,, and the widely used bulk quartz, zinc oxide
and aluminium nitride, as illustrated in FIG. 5a. In fact,
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monochalcogenides: SnSe, SnS, GeSe, and GeS. Appl. Phys. Lett. 107, 173104 (2015), with
the permission of AIP Publishing. Panel ¢ is reproduced with permission from REF.%2, AAAS.
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optically excited electrons and holes can couple with
ionic, polar lattices resulting in a photostrictive effect.
An enhanced photostrictive effect has been predicted in
monolayer MXs'*, as illustrated in FIG. 5b. The structural
change is expected to be approximately ten times larger
than that observed in perovskites'*.

Given the experimental advances in the synthesis
of monolayer MXs™, the demonstration of this giant
piezoelectric effect in MXs can be expected in the near
future. This enhanced effect may further be leveraged for
a broad range of sensing, piezotronics and energy har-
vest applications, such as remotely switchable memory
devices and light-induced actuators'*>'**.

2D ferroelectricity. Beyond strain-induced polarization,
a spontaneous in-plane electric polarization has been
predicted in MXs*"*”'**, The amplitude of the sponta-
neous polarization is comparable to those of the widely
used perovskites*, and the polarization can be switched
under a moderate external field*” (~0.2V nm™"). Another
unique, attractive property of this in-plane 2D ferroelec-
tricity is its relatively high Curie temperature. Contrary
to ferromagnetism, in which a lower dimensionality
usually weakens the magnetism and reduces the Curie
temperature owing to enhanced thermal fluctuations,
2D ferroelectricity is predicted to be robust above room
temperature. For example, the Curie temperature of
monolayer SnSe calculated by effective Hamiltonian
Monte Carlo simulations is around 320K (REF.*). This
relatively high transition temperature reflects enhanced
Coulombic interaction in 2D structures owing to a
reduced screening effect.

A robust in-plane ferroelectricity was observed'” in
monolayer tin telluride (SnTe), a material closely related
to orthorhombic MXs. As shown in the top panel of
FIC. 5¢, intrinsic SnTe has a centrosymmetric rock-salt
structure. However, for atomic-thick samples grown on a
graphene-silicon carbide substrate, a cubic-to-rhombo-
hedral structural phase transition was observed, result-
ing in in-plane spontaneous polarization as illustrated
on the bottom of FIG. 5¢ (also shown elsewhere!®?). In the
future, advances in the synthesis of MXs, as discussed
above, may enable the observation of similar in-plane,
room temperature ferroelectricity in monolayer MXs.
This ferroelectricity is expected to be robust even around
room temperature* and may be leveraged to build non-
volatile ferroelectric random-access memory devices.

Beyond ferroelectricity, the ferroelastic effect has
been predicted in monolayer MXs"”**'**. As shown in
FIG. 5d, the centrosymmetric square lattice (the rock-salt
structure) of monolayer MXs can undergo a spontane-
ous relaxation along the x or y direction, leading to two
different orthogonal orientations of the rectangle lattice
structures and lattice strain — the ferroelastic effect*®'*’.
Combined with the ferroelectric effect, this ferroelastic
effect makes monolayer MXs multiferroic. Moreover,
because both ferroelasticity and ferroelectricity result
from the broken inversion symmetry, the coupling
between electrical polarization and ferroelastic strain
will be significant. Therefore, given the potentially high
Curie temperature of ferroelectricity in these 2D MXs,
multiferroics are expected to be stable above room tem-
perature, making monolayer MXs promising for shape
and nonvolatile memories'** and optical devices with
enhanced second harmonic generation'*.

MXs have polarization properties similar to those
of known bulk ferroic and multiferroic materials, such
as perovskite oxides. For example, the piezoelectric
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coefficient of BaTiO, is about 200 pm V' (REF.'*) and
its spontaneous ferroelectric polarization is about
26 puC cm (REF'*), which are on the same order of mag-
nitude as those of MXs. However, owing to the local field
effect, perovskites will lose the polarization properties
when thinned down into ultrathin films'*'*". In MXGs,
because their polarization is along the in-plane direc-
tion, it is possible to maintain the polarization even in
amonolayer.

The progress in the synthesis of MXs may enable the
observation of many exciting phenomena in ferroelastics
and multiferroics. In the future, identifying ferroelastic
and ferroelectric domains will be a crucial challenge for
understanding the transition dynamics and device per-
formance of these materials. Realizing off-plane ferro-
electricity is also interesting and important for broader
applications. In addition, doping is predicted to be useful
for realizing 2D magnetism'*""**; thus, it may bring new
magnetic order and further enrich multiferroics.

Perspectives

Although the research in BP, its isoelectronic MXs and
other layered elemental and compound group V mat-
erials is still in its infancy, numerous new discoveries
and device demonstrations are currently being made.
For BP and other layered elemental and compound
group V materials, probably the most urgent task is to
develop and optimize large-scale synthesis approaches.
For ultrathin films (<10 nm), surface passivation and

REVIEWS

encapsulation using high-quality dielectric are critical.
Given the very different material properties of group V
materials and dielectrics such as hBN, it may not be
feasible to synthesize them directly in a layer-by-layer
manner. As a result, one probably has to first synthesize
ultrathin encapsulated amorphous materials and then
leverage phase transitions induced by temperature, pres-
sure and light to realize such materials. For MX, it is
important to further develop the synthesis approaches
for monolayers and characterize their ferroelectric and
piezoelectric properties.

Looking forward, there are many interesting open
questions. Can few-layer and thin-film BP or monolayer
arsenic and antimony find applications in advanced elec-
tronics? Will BP or AsP and other alloys be incorpo-
rated in a mid-IR optoelectronic platform as alternative
materials? Will monolayer or odd-layer MXs revolution-
ize piezoelectronics and ferroelectronics? Can tunable
topology devices be realized experimentally in BP or
alloys, and can novel application be enabled by these
tunable topological properties? Further exploration of
large-scale synthesis, material stability and fundamental
properties under external stimuli of this group of materi-
als with reduced symmetry should present a wide range
of promising opportunities, not only for improving
existing solid-state technologies but also for developing
new device concepts.
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