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From a fundamental science perspective, black phosphorus (BP) is a canon-
ical example of a material that possesses fascinating surface and electronic
properties. It has extraordinary in-plane anisotropic electrical, optical, and
vibrational states, as well as a tunable band gap. However, instability of the
surface due to chemical degradation in ambient conditions remains a major
impediment to its prospective applications. Early studies were limited by the
degradation of black phosphorous surfaces in air. Recently, several robust
strategies have been developed to mitigate these issues, and these novel
developments can potentially allow researchers to exploit the extraordinary
properties of this material and devices made out of it. Here, the fundamental
chemistry of BP degradation and the tremendous progress made to address
this issue are extensively reviewed. Device performances of encapsulated

BP are also compared with nonencapsulated BP. In addition, BP possesses
sensitive anisotropic photophysical surface properties such as excitons, sur-
face plasmons/phonons, and topologically protected and Dirac semi-metallic
surface states. Ambient degradation as well as any passivation method used
to protect the surface could affect the intrinsic surface properties of BP. These
properties and the extent of their modifications by both the degradation and

1. Introduction

Phosphorus is one of the most abundant
elements with several allotropes, out of
which white and red phosphorus are the
most commonly available species.!'?] Black
phosphorus (BP) has been widely and
successfully synthesized in bulk form for
more than 100 years through high tem-
perature and pressure conversion from the
more common white or red phosphorus
allotropes.’l While the high temperature
and pressure conversion process can pro-
duce crystalline samples with large sized
grains, it also requires pressure greater
than 10 kbar and temperature greater
than 600 °C, which are inaccessible using
common crystal growth techniques.) More
recently, an alternative low-pressure vapor
approach capable of producing millimeter
sized crystals using mineralizer promoted
short way vapor transport has been demon-
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strated.P! These bulk growth methods have

made it possible to synthesize material that

is suitable for exfoliation of mono to many-

layer BP flakes commonly used to fabricate
optoelectronic devices and study their properties. For compre-
hensive details on synthesis of bulk BP, we encourage readers
to refer to refs. [2] and [6]. Unlike bulk BP, which has been thor-
oughly studied, BP thin films have yet to be comprehensively
investigated. Reviews of recent advances in synthesis, charac-
terization and applications of BP thin films include refs. [7-10].
One of the first demonstrations was deposition of few nano-
meter thick BP films over 4 cm x 4 cm substrates by pulsed laser
deposition; however, these films were found to be amorphous.!!!
Thicker crystalline BP films were recently produced through a
high temperature and pressure conversion of red phosphorus
films on substrates up to 4 mm in diameter'? Using this
approach, it may be possible to produce films with relatively
higher crystal quality similar to ref. [4], but the crystal growth
may be limited to small areas. Blue phosphorus, which has a
honeycomb structure similar to graphene, has been produced
by molecular beam epitaxy (MBE) on metal substrates recently.
Formation of small monolayer islands of blue phosphorus sta-
bilized on Au(111) and Te covered Au(111) surfaces using MBE
demonstrates a route toward producing 2D phosphorus films.[!3]
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The interest in BP exploded recently when it was real-
ized that BP belongs to the family of materials that can also
be exfoliated. Furthermore, BP possesses several interesting
physical properties with unique potential applications in opto-
electronics. BP has strong in-plane anisotropy, which stems
from its orthorhombic crystal structure with space group Cmca.
It forms a puckered honeycomb network where the in-plane
x and y axes correspond to orientation of atoms in armchair
(AC) and zigzag (ZZ) directions, respectively. This orientation
results in two independent in-plane components of the dielec-
tric tensor that are different from each other, which opens a
platform to manipulate anisotropic interactions of light with
BP and electrical conductance.’ Figure 1a shows the sche-
matic lattice structure of black phosphorus with the AC and
Z7 crystal directions indicated. The band structures for 1-layer,
2-layer, and 3-layer BP as calculated by density functional
theory (DFT) simulation are also presented in Figure 1b. The
band gap in black phosphorus increases with decreasing layer
number due to the 2D confinement of carriers. An important
consequence of strong Coulomb interactions in 2D layered
semiconductors is the formation of tightly bound neutral or
charged excitons.7] The photophysics of the 2D systems
are dominated by the transitions of these excitons. As a result,
layered and 2D materials offer an excellent platform to explore
exciton physics as well as engineer practical devices for novel
applications.'®1 In addition, the close proximity of external
stimuli to the exciton wave function can offer unprecedented
tunability and interaction with photons and polaritons.??% Exci-
tonic effects play a major role in the optical transitions of BP
and unlike other layered materials, excitons in BP display the
expected in-plane anisotropy. BP also offers unprecedented
capability to manipulate propagating polaritons (plasmons or
phonons) due to its anisotropic property. BP exhibits striking
anisotropic quasiparticle properties and many-body interaction
effects that offer an exciting hunting ground for new physics.
Semiconductor to Dirac semimetal or semiconductor to topo-
logical quantum-phase transitions that accompany gap modi-
fications in mono and multilayer BP give rise to exotic quasi-
particles with unique physical properties, which have been
explored recently both experimentally and theoretically.!!

In addition to providing a unique platform for novel fun-
damental science explorations, BP is an immensely promising
material for flexible optoelectronic applications. Although bulk
BP was discovered over a hundred years ago, it was not until
2014 that field-effect transistors (FETs) with mono and mul-
tilayer BP as their channel material were demonstrated.?!23]
The typical thin film BP (=4-10 nm thick) transistors show
transfer characteristics with on/off current ratio in the range
of 10°~10° depending on the thickness of the BP channel. The
devices also display decent saturation characteristics in their
output current. Both these characteristics make it possible to
develop BP transistors for digital logic applications in thin-
film electronics as well as flexible electronic systems, which
stands in contrast to devices based on other high mobility
layered materials such as graphene. Graphene transistors
typically show relatively lower on/off ratios and a signature
lack of current saturation in its output characteristics, both
resulting from the zero band gap nature of the material. More-
over, BP’s typical on—off current ratio and current saturation
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characteristics also offer the prospects for integrating BP-based
optical devices with electronic read-out circuitry that can be
constructed on the same material. Furthermore, the high hole
mobility in a few layered black phosphorus makes the mate-
rial advantageous over commercial Si, which has hole mobility
around 450 cm? V! 571, for making p-channel transistors.l?
BP offers an alternative material for high hole mobility semi-
conductors like Ge. The mobility for both electrons and holes
in BP is also high making it suitable for thin film and flexible
electronic applications. Bulk BP features a narrow band gap of
0.3 eV, which is attractive for reducing the operating voltage
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Figure 1. Lattice cartoon structure of BP with the armchair and zigzag crystal directions (a), and theoretical DFT band structure calculations for 1-layer,
2-layer, and 3-layer of BP (b) showing decreasing band gap with increasing layer number due to the 2D confinement of carriers.

and power consumption in logic devices. Moreover, the on/off
current ratio and mobility of BP transistors have been observed
to be strongly dependent on the thickness of the thin film BP
channel. Typically, the on/off current ratio of a BP device rises
as the film thickness decreases, which is a result of the charge
screening effect. Li et al. estimated the screening length in BP
devices to be =2.9 nm.[?’! By assuming a different carrier den-
sity, Low et al.2>?%l predicted the screening length in BP thin
film to be =10 nm. Though thinner BP channel can, in prin-
ciple, lead to higher on/off current ratio, it can also be more
susceptible to degradation by oxidation. Thinner BP samples
are also easily affected by charge impurities in the surface and
substrate environment, resulting in scattering centers that can
significantly reduce the carrier mobility. Researchers have also
been endeavoring to demonstrate field effect devices based on
single-atomic layer black phosphorus that demonstrate the
ultimate electrostatic control by the gate over the channel and
relatively higher mobility due to 2D quantum confinement.
Such efforts, however, have only resulted in very limited pro-
gress due to the formidable challenge of preserving single-
layer BP from oxidation.

Achievement of all the exciting fundamental scientific and
technological promises of BP depends on finding innovative
solutions to protect BP from degradation under an ambient
environment. Although most van der Waals (vdW) materials
that can be exfoliated are not entirely air stable, the extent of
ambient degradation is comparatively quite severe in BP.
Single-layer BP (phosphorene) exfoliated in ambient degrades
completely in a matter of hours making it impossible to expose
phosphorene to air.’”) Few-atoms thick BP also degrades in air
in a matter of days. This lack of stability under ambient con-
ditions severely undermines the usability of mono and multi-
layered BP and indirectly determines the practicality and cost
of any future devices that could be provided by this material.
In the first review article written on BP, just after its revival
as a member of vdW family of materials, Dresselhaus and co-
workers urged the community that the ambient degradation
of BP should not discourage researchers and device engineers
from attempting to exploit the full potential that this material
offers in creating novel technology and pushing the limit of
scientific understanding. The authors mention that, “Learning
from the commercial success of relatively unstable materials
like organic semiconductors and the technological importance
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of many toxic and potentially unstable materials like mercury
cadmium telluride (MCT), we believe that the stability issue
should not be viewed as a showstopper preventing further
research on this material. It is most likely that good passiva-
tion and packaging technology can resolve this issue.”l!l We
can confidently say that this time has arrived. Over the last
2-3 years, the scientific community has put forth an enor-
mous effort in order to understand the degradation problem in
BP and mitigate the instability issues using many innovative
approaches. In this review, we attempt to reexamine the deg-
radation topic based on recent advances and highlight some of
the most optimistic progress particularly related to passivation
issues.

2. Stability and Passivation

Layered materials are susceptible to degradation when exposed
to an ambient environment due to enhanced chemical reactivity
of their extraordinarily high surface areas.?®! BP suffers from
degradation within a few days of exposure to ambient condi-
tions.[2>3% Although bulk BP degradation was observed early on
by Yau et al. while performing scanning tunneling microscopy
surface imaging experiments,! it is only recently that various
groups (Castellanos-Gomez et al.??l and Wood et al.}% were the
earliest two) examined how exfoliated BP degrades in ambient
environments through a comprehensive set of microscopy and
spectroscopy techniques. The effects of degradation are com-
monly seen as the formation of liquid droplets on the surface
of a BP flake, using atomic force microscopy (AFM) or optical
microscopy. These degradation processes were extensively
studied by Gamage et al. using nanoscale time series imaging
over several months as shown in Figure 2.2% The degradation
begins after ambient exposure as small bubbles start to form.
The rate of increase in area and volume of these bubbles is
slower in the beginning of the degradation process but then
the rate of growth in bubble size increases rapidly (approxi-
mately exponentially) before reaching saturation, producing an
S-shaped growth curve (sigmoid growth curve).?’! Oxidation
effects have been thoroughly analyzed using Raman spectros-
copy showing a systematic and continuous degradation of BP’s
Raman (Al, = 335 cm™, B, = 434 cm™, and A%, = 460 cm™)
signature as crystalline layers become oxidized (Figure 3). Since
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Figure 2. Time evolution of: a—e) topography and f-j) near-field third
harmonic optical amplitude taken at a laser wavelength of = 10.5 um of
freshly exfoliated unencapsulated BP with thickness 27 nm. Scale bar =
500 nm. k) Experimental (squares) and simulated (solid lines) results of
volume of a degraded bubble. Reproduced with permission.?l Copyright
2016, Wiley-VCH.

the oxidized layers do not contribute to the Raman signal, a
significant decrease in peak intensities is observed with min-
imal shift in peak positions or full width at half maximum.3334
Favron et al. showed that the intensity ratio of the Al,/A?
modes could be an effective tool for detecting degradation.[”g]
Abellan et al. confirmed this finding later, observing an expo-
nential decay in A'j/A’, with air exposure time, for flakes
less than =10 nm thick.’®! Favron et al. investigated the light-
induced oxidation of different layered black phosphorous./*’!
They observed that the oxidation process is significantly delayed
in the absence of light exposure. They also report that the
photo-oxidation takes longer for thicker part of the flakes (more
than six layers) than the thinner flakes and the oxidation rate is
directly proportional to light intensity.

Significant progress has been made both experimentally and
theoretically to understand the exact mechanism of BP degrada-
tion in air. BP’s susceptibility to degradation has been related
to its unstable bonding structure arising from the free elec-
tron lone pairs of phosphorus atoms.3*37] Studies employing
in situ Raman (Figure 3), transmission electron microscopy
and modeling have established that the rate of oxidation of BP
depends on oxygen concentration, light intensity, and energy
gap.>! Luo et al. have systematically investigated the kinetics

Adv. Mater. 2018, 30, 1704749

1704749 (4 of 13)

www.advmat.de

of BP oxidation under controlled oxidative environment con-
sisting of different ratio of O, and H,0 employing X-ray photo-
electron spectroscopy.’®! They concluded that BP oxidation is
likely to be caused by a synergetic effect of water and oxygen
where water drives the oxidation via the reaction with the
surface oxide which then creates oxygen dissociations. Theo-
retical calculations have also predicted a three-step degradation
mechanism: a generation of superoxide under light, dissocia-
tion of the superoxide, followed by dissociation after reaction
with water.?) In addition, a number of earlier works on BP oxi-
dation in air support the combined role of O, and H,0.[324041
In contrast, recent works have shown that BP is stable in
deoxygenated H,0BY and can also be used as an effective
recoverable humidity sensor if isolated from light and/or O,.1%]
Water has also been shown to play an important role in stabi-
lizing BP after solution exfoliation.*”! By using DFT to study
BP oxidation, Ziletti et al. showed that O, will strongly chemi-
sorb to the surface and can result in the formation P—O bonds
without the presence of H,0.¥ Instead H,0 is only weakly
physisorbed to the BP surface. A combination of DFT and first
principles molecular dynamics calculations also found that O,
will spontaneously dissociate on phosphorene at room temper-
ature and that H,O does not interact directly with the pristine
phosphorene.*!l In fact, pristine BP is hydrophobic and it is
only after the oxidation process to form PO, that the surface
becomes hydrophilic.*”] This degradation is also highly thick-
ness dependent. Single-layer BP (phosphorene) is the fastest to
degrade (within minutes after exfoliation).5"]

2.1. Passivation Techniques

Various techniques have been proposed and tested for effec-
tive passivation of BP via surface functionalization or coatings,
including organic covalent functionalization and inorganic
and hybrid organic-inorganic coatings. Coating can serve as a
physical barrier preventing oxygen from reaching the surface.
The coating can also bind to BP’s lone pair of electrons pre-
venting the oxidation reaction. Reported passivation approaches,
coating, and characterization methods are summarized in
Table 1 and examples of different passivation approaches are
shown in Figure 4.

2.1.1. Organic Functionalization of BP

Keeping the lone pair electrons in BP paired by reacting them
with ligands other than oxygen has been shown to be an effec-
tive way to enhance the stability of BP in water and air. Her-
sam’'s group reported effective suppression of the chemical
degradation of BP by covalent aryl diazonium functionaliza-
tion.*® Zhao and co-workers used titanium sulfonate (Til,)
ligand for surface coordination of BP and formed TiL,-coordi-
nated BP that showed enhanced surface stability when exposed
to water or humid air.*”] Polymers have also been proposed as
alternative ligands for surface coordination of BP.* Improved
stabilization of BP against oxidation was also demonstrated by
noncovalent functionalization of BP with 7,7,8,8-tetracyano-p-
quinodimethane (TCNQ) and a perylene bisimide.[*’]
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Figure 3. Photo-oxidation of multilayer 2D phosphane under constant illumination at room temperature. a,b) AFM images taken immediately after
exfoliation and a few days later under ambient conditions. c¢) Raman spectra on a 5 nm thick sample measured in air. d) Time dependence of the
integrated intensity of the AgZ Raman mode in different conditions: air, vacuum, mixture of O, and H,0, and in air encapsulated under a 300 nm layer
of parylene cap. e) Time evolution of the integrated Raman intensity of the AgZ mode at different laser fluences. Experiments in (c)—(e) are made with
constant laser illumination and curves in (d) and (e) are monoexponential fits to the data (solid lines). Reproduced with permission.B> Copyright 2015,

Nature Publishing Group.

2.1.2. Inorganic Coatings

Using atomic layer deposited (ALD) Al,O; protective layers,
Pei et al. controllably produced air-stable few to monolayer BP
made using layer-by-layer thinning by O, plasma etching.l’]

This process sputters P,O, species away from the top surfaces
by colliding with oxygen plasma. Stable BP with high mobili-

ties and on-off ratios was also demonstrated by encapsulating
atomically thin BP between boron nitride (BN) layers fol-
lowed by annealing at high temperatures.”® Hybrid Al,03/BN

Table 1. Effective passivation methods of BP. The monitored time indicated only refers to the duration BP is monitored and not the maximum time

it stays stable.

Passivation technique Time monitored Coating method Characterization technique Ref.

Double layer capping of Al,O3 and 30d ALD (AI203), spin-casting AFM, microwave impedance microscopy [55]

hydrophobic fluoropolymer (fluoropolymer)

BN-BP-BN heterostructure followed =~7d Transfer technique Charge transport measurements [50]

by annealing at 500 °C

Primarily of phosphorus pentoxide (P,0s) 2 d atmosphere exposure Synchrotron-based photoelectron spectroscopy [52]

Covalent aryl diazonium functionalization =10d Chemical functionalization X-ray PES (XPS), Raman, AFM, [46]
charge transport, DFT calculations

Layer-by-layer thinning of BP by O, plasma, 30d O, plasma etching and ALD  Phase-shifting interferometry, photoluminescence [27]

followed by Al,O; coating (Al,03) spectroscopy, Raman spectroscopy

Thin film (10 nm or thicker) Al,O; coating 90d ALD s-SNOM, AFM [29]

lonophore coating 30d Spin coating AFM, Raman, semiconductor parameter analyzer [53]

Covalent functionalization with titanium 24 h (humid air) Solution phase reaction HR-TE, optical microscopy, AFM, HRXPS, Raman [47]

sulfonate ligand

7,7,8,8-tetracyano-p-quinodimethane (TCNQ) 2 d (ambient) Chemical approach AFM, Raman, STEM-EELS [49]

and a perylene bisimide

Liquid phase exfoliation in N-cyclohexyl- 1d Liquid phase exfoliation AFM, Optical extinction and absorbance, [56]

2-pyrrolidone (CHP) TEM/ HRTEM, STEM

Al,O; encapsulation 8 months ALD Charge transport [104]

Hybrid Al,O;/BN encapsulation 6 months BN transfer, ALD Al,O, s-SNOM, charge transport [51]
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Figure 4. Surface passivation of BP by organic covalent functionalization (i), inorganic (i), and hybrid organic-inorganic (iii) coatings. i: b—e) Repro-
duced with permission.[*l Copyright 2016, Nature Publishing Group. ii: b—f) Reproduced with permission.[?” Copyright 2016, Nature Publishing Group.
iii: b—g) Reproduced with permission.l>! Copyright 2015, Nature Publishing Group.

layers have shown to significantly improve surface stability
while enabling excellent FET device performance.’!l Using
synchrotron-based photoelectron spectroscopy, it was also
shown that P,Os forms at the surface of BP and acts as a pas-
sivation layer for few days.’Zl By coating BP with ionophore,
Li et al. have demonstrated an air stable BP sensor that can
detect multiple ions with high sensitivity better than graphene-
based sensors.>3 Effective passivation of BP was also achieved
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via binding its lone pair of electrons to a titanium sulfonate
ligand.*’]

2.1.3. Combination of Organic and Inorganic Coating
Kim et al. demonstrated that air-stable BP devices can be pro-

duced by a double-layer capping of Al,O; and hydrophobic

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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fluoropolymer using microscopy, spectroscopy, and transport
techniques.>*>]

2.1.4. Liquid Exfoliation

It has been demonstrated that BP synthesized in large quan-
tities by liquid phase exfoliation under ambient conditions in
solvents such as N-cyclohexyl-2-pyrrolidone (CHP) is more
stable than mechanically exfoliated few-layer BP. The enhanced
stability in CHP is attributed to the fact that solvation shell pro-
tects the nanosheets from reacting with water or oxygen.>®l

3. Long-Term Stable and Reliable Devices

Degradation limits the performance of BP devices fabricated
under ambient conditions. Degradation of BP results in the for-
mation of a thin layer of insulating oxide that causes increased
contact resistance.’”) Degradation also results in significant
physical changes including nonuniform areal and volumetric
expansion, which causes increased surface roughness and
thus impacts carrier mobility.”®! Oxygen defects produce deep
donor and/or acceptor levels in the band gap and form unnec-
essary complex defects. Koenig et al. observed significant [-V
hysteresis characteristics that depend on the gate sweep direc-
tion much higher than that observed in graphene and other 2D
crystals.’”] BP degradation alters its electrical properties and
deteriorates FET performance by increasing threshold voltage,
and decreasing on/off ratio and mobility.% Passivants can also
modify performance. For example, passivants for MCT photo-
conductive detectors give rise to positive fixed charges, which
alter performance of these photoconductive detectors.*® Den-
sity functional theory studies have also found that absorption
of transition metals on single-layer phosphorene could hinder
use of this material for spintronics applications.[¥ On the other
hand, performance and applicability of BP can be enhanced
by addition of Cu adatoms to lower the threshold voltage for
n-type conduction without degrading the transport proper-
ties.®!] Adsorbed Ag" ions have been shown to interact with the
conjugated 7 bonds improving BP stability.l®?l The Ag* can bind
lone electrons more strongly than O preventing oxidation. DFT
computations have also predicted that doping phosphorene by
organic molecules adsorbed on the surface noncovalently can
significantly narrow its band gap.%3! High boiling point liquids,
adsorbed on the surface, including water, can offer a facile
method for improving stability that can be used for short term,
like transporting samples, or/and long term between multiple
processing or characterization steps.F®® Compared to solid
passivation approaches, liquids are relatively easy to remove.
Moreover, tight packing of these solvent molecules can effi-
ciently impede penetration of oxygen molecules to the surface
of BP. Ionic liquids are also promising candidates for both pas-
sivation and electrostatic gating. Abellan et al. used ionic liquids
to stabilize flakes <10 nm thick for up to a week (Figure 5).03¢!
Several approaches have been developed to address the
stability of BP FETs. Wood et al. demonstrated that atomic
layer deposited AlO, overlayers effectively suppress ambient
degradation, allowing encapsulated multi-layered BP FET
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to maintain high on/off ratios of =10° and mobilities of
=100 cm? V™' s7! for more than 2 weeks in ambient condi-
tions.% Avsar et al. used graphene-hBN van der Walls structures
to encapsulate the underlying black phosphorus (varying layers
of 2 and 6) FET device in an inert argon environment.%* They
compared the transistor performance of exposed BP FETs with
encapsulated BP FETs and observed that the nonencapsulated
devices exhibited a hysteresis of =30 V in vacuum conditions
while the encapsulated devices had hysteresis-free transport
properties.[® In their work, graphene was used as electrodes
underneath the BP, and the mobility was reported as 63 cm?
V! 57! at room temperature.®] Their devices demonstrated a
10% decrease in mobility when cooling down to a temperature
of 100 K and a 30% decrease in mobility at a temperature of
10 K.[%! They showed that their device exhibited negligible hys-
teresis even after 2 months.[%! Chen et al. reported the fabrica-
tion of stable van der Waals heterostructure consisting of a few
layers of black phosphorus sandwiched between two hBN layers
to achieve field effect mobilities of almost 1350 cm V! s71 at
room temperature and on/off ratio of 10°.5% They attributed
the high mobility for their BN-BP-BN devices to transport
along the X-direction as opposed to the Y-direction, which was
confirmed through polarization angle dependent Raman spec-
troscopy.’® The mobility along the X-direction can be two times
larger than that in the Y-direction.?1°%%] The large on-off ratio
and negligible hysteresis is attributed to the ultraclean BN-BP
interfaces as well as high-temperature annealing (300-500 °C)
of the encapsulated BP.P% Cao et al. encapsulated their BP-
based transistors between mono and sometimes bilayer hBN
on top of Si/Si0, wafer.’* They report a mobility of more than
4000 cm? V7! for thicker (more than ten layers) devices, =1, 8,
and 1200 for mono, bi, and tri-layer devices at cryogenic tem-
peratures. Moreover, they noticed that there was no deteriora-
tion in the device quality even after several months. Chen et al.
also demonstrated that the FET properties of their encapsu-
lated samples show no degradation even after exposure to 60%
humidity.P%

Doganov et al. fabricated device structures that allowed them
to directly compare the encapsulated and nonencapsulated
parts of the same ultrathin black phosphorus flake.l*% For the
BN-encapsulated part of the BP devices, they obtained an elec-
tron mobility of 62 cm? V™! s7! and, in the exposed region, the
electron mobility was reported to be 5 cm? V! s71 at 200 K.
To further improve upon BN encapsulated device performance,
Yang et al. used a two-layer Al;O;/BN layer fabricated in an
inert environment to produce ultraclean interfaces protected by
the BN.I] This hybrid Al,0;/BN layer improves stability and
has resulted in FETs with a few-layer BP channel with record
high on-currents and transconductance. Ryder et al. dem-
onstrated that covalent functionalization of a few-layer black
phosphorus using aryl diazonium can suppress the chemical
degradation of BP devices even 3 weeks after ambient exposure
through the formation of a carbon—phosphorus bond.*?! Zhao
et al. used DFT calculations and molecular dynamics simula-
tions to investigate the self-assembly of perylene-3,4,9,10-tetra-
carboxyluc dianhyrdride monolayers as a possible effective pas-
sivation layer.[%8 SiO, passivation has also been used to prevent
degradation of few-layer BP and maintain carrier mobility up
to 500 cm? V-1 s7LI Kim et al. used graphene as a passivation

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a b
.-<m Remoyal of IL e BP-IL
1,0 < - BP pristine
=
)
c 08F
2
£ o6} 3
«©
? >
N 04p ® @
o =
© 2
E 02} = .
o) 350 400 450 E
Raman shift / cm
2 0,0 Y 1 1 1 1 A 1 1
5 10 15 20 25 30 35 40 45 50
Time/d
C
100
141 8 days
12} 160
'g' 12: 220
& 6f 280
> 4}
340
2.
0 2 400

2 4 6 8101214 2 4 6 8

X [um]

X [um]

2 4 6 8 10 12 14

X [um]

10 12 14

Figure 5. Surface passivation of BP using an ionic liquid (IL). a) Change in A', mode intensity with time for flakes with and without IL passiva-
tion. b) AFM images of flake after IL removal. c) Scanning Raman map of a 6-10 nm thick BP flake over time the Al, color scale plots A', intensity.
Reproduced with permission.¥ Copyright 2017, American Chemical Society.

layer and performed Raman spectroscopy to demonstrate that
the Raman peaks remain unchanged up to 4 d, after which the
signal reduced to 90% of its original strength.”® Black phos-
phorus has also been demonstrated as a promising material for
flexible electronics. Zhu et al. realized flexible Al,O; encapsu-
lated BP devices on polyamide substrates with device mobilities
of 310 cm? V! 57}, which is five times more than the highest
reported mobility values for other flexible transistors based
on transition metal dichalcogenides.”*74 Li et al. developed a
BP sensor encapsulated with ionophore to demonstrate an air
stable BP sensor.’3l The ionophore-encapsulated devices dem-
onstrated no obvious degradation in their optical images (no
bubbles and color change) for 30 d.”® Their devices showed
source—drain current, Iy (Vgs ==2.5 V and V, varied from =5 to
10 V), variation of less than 10% after 1 week of exposure to
ambient conditions, showing good stability.l>?]

In the field of high-speed electronics, the high mobility of BP
makes it possible to develop transistor devices that can operate at
a frequency well into the gigahertz range for applications in thin
film radio frequency (RF) electronics. The first BP RF transistors
operating in the gigahertz frequency range were independently
demonstrated by two research groups in late 2014. The device
demonstrated by Wang et al. was fabricated along the x-direction
of the BP crystal to take advantage of the highest possible carrier
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mobility.””! With a channel length of 300 nm, the BP FETs were
reported to show a short-circuit current gain cut-off frequency
(fr)of 12 GHz. The device also shows a maximum oscillation
frequency (fm.) of 20 GHz as extracted from the frequency
dependence of its unilateral gain. Compared to high-speed tran-
sistors based on graphene, BP transistors are more promising
for achieving better power gain, which is an important param-
eter for applications in amplifiers, as indicated by its higher f;,..
than fr. This is a direct result of the enhanced current saturation
in BP devices due to BP’s semiconducting nature as compared
to graphene’s semi-metallic nature. We believe that the high-
speed performance of BP transistors still have plenty of room
for improvement. Recent studies have shown that when BP is
encapsulated between hBN, the mobility of the BP thin film
can exceed 1000 cm? V™! 57! at room temperature and be above
6000 cm? V! s7! at low temperatures. Based on the continuous
advancements in the quality of contacts, the device fabrication
process, and the progressive scaling of channel length, it is rea-
sonable to expect that the frequency performance of BP transis-
tors might be able to exceed the 100 GHz in the near future.

A unique feature that BP devices offer for RF applications is
the ease with which ambipolar conduction characteristics can
be achieved in these devices. With a moderate level of electro-
static bias, the Fermi level in BP can be readily shifted across
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its narrow band gap and the channel conduction can be modu-
lated by the gate bias between p-type and n-type conductions.
Such ambipolar channel properties and relatively symmetrical
transfer characteristics between electron and hole conduction
branches are favorable for exploring novel electronic func-
tionalities for RF applications, such as ambipolar frequency
multipliers and ambipolar mixers that can utilize the sym-
metrical properties of the device to either simplify the circuit-
ries required for realizing these functions or to enhance its
performance. BP electronic modulators, frequency multipliers,
and inverters have been demonstrated by Zhu et al. on flexible
substrates, highlighting the potential of BP-based devices for
high-frequency thin-film electronic applications.”¥ Recently,
an ambipolar charge trapping memory device based on BP has
been reported by Tian et al. that features dynamically reconfig-
urable and polarity-reversible memory behaviors.’®l The device
can offer adaptable memory characteristics as a useful building
block for constructing dynamically reconfigurable circuits and
data-adaptive energy-efficient memory.

The anisotropic electronic properties of black phosphorus
can also lead to new device concepts for the emerging field of
neuromorphic electronics. The connection strengths of the bio-
logical synapses vary significantly in neural networks, which
enhance the diverse functionalities of the brain. Achieving such
heterogeneity in electronic synapses is useful for developing
artificial neural networks that can attain a higher level of com-
plexity and functionality. The first black phosphorus based syn-
aptic device demonstrated shows intrinsically heterogeneous
synaptic characteristics deriving from its anisotropic transport
properties.’?l Furthermore, the device takes advantage of the
native oxide of BP, i.e., phosphorus oxide, which utilizes the
charge trapping layer that enables the synaptic characteristics
through the trapping and de-trapping of electrons as electrical
pulses are applied at the gate electrode. The different synaptic
characteristics for devices built along the x and y-directions of
the BP crystal are attributed to the different trapped charge
induced scattering in the carrier mobility along different BP
crystal directions. A compact network was also demonstrated
using a radial shape BP synaptic device layout that mimics a
heterogeneous one-axon-multisynapse connection in biological
neural network. Such devices and network blocks can help
enhance the functionalities of electronic synaptic network.
While these early BP-based circuits are quite different from
actual neurons, they provide an interesting material system for
exploring basic device and circuit concepts.

4. Stable Anisotropic Electronic and Quasiparticle
Properties

Permanent alteration of the surface of BP due to degradation
affects its fundamental physical properties such as of topo-
logically protected surface states, surface polaritons, and exci-
tons. Robust topological insulators such as Bi,Se; are sensitive
to atmospheric exposure induced n-doping of the surface,
which compromises the relative contribution of topological
surface states to conductivity.’””} Topological states in unpro-
tected BP can also be expected to suffer similar unintentional
doping. More severe chemical alteration of the surface due to
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atmospheric exposure will significantly suppress surface states,
potentially making the surface of BP more insulting than the
bulk. Surface oxidation can also result in strong modification of
BP band structurel’®l though the oxidized layer may stabilize the
surface by acting as a protective capping layer against further
degradation. However, an oxide surface can act as an unwanted
source of surface and interface traps and charged states, which
is detrimental to the fabrication of multilayer devices.?>>? The
surface oxidation effect is analogous to a similar oxidation pro-
cess that has been observed in and hence been a major cause
for concern in III-V metal oxide semiconductor field effect
transistor. Experimental investigations of physical properties of
BP have been performed both under ambient conditions with
or without protected BP and in vacuum providing valuable
insight into this material's fundamental intrinsic properties.

The highly anisotropic band dispersion around the band gap
results in a corresponding highly anisotropic effective mass
and as a result anisotropic electric conductance.”%#%

From first-principles simulations, Fei and Yang?! have
shown that the unique anisotropic conductance can be manipu-
lated further using strain. Mishchenko et al. have also meas-
ured anisotropy in electronic properties of =10 nm thick BP
flakes.[®! Optically Mao et al. reported (Figure 6a—d) anisotropy
of few-layer BP in the visible regime simply by using polarized
optical microscopy.® Ling et al. also took advantage of this ani-
sotropy to identify the crystal orientation of BP demonstrating
a simple noninvasive method for identification of these crystal
axes.®3]

Anisotropic excitons, phonons, and plasmons in BP play
a unique role in modifying its physical properties. Employing
polarization-sensitive  photoluminesce experiments, Wang
et al. revealed highly anisotropic strongly bound excitons in
monolayer BP (Figure 6e).84 Anisotropy is a distinguishing
feature in BP that can open numerous practical applications.
Selective excitonic emission can lead to opportunities for
manipulation of light polarization that is unavailable in other
2D materials. However, under high excitation conditions,
exciton—exciton annihilation can limit injection density reducing
quantum yield.®! Anisotropic thermal conductivity due to
phonon dispersion was first reported by Luo et al.®® Phonon
modes can be tuned by application of strain.®”} Strong polari-
zation and nonlinear temperature dependence as well as the
existence of anisotropic edge phonon modes of BP have all been
explored.1 Due to anisotropy, polaritons propagating in BP
can manipulated. Nemilentsau et al. proposed highly directional
propagating hyperbolic plasmons via doping anisotropic BP,
which can offer unprecedented control of directional plasmons
that can be tuned on the spot.*?l Ultrathin BP is also predicted
to host hyperbolic plasmons with nonlocality induced topo-
logical transitions and electrically tunable plasmon modes in
bilayer BP.1>%Y The experimental observation of a hybrid polar-
iton waves made of surface plasmon modes in BP and phonon
polariton on SiO, substrate was also reported recently.>”!

BP’s small band gap combined with its anisotropy makes
it a candidate to observe exotic anisotropic surface states.°
Recently Fei et al. proposed that bulk BP can become a topo-
logical semimetal via uniaxial structural deformation, which
inverts the band gap.l””] The existence of Dirac cones with
anisotropic Fermi velocities in BP means that both massless
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Figure 6. Simulated and measured anisotropic optical contrast and refractive indices for few-layer BP on 300 nm SiO,/Si and fused silica substrate.
Angle-dependent optical contrast of (a): a) the 5 nm BP samples on SiO,/Si and b) fused silica under parallel polarizations. The wavelength of the inci-
dent light is 480 nm. c) Optical contrast spectra along AC and ZZ crystalline direction of 5 nm thick BP on SiO,/Si and fused silica substrates, respec-
tively. d) Measured refractive indices for 5 nm thick BP along AC and ZZ crystalline directions. The solid triangles and dots are the real and imaginary
parts of the refractive indices, respectively. Reproduced with permission.[82l Copyright 2016, American Chemical Society. Exciton photoluminescence
with large in-plane anisotropy. e) Polarization-resolved photoluminescence spectra, revealing the excitonic nature of emission from the monolayer
black phosphorus. The excitation 532 nm laser is linearly polarized along either x (grey curves) or y (blue curves) directions. On the detection side, a
halfwave plate and linear polarizer selects x or y-polarized components of the emitted light, leading to a total of four different combinations as shown.

Reproduced with permission.[®¥ Copyright 2015, Nature Publishing Group.

and massive carriers can simultaneously be present in the
same material. This phenomenon has been experimentally
observed by Xiang et al. on single crystal BP samples.”® Liu
et al. have proposed active tuning of anisotropic topological
behavior in few-layer BP.[’! Despite its large band gap, applica-
tion of external electric field can induce transition from normal
insulator to a topological insulator in BP. Kim et al. have
observed similar electric field modulated Dirac semimetal topo-
logical phase in BP as a result of potassium doping.'%? Gra-
phene retains a linear (or “conical’) dispersion relation at low
energies. In contrast BP can form 1D or 2D Dirac cones that
display tunable anisotropic dispersion. The ability to tune the
band gap of BP using pressurel”719 or applying an external
field®9100.102] for the generation of anisotropic exotic electronic
states is promising for novel optoelectronic applications. For
more details on anisotropy in BP, we direct the readers to
refs. [1], [2], [7], and [9].

5. Conclusion and Perspectives

The long-term stability of BP appears to be reaching a level of
certainty based on various aging studies of encapsulated films.
ALD deposited metal oxides, fluoropolymers, and hydrophobic
thin films all provide a measure of air stability with varying
degrees of effectiveness. Double layers of ALD with high-k
oxides and fluoropolymer provide a near-optimum BP device
structure with high electrical performance and over a year long
air stability. Passivation layers using vdW materials, like (hBN
or graphite), and hybrid layers combining vdW materials with
3D inorganic or organic materials are also very promising par-
ticularly for monolayer BP. Coatings that utilize a 3D material
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with dangling bonds will introduce surface charged states and
impurities at the interface with BP resulting in unintentional
doping, charge scattering, and changes in the band structure.
By using a vdW layer, an atomically abrupt and clean interface
with BP can be formed, which can preserve intrinsic properties.
In the hybrid structure, an encapsulation material with supe-
rior permeability properties along with a thin vdW layer can
be used together to isolate and preserve BP. More longer term
studies that span years or accelerated studies are, however,
still required to ascertain the effectiveness of these passiva-
tion techniques for potential nanoelectronics applications.
Recent bias-stress and temperature-stress testing on working
BP transistor devices have shown reliable performance with
only modest drift in the performance metrics such as threshold
voltage. Some devices have also shown what is known as “posi-
tive aging,” where there is slight improvement in electrical
performance over time. “Positive aging” might arise from slow
annealing of traps and defects or desorption of moisture that
may have been trapped shortly before or during the process of
encapsulation.[1%3]

In addition, phosphorene, the monolayer of BP, is far more
air sensitive and difficult to prepare and/or integrate onto
device structures. Therefore, there have been relatively few
air-stability studies!'™ in working devices. As such, future
studies are warranted for this monolayer of BP, which offers
the highest direct band gap and potentially the most attractive
alternative for photovoltaic and low-power transistor devices.
Recent synthesis progress has revealed that the growth of 2D
phosphorus is achievable on metal surfaces by MBE. Therefore,
it is imperative to develop transfer and air-stability schemes to
expedite the integration of this large-scale synthetic monolayer
onto device platforms for diverse studies and applications.
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Significant progress is being made in understanding funda-
mental physical properties of single and multilayer BP. Fabri-
cation of high-quality and stable samples enabled by various
passivation techniques will facilitate these investigations.
Understanding the effects of passivation on physical proper-
ties of BP samples will be important if practical performance
is to be realized. The unique tunable band gap energy range
and strong in-plane anisotropy of single and few-layer BP pro-
vide an exciting opportunity to explore dynamically controlled
anisotropic surface polaritons (exciton, phonon, or plasmon)
in this material. The possibility BP provides for manipulation
of its band structure using external means such as electric
fields opens the way to induce actively controlled quantum
confined anisotropic topological states. Combining unique
properties of BP with other vdW materials through top-down
heterostructures fabrication and subsequent fine-tuning could
open new opportunities for exciting fundamental science
explorations.

Looking forward to the future, we see the need to push uni-
versity-level synthesis methods for assembling heterostructures
toward more scalable approaches for commercial applications.
This will likely involve development of processes similar to those
established for III-V semiconductors to epitaxially grow large
area planar structures consisting of one to many thin-film mate-
rials. In this light, the recent synthesis progress demonstrating
growth of 2D blue phosphorus on metal surfaces by MBE is a
major first step forward. For BP passivation, capping layers can
be directly grown in situ without having to expose surfaces to
air. This could be achieved by incorporating multiple deposi-
tion systems like a phosphide MBE and an oxide ALD system.
Alternatively, growth of heterostructures in a single MBE or
chemical vapor deposition system can also be employed. With
all the recent success in production of 2D heterostructures, it
is likely that growing a 2D heterostructure with BP encapsu-
lated between passivating 2D layers could also be achievable.
Achieving such structures would allow for a relatively simple
transfer to conventional planar device processing. However, we
must also consider the limited thermal stability (<550 °C) of
BP, which can turn out to be another challenge in itself consid-
ering many of the stable 2D layers require growth temperatures
beyond the limit of BP stability. As such, approaches using ultra
clean exfoliation or transfer practices in inert environments may
be feasible in the near term as BP and 2D growth technology
advance.
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