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Phosphorene, which is designated as a monolayer or a few-layer of orthorhombic black phosphorus (BP),
has emerged as a hew promising member of the two-dimensional material family. A plethora of exciting
applications of phosphorene have been reported based on its intriguing properties. Unfortunately, due to
the lack of reliable methods for the direct synthesis of highly crystalline phosphorene, bulk BP single crys-
tals have been the sole precursor to achieve high-quality phosphorene. A chemical vapor transport (CVT)
reaction method has been deemed the most successful method for the growth of bulk BP single crystals.
Herein, recent progress in the controlled growth of bulk BP single crystals by the CVT reaction is briefly
reviewed. The emphasis is focused on the reaction system, nucleation and growth mechanism of the CVT
synthesis of bulk BP crystals as well as the recent development in the growth of doped and substituted BP
single crystals by the CVT reaction method. The challenges and perspectives ahead of the CVT growth of
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1. Introduction

As the 13™ discovered element in the present periodic table,
phosphorus is extraordinary because of its remarkable variety
of allotropes. Among all the known phosphorus allotropes,
black phosphorus (BP) is the most stable one under ambient
conditions. The bulk form of BP was first reported as early as
in 1914 by Bridgman." Although the chemistry of phosphorus
has been an intriguing and vivid topic in chemistry and
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applied science, little research has been done on BP during
the past century. Monolayer and few-layer BP (phosphorene)
have attracted increasing research interest only recently due to
their interesting optical, electronic and catalytic properties.””
Phosphorene has a corrugated and layered structure which is
the building block for bulk BP. On the basis of the layer
numbers, phosphorene can be classified as monolayer, bilayer,
and few-layer phosphorene. Morphologically, phosphorene can
be categorized as quantum dots, nanoribbons, nanorods,
nanoparticles, nanowires, nanotubes, nanoflakes and micro-
scale flakes. Unlike graphene, in-plane bonding in phosphor-
ene forms a puckered honeycomb layered structure due to sp®
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Fig. 1 Schematic illustration of the synthesis of phosphorene.

hybridization of covalently bonded atoms. Phosphorene has a
relatively large interlayer spacing as compared to graphene due
to its puckered layered structure. Weak interlayer interactions
are responsible for holding the phosphorene layers together,
which can be easily broken. Phosphorene has a high carrier
mobility and a tunable direct band gap. The reliable pro-
duction of phosphorene with high-quality, large-area and
uniform thickness is very important for exploring its pro-
perties and potential applications. To enable its successful
diverse applications, an easy access to phosphorene is crucial.
Motivated by its interesting properties and promising appli-
cations, intensive research efforts have been devoted to devel-
oping various synthetic approaches for the fabrication of
phosphorene.

Similar to other two-dimensional (2D) materials, the phos-
phorene preparation approaches can be divided into bottom-
up and top-down methods. The schematic in Fig. 1 illustrates
the two synthetic routes to monolayer and few-layer BP. The
bottom-up growth strategy is based on the direct preparation
of phosphorene from phosphorus precursors. There are few
bottom-up approaches for the growth of thin films or few-layer
BP. These methods include chemical vapor deposition (CVD)
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followed by high-pressure treatment, pulsed laser deposition
(PLD), molecular beam epitaxy, laser writing, solution method
and chemical vapor transport (CVT).°™ For the first time BP
thin films have been obtained at room temperature by apply-
ing high-pressure on a thermally deposited red phosphorus
(red-P) in a multi-anvil cell.’ Later, BP thin films were also pre-
pared by a similar method using a pressure vessel instead of
using a multi-anvil cell.” The PLD method was also employed
for the fabrication of ultrathin BP films on different sub-
strates.” However, the BP grown using the PLD method has a
highly disordered amorphous structure. Tian et al."* developed
a solvothermal method for the bottom-up preparation of par-
tially oxidized BP nanosheets. Very recently, CVT has been
used for the growth of BP thin films directly on a substrate.'*"?
All the above-mentioned processes have low scalability of the
final product or the quality of few-layer BP is limited due to
low crystallinity. To date, these bottom-up techniques have not
fulfilled the basic requirements of high-quality and scalability,
which are important for its potential applications. Although
researchers have a vast toolbox of well-known reagents and
reaction mechanisms that can be used in the direct synthesis
of thin layer graphene and transition metal dichalcogenides,
this is not yet the case for the growth of high-quality and large-
area phosphorene. Unlike other 2D materials, the bottom-up
method for BP thin films or phosphorene growth is not com-
pletely explored due to the complex chemistry of phosphorus.
The bottom-up approach needs to be further improved by opti-
mizing the reaction conditions to obtain high-quality phos-
phorene. Currently, in order to obtain high-quality and scal-
able yields of phosphorene, the top-down method is preferably
used. In the top-down method usually a chemical intercalation
or mechanical force is required to break van der Waals (vdW)
interactions among stacked BP layers to obtain mono or few-
layers, i.e. phosphorene. Most of the 2D materials are prepared
from their three-dimensional (3D) single crystal counterparts
by using the top-down method, e.g., graphene is prepared
from graphite. The bulk BP single crystal is a 3D counterpart
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of phosphorene. In order to prepare high-quality phosphorene
by using the top-down method, high-quality and large-size
bulk BP single crystals are premise.

The first synthesis of bulk BP single crystals can be dated
back to a century ago by using a high-pressure method."**
Later, with the development of high-pressure technologies
much attention was devoted to understanding the reaction
mechanism. However, the high-pressure method involves
sophisticated and expensive equipment, which limits the fun-
damental study and application exploration of BP crystals."” "
In addition to this growth technique, BP single crystals were
also grown using other methods including recrystallization
from mercury or the bismuth-flux method,*>*' ball
milling,**>* and the CVT reaction method.>*** The CVT reac-
tion method provides a controllable way to grow large-size and
high-quality bulk BP single crystals with a reasonable cost.
These advantages make CVT an important method for bulk BP
crystal growth. Over the past few years, researchers have
achieved great advances in the CVT growth of high-quality and
large-size bulk BP single crystals. Mechanism understanding is
important for the controllable growth of a material. Many
groups have devoted their research efforts to explore the syn-
thesis mechanism of BP single crystals and proposed some
growth models. Thorough understanding of the growth mecha-
nism will be helpful for the controlled growth of bulk BP
single crystals and create an opportunity for the direct syn-
thesis of BP thin films or phosphorene in the near future.
Recently, some articles have summarized the recent evolution
in BP studies, particularly on the synthesis methods, pro-
perties and applications.>*™*® A general overview of bulk BP
crystal growth by various methods has also been highlighted
in some previous reviews.*'™* However, a specific review on
the CVT growth of bulk BP single crystals has not been pub-
lished yet. Herein, we present a comprehensive review about
the recent progress in the controllable growth of bulk BP
single crystals by the CVT reaction method. The focus is on the
reaction system, nucleation and growth mechanism of CVT
synthesis of bulk BP single crystals. The latest advancement in
the growth of doped and substituted BP bulk single crystals is
also introduced. At the end of this review, we list several key
challenges and opportunities in the field related to BP growth.

2. Structure and properties of BP

BP has a quite unique puckered layered structure, having fea-
tures unlike most other 2D materials. The atomic planes of BP
are assembled by vdW interactions. Under normal conditions,
BP has an orthorhombic crystalline structure in which every
phosphorus (P) atom establishes covalent interactions through
sp® hybridization with three neighboring atoms. Two out of
three covalent bonds exist in a plane while the third one con-
nects the P atom above or below the plane. Such type of
hybridization leaves a lone electron pair on each P atom,
which is responsible for the quadrangular pyramid structure
of P, rings in the chair form. The schematic illustrations in
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Fig. 2a-c show the lattice structure of 3D, top and side views of
BP.%® In 2014, two research groups reported the exfoliation of
bulk BP crystals independently.**> They applied mechanical
force with the help of Scotch tape to disrupt the vdW inter-
actions and obtain few-layer BP. Anisotropy was observed in
the optical, mechanical, thermoelectric, and electrical pro-
perties of BP due to its puckered layered structure.’®* For
example, BP exhibits a strong in-plane anisotropic response
when excited with a polarized laser. Fig. 2d and e represent
the angle-dependent Raman spectra of monolayer BP and A%,
mode intensity as a function of the polarization angle.?” BP is
an ambipolar semiconductor with a thickness-dependent
direct band-gap (Fig. 2f).>® The increase in the band gap can
be attributed to the charge carrier’s confinement in thickness-
decreased BP. Tightly bound exciton formation in 2D materials
is responsible for the presence of strong Coulomb
interactions.”>*® Transition of such excitons governs the
photophysics of 2D materials. Anomalous excitonic effects in
BP play an important role in optical transition. BP displays
many-body interaction effects and outstanding anisotropic
quasiparticle properties that offer thrilling ground for new
physics. These exciting properties provide excellent opportu-
nities to fabricate practical devices for innovative applications.
Most of the exfoliated vdW materials are not completely stable
in air. In the case of BP the degree of degradation under
ambient conditions is relatively severe. Therefore, accomplish-
ment of its exciting potential depends on the discovery of
advanced solutions to its instability.>”

3. Synthesis of bulk BP by the CVT
reaction method

The CVT reaction is an important synthetic method for the
growth of pure crystalline solids. The term CVT stands for the
reaction that involves the transformation of a condensed
phase to a gaseous phase by a chemical reaction in the pres-
ence of a transport agent and then deposition to another
place, generally in the crystalline form.>® In 2006, Nilges’s
group was working on the preparation of polyphosphides by
using the CVT reaction method with the addition of mineraliz-
ing agents as reaction promoters.>® During the preparation of
these polyphosphides they achieved great progress in the syn-
thesis of BP single crystals at a relatively low temperature and
pressure.>® The discovery of this method was a great achieve-
ment in terms of material quality and synthesis simplicity.
After this pioneer work, various reaction systems have been
developed by different groups in order to optimize the con-
ditions for BP crystal growth. In the below section we will
thoroughly introduce the different reaction systems that have
been adopted for bulk BP growth and the growth mechanism
proposed by various groups.

3.1. Reaction systems for BP growth

The reaction systems for BP growth by the CVT method can be
categorized into various types on the basis of the elemental

Inorg. Chem. Front., 2020, 7, 2867-2879 | 2869
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Fig. 2 Crystal structure and properties of BP. (a) Three-dimensional view. (b) View from the top. (c) View from the side. (d) Raman spectra of BP,
excited by a linearly polarized laser. (e) Intensity of the AZg mode as a function of the polarization angle. (f) Theoretically calculated layer-dependent
band structures of BP. Reproduced with permission from ref. 36, 47 and 53. Copyright 2017, The Royal society of Chemistry, 2015 Nature Publishing

Group, and 2014 IOP, respectively.

composition of the mineralizers. Nilges and co-workers
reported the first reaction system for bulk BP growth in the
CVT reaction method.” In this reaction system they intro-
duced stoichiometric amounts of gold (Au), tin (Sn), tin(v)
iodide (Snl,) and red-P (Au/Sn/Snl,/red-P) into an evacuated
silica ampule. The silica ampule containing reactants was
heated to a high temperature and kept for 5-10 days in a tube
furnace. As a result, BP single crystals appeared with some
additional phases such as AuzSnP,, AuSn, Sn,P; and Snl,. The
need for long reaction time and precious metals and undesir-
able phases were the major problems in the Au/Sn/Snl,/red-P
system. The additional phases reduced the yield and also
caused problems in the separation of pure BP crystals from the
final product. Under their experimental conditions, they estab-
lished that Au, Sn and I were crucial for successful synthesis.
From theoretical and experimental results, they suggested that
the in situ preparation of AuzSnP,, which undergoes epitactic
reaction, played an important role in the conversion from red-
P to BP crystals. They supposed that accelerating the in situ for-
mation of AuzSnP, could accelerate the reaction. Later on, they

2870 | Inorg. Chem. Front,, 2020, 7, 2867-2879

improved their previously reported reaction system by using
the AuSn alloy instead of Au and Sn metals.”® By the introduc-
tion of the AuSn/Snl,/red-P reaction system and temperature
programming the growth time was reduced from 5-10 days to
32.5 hours. Although the reaction time and unwanted bypro-
ducts were reduced to some extent, the problem of the pre-
cious metal still existed. In 2014, the same group further
improved the synthesis procedure by removing the precious
metal (Au) from the reaction system. The new system (Sn/Snl,/
red-P) not only reduced the synthetic cost of BP single crystals
but also further reduced the unwanted phases.”” After proper
temperature programming, no significant amounts of Snl, and
red-P were detected on BP bunches. Fig. 3a shows a photo-
graph of a silica glass ampule containing CVT grown BP crys-
tals. The above reaction system could produce BP crystals with
sizes of several millimeters and high purity, with ability for
scale-up synthesis.

However, the Sn/Snl,/red-P system still has some limit-
ations such as the tedious synthesis of Snl, and necessary
temperature gradient of 45-50 °C. A fluctuation of this temp-

This journal is © the Partner Organisations 2020
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Fig. 3 (a) A silica ampule containing CVT grown BP. (b) Schematic of a tube furnace with two independent heating zones for the CVT reaction.
Reproduced with the permission. (c) XRD of a BP single crystal prepared by CVT. (d) X-ray rocking curve of BP. Reprinted with permission from ref.
27 and 29. Copyright 2014 Elsevier and 2016 Springer-Verlag, respectively.

erature gradient might result in the synthesis of Hittorf’s phos-
phorus (HP) and white phosphorus as major products.
Moreover, in all previous strategies the low-pressure sealing of
ampules was important for BP crystal growth. Zhao et al.”®
reported a facile method for the commercial production of
centimeter-scale BP microribbons by introducing the Sn/I,/
red-P reaction system. They removed the condition of low-
pressure sealing of ampules and replaced the tube furnace
with a muffle furnace, which has a much larger reaction space.
As the reaction temperature was much higher than the subli-
mation temperature of Snly, this reaction system also elimi-
nated the tedious synthesis step of Snl, by replacing it with Sn
and L.

Later in 2016, our group developed the Sn/I,/red-P based
reaction system for bulk BP crystal growth by using a two-step
heating process.>® Fig. 3b shows the schematic illustration of
the tube furnace with two independent heating zones. In this
method the purification process of BP crystals was greatly sim-
plified since tin phosphide was the only byproduct, which
could be removed by washing with dilute hydrochloric acid.
The XRD results support the high crystallinity of BP crystals.
Fig. 3c shows the XRD pattern of the CVT grown BP bulk

This journal is © the Partner Organisations 2020

crystal. As the quality of the BP crystal was very important for
its applications, the X-ray rocking curve was employed to check
the crystalline quality of the CVT grown BP crystal. As can be
seen in Fig. 3d, the full width at half maximum of the BP
crystal is 21.65 arc sec, demonstrating a reputable crystalline
quality. The mechanically exfoliated phosphorene from the
CVT grown BP crystal exhibited a record hole mobility of
1744 cm?® V' 57! and an excellent on/off ratio of 10?, which
was another evidence of its high crystalline quality. Although
various reaction systems have been discovered but the role of
specific metals and halogens remained unclear. Zhao et al
further developed a series of reaction systems to investigate
the role of metals (or alloys) and halogens in BP crystal
growth.”” From these experiments, they observed that the
specific metals (or alloys) and I, (or iodide containing com-
pounds) should participate in the reaction system for the suc-
cessful BP growth. However, no BP crystals were observed in
the ampule by replacing iodide containing compounds with
chloride compounds in the reaction system. To figure out the
contribution of I, in BP crystal growth, they fixed the amount
of red-P and specific metals. It was observed that the yield of
the BP crystal was improved up to a certain level, when the

Inorg. Chem. Front., 2020, 7, 2867-2879 | 2871
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amount of I, was increased. These results showed that I, acted
as a mineralizer in the CVT process, which enhanced the solu-
bility and assisted the transfer of phosphorus. The BP yield
was also affected by the nature of metals or alloys in a reaction
system. It was reported that with an increase in the tempera-
ture the particular metal (or alloy) offered a liquid solution to
efficiently dissolve phosphorus and precipitated it at a low
temperature during the slow cooling process. If Sn was substi-
tuted by lead (Pb) in a reaction system, BP crystals also
appeared in the product. The solubility of phosphorus in
molten Pb considerably increased with an increase in pressure
and temperature. If Sn was substituted by other metals with a
low melting temperature, for example, indium (In), cadmium
(Cd) or bismuth (Bi), no BP crystals were found in the pro-
ducts. In the case of In and Cd, the solubility of phosphorus
was very low according to phase diagrams. In the case of Bi,
the red-P did not dissolve in liquid Bi, which resulted in the
failure of BP crystal growth. Therefore, it has been confirmed
from the experimental results that the solubility of phosphorus
in liquid metals (or alloys) and the presence of I element are
the two key factors for the growth of BP in high yield. Very
recently, Liu et al. have developed a short distance transport
(SDT) method in the CVT-based reaction using a uniform
temperature to grow high-quality BP with 98% yield.?” In order
to understand the growth mechanism of BP in this SDT
process, they have performed systematic experiments with
different growth parameters, including the type of transport
agent, the mass ratio of Sn/Snl,, and the growth temperature.
To study whether Sn and Snl, are necessary reactants during
the growth of BP, they also used other iodides as the reaction
promoters. Wang and co-worker have claimed that the Pb/I,/
red-P reaction system gives a good quality BP as compared
with the Sn/I,/red-P reaction system.®’

Although different reaction systems with a variety of metals
(or alloys) and halogen additives have been tested, Sn and I
element containing reaction systems (Sn-I assisted) are gener-
ally used for the growth of bulk BP crystals of high quality. A
lot of effort has been made to unveil the mechanism of BP
growth in the Sn-I assisted system. In following section, we
will thoroughly explain the nucleation and growth mechanism
of BP crystals synthesized by the Sn-I assisted CVT reaction.

3.2. Growth mechanism

BP crystal growth is a challenging task mainly due to
inadequate mechanism understanding. Both the quality and
quantity of bulk BP can be improved with better understand-
ing of the growth mechanism. More importantly, a complete
understanding of the nucleation and growth mechanism may
pave the way for the direct growth of phosphorene on a sub-
strate. Many questions might appear in mind regarding BP
crystal growth by the CVT reaction method. For instance, what
is the actual contribution of different mineralizers in the
growth of BP crystals? Is it similar to crystallization and/or
crystal growth by flux from high to low temperature? Whether
it is a quite quick process that happens in a narrow tempera-
ture range? What will be the most stable species in this system

2872 | Inorg. Chem. Front,, 2020, 7, 2867-2879
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under high temperature? Which kind of species provides a
nucleation site to initiate the growth process? All such kinds
of questions have been discussed by different groups, but
many of them still need further clarification for better under-
standing the nucleation and growth mechanism.

Nilges’s group has focused on the understanding of the
growth mechanism since their first breakthrough in BP crystal
growth.>® Based on theoretical calculation results of the solid-
state and gas-phase equilibrium, they excluded the thermo-
dynamically assisted growth of BP and proposed that the BP
growth preferably followed the kinetically controlled mecha-
nism. In 2014, they further evaluated the growth of BP single
crystals by in situ neutron diffraction experiments.>” Fig. 4a
represents the reaction time vs. temperature and relative peak
area of the first strong reflection (040) of BP observed during
the in situ neutron diffraction experiment. From this experi-
ment they derived an important conclusion that the growth of
BP was a fast process (complete within minutes) after initial
nucleation.

After searching a variety of reaction systems by different
research groups, it has been realized that Sn and I elements
are critical in the CVT growth of BP crystals. Currently the Sn-I
assisted reaction system is the most reliable for high-quality
BP crystal growth. Regarding the Sn-I assisted system, various
groups have proposed different growth mechanisms with some
common opinions. For instance, Zhao et al. designed eleven
experiments to figure out the growth mechanism of BP.*®
From these experiments they concluded that the growth of BP
completed in four stages. During the first stage, when the
temperature was gradually increased from 300 to 673 K, I, and
Sn evaporated because of their low melting points. The com-
plete ampule appeared light yellow due to the formation of tin
iodide from the reaction of Sn and I,. Unlike in a reversible
reaction, the tin iodide wouldn’t be decomposed into their
respective elements due to the excessive Sn in the ampule.
During the second stage, the sublimation of red-P began due
to the increase in the temperature from 673 to 863 K and the
ampule tube appeared as dark red. The Sn-P-I compound
appeared in the ampule by the reaction of phosphorus gas with
tin iodide and Sn. In the third step the gas inside the silica
ampule began to condense because of the decrease in tempera-
ture from 863 to 798 K. In the fourth stage, the growth of BP
microribbons occurred and the silica tube turned clear. Later on,
they performed a series of experiments, by replacing Sn with
other metals, such as In, Cd, Bi, and Pb. From the experimental
observations, they proposed a molten alloy-based mechanism.*!
In this mechanism, red-P and the metal first form a molten alloy
when temperature increases. Subsequently, during the constant
temperature heating process, more phosphorus dissolves into the
liquid eutectic Sn-P alloy. BP crystals were supposed to precipitate
with a decrease in temperature from the molten Sn and red-P
alloy.®® BP crystals, synthesized by Sn-1 assisted CVT reactions,
typically exhibit growth sites where BP crystals cross each other
(Fig. 4b).

In addition to the experimental studies, the first-principles
calculations advised a BP growth mechanism based on liquid-

This journal is © the Partner Organisations 2020
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Fig. 4 (a) The reaction time vs. temperature and the relative peak area of first strong reflection (040) of BP observed during the in situ neutron diffr-
action experiment. (b) Photograph of the rear part of a BP crystal. The blue box indicates a growth site. (c) Schematic presentation of the proposed
competing formation pathways of BP and red-P. Break-down of red-P tubes into P, molecules by increasing temperature and assembly of these P4
into BP or red-P with a decrease in temperature. (d) Addition of P, molecules in a polymerization-like reaction to form either BP or red-P. Reprinted
with permission of ref. 27, 28 and 61. Copyright 2014 Elsevier, 2016 and 2018 American Chemical Society, respectively.

to-solid transformation. To specify the reaction pathway and
understanding the role of the Sn/I catalyst, Shriber et al
recently reported the calculated results by using dispersion-
corrected density functional theory.’* They found that the for-
mation of red-P and BP from the P, molecules could be easily
understood by considering the polymerization-type growth
process. Fig. 4c shows the schematic of the breaking of tubular
red-P into P, molecules followed by the reassembly of these P,
molecules by the polymerization-like process into 2D BP sheet
or back into the tubular red-P. Fig. 4d schematically illustrates
the shape of the growth nuclei of BP and red-P formed by the
addition of P, molecules in a polymerization-type reaction.®®
However, BP appeared at high-pressure or at ambient pressure
in the presence of Sn and I catalysts. Both first-principles
calculations®"®* and experimental results>>>° showed that BP

This journal is © the Partner Organisations 2020

was the most stable allotrope. This indicated that the failure of
BP growth under ambient conditions was due to the presence
of kinetic barriers. Therefore, growth of BP from red-P could
be initiated by removing these barriers by using the Sn/I cata-
lysts. After series of CVT reaction observations and product
characterization, Wang et al. proposed the growth mechanism
preferring the polymerization-type growth process.> In
addition, they suggested that all Sn-1 assisted synthesis of BP
crystals shared the same reaction mechanism despite the
differences among Sn and I element containing additives.
Although both the experimental and simulated results
support the liquid-to-solid transformation mechanism, there
are still some noteworthy deviations. One deviation is the pres-
ence of BP crystals away from the Sn-P byproducts, which spe-
cifies a transport of BP from the liquid phase to other places.””
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In addition, the presence of the 48 atom Sn cluster assumed
by the theoretical calculation has not been established experi-
mentally.®" Collectively, the abovementioned deviations show
that the liquid-solid transformation mechanism needs to be
further improved.

The most important thing in exploring the growth mecha-
nism is to determine the detailed reaction steps involved. A
better understanding of the step-by-step phase transformation
is of paramount importance for the direct growth of few-layer
BP. In the Sn-I assisted reaction system it is widely accepted
that, with the rise in temperature, Sn, I and P first react and
form a Sn-P-I compound at the cold zone. However, the stoi-
chiometric ratio of the Sn-P-I compound was indistinct at that
time.>>*® Recently, our group proposed a phase-transfer
mechanism for the Sn-I assisted CVT synthesis of BP single
crystals. In this mechanism the HP was identified as an impor-
tant intermediate during the transformation of red-P to BP.*°
In 2016, our group found that Sn,P; and Sn,,P,3lg com-
pounds appeared after heating the ampule to 460 °C.*° In
order to maintain the reaction system at high temperature,
element P in the Sn-P-I compound would separate out,
forming HP at the low temperature zone. In the meantime, the
released I and Sn capture more P until it entirely converts into
HP. Finally, the Sn-P-1 compound adsorb on the surface of
HP, acting as catalytic sites to convert HP to BP. These findings
were precisely established with a series of optical and struc-
tural characterization and also reinforced by quantum chemi-
cal calculations.®® Fig. 5a demonstrates the schematic of the
phase-transfer mechanism. Micro-Raman spectroscopy was
utilized to study the composition of the crystal which was
obtained by a modified CVT reaction. Fig. 5b represents the
Raman spectra of the sample around the phase boundary. The
phase boundary between BP and HP can be distinguished. The
vibrations of BP phonon modes appear on the phase bound-
ary, as illustrated in Fig. 5c-e. In our study the actual time of
the phase transition was absent. Later, a series of interference
experiments was designed to determine the time of the phase
transitions between red-P, HP and BP during the CVT reac-
tion.>> However, this mechanism is primarily based on the
characterization of the as-grown products prepared by modi-
fied CVT reactions with low purity. The supporting evidence
would be more convincing if in situ characterization can be
conducted. The phase-transfer mechanism, in which HP is
supposed to be the critical intermediate state, still needs
further refinement.

Later in 2017, Li et al. suggested a vapor-solid-solid mecha-
nism, in which BP formed with the assistance of the Sn-P-I
compound.®® Two phases of Sn, P, and I based ternary com-
pounds have been reported to date. One of them is SnIP with a
double helix structure while the other is the ternary inverse
clathrate with Sn,,P;95ls composition.®*®® According to this
mechanism the intrinsic P vacancies in the crystal structure of
Sn,,P;931g played an important role in BP growth. They pro-
posed that when the temperature was lower than 520 °C, only
Sn-P-1 was stable under these conditions. The temperature
gradient provides the driving force for the movement of this
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Fig. 5 (a) Schematic diagram of phase transition from red-P to BP. (b)
Raman spectra of the sample around the phase boundary. The inset is
an OM image of the phase boundary; the scale bar is 5 pm. (c) Alg
phonon mode. (d) 82g phonon mode. (e) AZg phonon mode Raman
intensity mapping images, corresponding to the OM image of the inset
of (b). Reproduced with permission from ref. 30. Copyright 2017 The
Royal Society of Chemistry.

clathrate from the source region to the product region in an
ampule. This inverse type-I clathrate acted as a nucleation site
for the growth of BP in the product region of an ampule. After
formation of this stable compound the P, started its decompo-
sition at the surface of this compound and P atoms diffused in
the structure. When the amount of absorbed P was high
enough in Sn, P93I, P started its segregation at some
location on the surface of Sn,,P;4 315 as BP. As time went on,
the BP crystal grew gradually. Chen et al. compared the crystal
structure of BP and Sn,,P;o 5I5.>> The structure of BP along the
(020), (040) and (060) planes has ring-like fragments, which
are similar to those observed in Sn,,P;o3lg along the (600)
plane (Fig. 6a). Thus, the epitaxial growth of BP on Sny,P9 3l
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Fig. 6 (a) (i) BP unit cell, (ii) ring-like fragments of BP (viewed along the (020), (040) and (060) planes), (iii) the unit cell of Sny4P193lg and (iv) ring-
like fragments of Sn,4P19 3lg (Viewed along the (600) plane). (b) (i) Pentagonal dodecahedra and tetrakaidecahedron frameworks formed by Sn and P
atoms in the clathrate Sny4P»,_4lg and (ii, iii) the crystal structure of Sn 4P, _lg. (c) Schematic of the proposed growth mechanism. Reproduced with
the permission from ref. 32 and 33. Copyright 2017 The Royal Society of Chemistry and 2017 American Chemical Society, respectively.

is possible. The intrinsic P vacancies in the Sn,,P;q 3]s crystal
structure play an important role in BP growth. It was reported
that the vacancies at the P sites in the framework of Sn,,P;4 3Ig
might hold the glue for its catalytic effect to grow BP crystals
through the direct interaction of P vapor with this solid clath-
rate in the ampule (Fig. 6b and ¢).*

The above BP crystal growth mechanisms in CVT reactions
were proposed mainly based on experimental observations
under different reaction conditions. Although they share some
common opinions, these suggested that mechanisms are
different from each other with distinct reaction pathways.
Additional efforts are therefore still needed to reveal the con-
version from red phosphorus to BP in the CVT reaction
systems.

4. Doping and substitution in BP

Doping and substitution are two common strategies that
have been used for manipulating the properties of materials.
Generally, doping involves the replacement in a crystal lattice
by another element from different groups in the periodic
table. In contrast to doping, substitution means that the
element is partially substituted by another element (from the
same group of the periodic table) and forms a stable con-

This journal is © the Partner Organisations 2020

figuration. To tune the properties of BP the incorporation of
the foreign element has been demonstrated by different
groups using various methods.®”””> It was observed that
arsenic (As) could be incorporated into BP by using the CVT
reaction with tunable compositions.®” Moreover, the As-sub-
stitution in BP retained the semiconductor characteristics of
the BP crystal. Antimony (Sb) substitution in the BP crystal
was also tried using the CVT reaction method by Nilges’s
group, but they were not successful in the substitution of Sb
into the BP crystal structure due to the large difference in
the atom radius of two elements. Interestingly, they suc-
ceeded in the growth of Sb-substituted HP during this
experiment.””

The CVT reaction method has also been employed for the
doping of selenium (Se) in BP crystals. Xu et al. reported that
Se-doping showed an enhancement of photoelectrical pro-
perties of BP.%® Liu’s group successfully doped 0.1% tellurium
(Te) in BP by using the high-pressure method. Te-doping
improved the performance, especially the ambient stability of
BP-based field-effect transistors.”’ Recently, our group
reported the Te-doping in BP bulk crystals with the CVT reac-
tion method, which allowed uniform doping with a quite large
amount (0.5% atomic ratio).”> Very recently, Liu and co-
workers have developed a powerful SDT method in the CVT
reaction using a uniform temperature to grow doped BP with
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the highest growth yield.** They have revealed experimentally
and theoretically that doping with a suitable element could be
an effective strategy to improve the chemical stability of BP.

5. Conclusion and perspectives

Due to its promising physical and chemical properties, phos-
phorene has tremendous applications in the field of elec-
tronics, optoelectronics and biomedicine. Research interest in
phosphorene has stimulated the rapid development in the
growth of bulk BP single crystals, which serve as a reliable pre-
cursor for the top-down preparation of phosphorene. The past
few years have witnessed a number of encouraging advance-
ments in the quality and yield improvement of bulk BP single
crystals by searching new reaction systems and proper under-
standing of the nucleation and growth mechanism in the CVT
reaction method. This brief review highlights the recent
advances in the growth of bulk BP crystals by using the CVT
reaction method.

In order to integrate phosphorene into practical devices, its
scalable fabrication is critical. So far, CVD is the primary
method for the large area growth of 2D materials. In a previous
study few groups have employed some techniques for the
growth of BP thin films. Among these techniques, CVT-grown
BP thin films show larger lateral size and better crystalline
quality. However, still these techniques have not fulfilled all
the commercialization requirements. Therefore, it is essential
to develop a rational method for the growth of high-quality
phosphorene. By thoroughly understanding the nucleation
and growth process, the CVT method is expected to be a prom-
ising technique towards few-layer BP synthesis."® The CVD is
another chemical vapor-based method and has been exten-
sively used for large-area 2D material synthesis. In a typical
CVD method, chemical vapors react on a specific substrate
surface to produce the required materials, which is quite
similar to CVT. A carrier gas is introduced in the CVD method,
which makes the system more complicated, as compared with
CVT. Despite these differences, both reactions can yield the
products by deposition from the gaseous phase. Therefore, the
understanding and expertise obtained in CVT can help to
develop a CVD-based method for 2D BP preparation.

Furthermore, one of the major problems with phosphorene
is its sensitivity to an ambient atmosphere. Few-layer BP
degrades very quickly under ambient conditions due to the
moisture and oxygen in air. Therefore, it is very important to
enhance the stability by applying some strategies. One of such
strategies is doping in BP. Previous studies have shown that
doping in BP bulk single crystals by using CVT not only
changes the electrical properties of BP but also improves the
moisture stability.”® Optimizing the doping process or trying
other elements by using the CVT reaction method may be
helpful in improving the stability of exfoliated phosphorene.
Considering many advantages of the CVT reaction method, we
have great expectations for the future development of growth
of BP single crystals and their derivatives.
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