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ABSTRACT

Two-dimensional (2D) black phosphorus (BP) has attracted great attention in recent years in fundamental research as well
as  optoelectronics  applications.  The  controllable  synthesis  of  high-quality  BP  is  vital  to  the  investigation  of  its  intrinsic
physical  properties  and  versatile  applications.  Originally,  BP  was  mostly  synthesized  under  high  temperatures  and  pres-
sures.  Subsequently,  metal  flux,  wet  chemical  and  chemical  vapor  transport  (CVT)  methods  had  been  appeared  succes-
sively. The pulsed laser deposition (PLD) and CVT methods have been used to prepare high-quality BP thin films on silicon
substrates, which is significant for its monolithic integration and practical applications. To meet the demand of the scalable
applications  of  BP,  the  direct  preparation  of  BP  films  on  dielectric  substrates  that  avoids  additional  transfer  process,  is
crucial to high-performance device implementation. In this review, the growing methods and corresponding mechanisms
of BP are summarized and analyzed. Meanwhile, the view on the controllable growth of large-area, high-quality BP films is
envisioned.
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 1   Introduction

In  recent  years,  two-dimensional  (2D)  phosphorus  have
attracted  much  attention  as  an  elemental  2D  material
due  to  its  intriguing  properties.  There  are  several
allotropes  of  elemental  phosphorus  [1–4],  namely  white
phosphorus,  red  phosphorus  (RP),  violet  phosphorus,
and black phosphorus (BP). White phosphorus is a light
yellow  wax-like  and  translucent  crystalline  solid  that
glows  in  the  dark  and  is  easy  to  spontaneously  ignite
[5, 6]. RP is a dark red powder, insoluble in water, and
its chemical properties are relatively stable [7–10]. Violet
phosphorus was first  found by Hittorf  in 1865 with the
observed  color  of  purple,  so  it  was  named  as  Hittorf’s

phosphorus  (HP) as  well  [11].  The  basic  building  block
of violet phosphorus is a tubular structure composed of
–P2–P8–P2–P9– cycles, which are arranged in parallel in
a  plane  [12–15].  BP  is  a  black  crystal  with  a  metallic
luster.  It  has  the  weakest  reactivity  among  the
allotropes  of  phosphorus  [16–19].  Compared  with  other
allotropes of phosphorus, BP is a layered crystal and has
excellent  electrical  and  optical  properties  which  has
attracted  increasing  interest  since  the  rising  of  2D
layered materials.

BP was first synthesized and discovered in 1914 [20].
The crystal structure of BP is orthorhombic under ambient
temperature and pressure, the space group is Cmca, a =
3.313, b =  10.473, c =  4.374. Figure  1(a)  shows  the
atomic structure of three-layer BP in top and side view
[21, 22],  phosphorus  atoms  are  connected  and  arranged
in a wrinkled shape. BP is a layered structure, phosphorus
atoms  in  the  same  layer  are  not  in  the  same  plane,
showing  a  honeycomb  fold  structure.  There  are  strong
covalent  bonds  within  the  layers  and  atoms  between
layers are connected by van der Waals interactions. The
distance  between  two  layers  is  about  5  Å.  Because  of

 
Fig. 1  (a) Schematic diagram of the structure of three layers of BP, top view of layered BP and side view of layered BP.
(b) The band structure of bulk BP measured by ARPES, above which is the band calculation of the bulk crystal. (c) Band
gaps of BP with different layers are calculated by different functional models. (d) The field-effect mobility is measured for
devices with different thicknesses. (e) Polarization resolved Raman scattering spectra of monolayer BP with linearly polarized
laser excitation. (f) Polarization-resolved photoluminescence spectra of monolayer BP, revealing the excitonic nature of emission
from the monolayer BP. Reproduced with permission from Ref. [22] (a), Ref. [23] (b), Ref. [24] (c), Ref. [23] (d) and Ref. [60]
(e, f).
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this layered BP structure, single or few layers BP films
could be obtained from a bulk crystal by mechanical or
liquid exfoliation.

Bulk BP is a semiconductor with a direct bandgap of
~0.3  eV,  as  shown  in  the  angle-resolved  photoemission
spectroscopy  (ARPES)  measurement  in Fig.  1(b)  [23].
Interestingly, the band gap of BP thin film is related to
its  layer  number  [24],  as  shown  in Fig.  1(c).  As  the
number of BP layer decreases, the band gap of BP gradually
increases.  The band gap of  monolayer  BP can reach to
2.0 eV. Besides, BP is a high-carrier mobility semiconductor
at room temperature, and the charge-carrier mobility is
found  to  be  thickness-dependent  [25–29].  When  the
thickness is about 10 nm, the carrier mobility value can
reach 1000 cm2·V–1·s–1, as shown in Fig. 1(d). Therefore,
BP  film  has  great  potential  in  the  application  of  2D
nano-electronic  devices.  Due  to  the  reduced  in  plane
symmetry of its structure, BP exhibits anisotropic physical
properties.  Through  the  test  of  polarized  Raman  spec-
troscopy  and  polarized  photoluminescence  of  BP,  as
shown  in Figs.  1(e)  and  (f),  the  anisotropy  of  lattice
vibration and exciton are observed.

Based on the above characteristics, the application of
BP  in  many  fields  has  been  widely  reported,  such  as
transistors  [23, 30, 31],  photonics  [32],  optoelectronics
[33–35],  sensors [36, 37],  batteries [38–40],  and catalysis
[41]. Especially in the field of photodetection, the direct,
narrow  and  thickness-dependent  bandgap  of  BP
provides a platform for developing high-performance mid-
infrared  photodetectors,  which  is  distinctly  superior  to
other 2D materials. Many good reviews have summarized
this  [42–44].  Moreover,  due  to  the  efficient  interaction
and good compatibility with biological cells, BP plays an
important  role  in  biomedicine  [45–47],  they  gradually
degrade  into  non-toxic  small  molecular  weight
substances in biological cells and reacts to produce phos-
phate,  in  which  phosphorus  is  involved  in  almost  all
cellular processes.  However,  the instability of BP under
ambient condition [48–51]and uncontrollable preparation
of large-scale BP films [52, 53]  greatly hinder its  devel-
opment and practical application.

The  acquisition  of  large-area  and  high-quality  few-
layer  BP  is  essential  for  the  fabrication  of  functional
devices.  Since  the  first  discovery  of  graphene,  the
mechanical  exfoliation  method  has  unleashed  a  new
research field. It promotes the study of various 2D materials
[54]. Similarly, different layers of BP can be obtained by
exfoliating the bulk crystal. The preparation of few-layer
BP  was  reported  in  2014  [55],  which  was  achieved  by
micromechanical  cleavage  followed  by  transferring  onto
SiO2/Si substrates. So far, this method remains the main
method  to  obtain  BP  thin  films  for  applications  in
microelectronic  devices.  Besides  mechanical  exfoliation,
another  strategy  was  proposed  by  etching  larger-area
thick  BP  flakes  to  the  2D  limit  by  Ar+ plasma  [56].

Subsequently,  several  other  exfoliation  methods  of  BP
have  also  been  developed  for  optoelectronic  devices
[57–59],  but  the  area  and  layers  obtained  are  not
controllable and the yield is limited. In order to accelerate
the  docking  of  large-scale  applications,  a  bottom-up
method  to  control  the  growth  of  large  area  and  few
layers  of  BP  on  silicon  substrate  is  the  direction  of
future development. Therefore, it is of great significance
to  summarize  and  explore  the  growth  mechanism  of
preparing BP and its thin film.

Over the past few decades, various growth methods of
BP  have  been  rapidly  developed  and  updated.  In  this
review,  we  begin  with  the  fundamental  structures  and
the  properties  of  BP.  Then  we  give  a  comprehensive
review  about  the  recent  progress  in  the  controllable
growth of bulk BP. Lastly, corresponding growth mecha-
nisms of BP were described.

 2   Preparation method of bulk BP

 2.1   Phase transformation under high temperature and
high pressure

The  high  temperature  and  high  pressure  (HTHP)
method is the earliest method for preparing BP. It was
developed by Bridgman in 1914 [20]. Schematic diagram
of  the  experimental  setup  is  shown in Fig.  2(a).  White
phosphorus  and  RP  powder  are  placed  in  a  cylindrical
boron  nitride  sample  tube.  Then,  the  cylindrical  BP  is
obtained at a pressure of  2.0–5.0 GPa and temperature
of  200–800  °C.  BP  powder  can  be  further  obtained  by
grinding, as shown in Fig. 2(b) [61]. The HTHP method
can also be utilized to realize the doping of BP, such as
doping germanium, sulfur  and selenium [62],  which can
further improve its optoelectronic properties and stabil-
ity.

Detailed  and  systematic  study  on  the  preparation  of
BP  by  HTHP  method  have  been  investigated  [63, 64].
BP prepared at different temperatures and pressures was
characterized by XRD patterns and Raman spectra. The
results  show  the  differences  in  the  crystallite  size  and
crystallinity  of  BP.  The  phase  transition  even  occurs
when  the  pressure  exceeds  4.5  GPa.  Pressure  is  more
significant to the transformation than temperature.

There are layered semiconducting orthorhombic (A17)
phase,  layered  semimetallic  rhombohedral  phase  (A7)
[65] and non-layered simple cubic phase in BP [66]. BP
is  A17  at  room  temperature  and  atmospheric  pressure.
When  the  pressure  varies  from  ordinary  pressure  pres-
surized  to  30.0  GPa,  the  phase  structure  of  BP can be
transformed to A7 and simple cubic phase, as shown in
Fig.  2(c).  With  the  pressure  increasing,  the  XRD
pattern  shows  that  the  peak  positions  of  A17,  A7  and
simple-cubic  phase  have  been  deviated,  indicating  that
the  phase  transition  occurs,  as  shown  in Fig.  2(d).
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Although the HTHP method can be used to prepare BP
single crystals, the experimental conditions are dangerous
and involves sophisticated and expensive equipment. As
a result, it is not conducive to large-scale production.

 2.2   Mercury catalysis and metal flux

In  1955,  Krebs et  al. [67]  used  metallic  mercury  and
white  phosphorus  as  precursors  to  prepare  BP  single
crystals.  In  this  method,  metallic  mercury  can  reduce
the required temperature, pressure and activation energy
threshold for the conversion of white phosphorus to BP.
The  metal  mercury  and  white  phosphorus  are  mixed
into  an  autoclave,  and  the  reaction  temperature  is
380–480  ℃  with  a  holding  time  about  3  days.  This
method has been rarely further studied due to the highly
toxic  metallic  mercury.  In  1965,  Brown  [68]  used  the
liquid  bismuth  auxiliary  method  which  convert  white
phosphorus  into  BP  at  a  certain  temperature.  They
purified white phosphorus in 15% HNO3, dissolved it in
liquid  bismuth,  then  heated  it  to  400℃  and  cooled  it

slowly to room temperature. Because RP is insoluble in
liquid  bismuth,  RP is  converted  into  white  phosphorus
by  the  device  shown  in Fig.  3(a).  In  these  processes
bismuth is first preheated to 300 ℃ [Fig. 3(a)], and then,
the bismuth and white phosphorus were heated to 400℃
for 20 h. Finally, needle-shaped or rod-shaped BP crystals
are obtained. It is a new method for preparing BP which
avoids the strict  requirements of  the HTHP method on
the reaction equipment. However, this method has been
rarely  used  at  present  as  well  due  to  the  toxicity  of
bismuth and low yield of BP.

 2.3   Ball milling

The high-energy ball milling method, also known as the
mechanochemical  method,  relies  on  the  rotation  of  the
ball  to  impact  the  powder  to  nanoparticles.  The  huge
mechanical  energy  was  produced in  a  short  time which
is  beneficial  to  the  phase  transition  [69].  Under  the
action of mechanical force, RP generate phase transition
then  convert  into  BP.  The  pressure  on  the  sample

 
Fig. 2  (a) The  schematic  diagram  of  the  experimental  setup  used  to  produce  BP. (b) Photograph  of  the  BP  sample.
(c) Phase diagram of phosphorus between 0 GPa to 30.0 GPa, showing the pressure and temperature ranges where A7, A17
and simple-cubic are reported to be stable. (d) The XRD patterns of phosphorus at room temperature are the A17 phase at
0.2 GPa (black trace), the A7 phase at 6.5 GPa (red trace), and the simple-cubic phase at 11.2 GPa (blue trace), showing
the shifts in peak positions. Reproduced with permission from Ref. [61] (a, b) and Ref. [66] (c, d).
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powders formed between the balls and the vessel wall is
the  main  factor  affecting  the  transformation  process  of
RP to BP. Hence, the different ratios of steel balls and
powder  and  different  ball  milling  times  were  tested.

Three groups of samples were selected to conduct experi-
ments  at  different  ball  milling  times  [70].  The  larger
ratio of steel balls and powder, the larger the instantaneous
energy  that  can  be  obtained.  Moreover,  the  longer  ball
milling time, the easier it is to prepare BP, as shown in
Fig. 4(a).

The  thickness  of  BP  nanosheets  prepared  by  ball
milling  is  widely  distributed.  As  shown  in  the  XRD
spectra  of  the  product  obtained  at  different  grinding
time [Fig. 4(b)]. The crystallinity of the sample depends
on the time of ball milling and the ratio of balls and PR
powder.  If  adding  some  additives,  such  as  LiOH,  the
doped-BP  by  ball  milling  can  react  as  a  photocatalyst
with a higher yield of hydrogen evolution [71], as shown
in Fig. 4(c). Therefore, the element doped and substituted
of BP can be realized by ball milling. Another example
is adding Sn and RP in a ball mill, where Sn-doped BP
was  obtained  and  its  electrical  conductivity  was
improved [72]. Figures 4(d) and (e) are the SEM images
of  BP  prepared  by  ordinary  ball  milling  and  adding
additives,  respectively.  The  bulk  BP  has  a  lamellar
structure with uneven size, and most of the lamellae are
larger than 10 μm in lateral dimension. The particle size
of  BP  was  greatly  reduced  (300–500  nm)  after  ball
milling with additives.

 2.4   Wet chemical method

 
Fig. 3  (a) Quartz-glass  apparatus  for  the  transformation
of Red-P to White-P. (b) Quartz-glass ampoule for crystal-
lization of BP. Reproduced with permission from Ref. [68].

 
Fig. 4  (a) The  XRD pattern  of  the  samples  synthesized  by  planetary  milling  under  different  conditions. (b) The  XRD
pattern of samples by shake milling for different milling time. (c) H2 production rate of BP obtained by ordinary ball milling
and BP obtained by adding catalyst. (d) and (e) are  the SEM images of  bulk BP and BP obtained by ball  milling with
additives. Reproduced with permission from Ref. [70] (a, b) and Ref. [71] (c–e).
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BP  nanosheets  have  been  synthesized  by  wet  chemical
method  [73].  White  phosphorus  (raw  material)  and
ethylenediamine  (solvent)  are  mixed  into  a  reaction
kettle, product will be obtained under 60–140 ℃. The X-
ray  diffraction  (XRD)  of  the  prepared  powder  samples
confirms that  the orthorhombic  crystal  structure  of  BP
without other phases, and the typical Raman peaks are
located  at  360.2  cm–1,  437.5  cm–1,  and  464.6  cm–1.
Lattice images of BP nanosheets show an orthogonal BP
(020) plane spacing of 0.507 nm.

Solvent  and  temperature  are  two  key  factors  in  the
wet chemical method synthesis of BP nanosheets.  They
can  control  the  formation  of  BP  nanosheets  and  their
thickness.  White  phosphorus  initially  forms  layered  RP
with  the  aid  of  ethylenediamine  at  room  temperature.
Then RP is more active in hot solution and ethylenediamine
molecules enter the RP layer. Under the action of heat-
ing,  the  multi-layer  RP  nanosheets  are  exfoliated  into
few-layer RP nanosheets. Meanwhile, during the exfoliation
process,  the  RP  was  further  transformed  into  the  BP
phase.

Furthermore,  wet-chemical  approach  can  obtain  BP
nanosheets  loaded  with  amorphous  cobalt  phosphide
(Co–P)  nanoparticles.  In  the  hydrothermal  synthesis
process,  Co2+ will  react  with  P  atom  to  form  Co–P

A1
g B2

g A2
g

nanoparticles on the surface of BP nanosheets, which act
as  photocatalysts  [74],  as  shown  in Fig.  5(a).  By
comparing  the  XRD of  pure  BP,  the  product  prepared
via  solvothermal  method  showed  a  typical  BP
orthorhombic  structure,  and  no  other  phases  were
detected,  as  shown  in Fig.  5(b).  The  XRD  peaks  are
weaker  and  broader,  showing  lower  crystallinity  and
smaller size, which is beneficial to improve the photocat-
alytic activity. Because more defects are easily formed in
the  samples  prepared  via  the  wet  chemical  route.  The
Raman spectra of the two samples shows similar spectral
distributions,  with  Raman  peaks  between  300  and
500  cm–1.  In  general,  three  of  them  are  characteristic
Raman  peaks  of  BP:  (365  cm–1),  (442  cm–1), 
(470  cm–1),  as  shown  in Fig.  5(c).  It  further  suggests
that  BP  nanosheets  and  Co–P  nanoparticles  can  be
prepared via the wet-chemical approach.

 2.5   Chemical vapor transport

The  chemical  vapor  transport  (CVT)  reaction  is  an
important  and  traditional  synthetic  method  for  the
growth  of  pure  crystalline  solids.  The  CVT  reaction
involves  three  processes:  sublimation,  transport  and
deposition. Firstly, the solid sublimes in the presence of

 
Fig. 5  (a) Multilayer BP nanosheets prepared by solvothermal reaction of white phosphorus and Co2+ in ethylene diamine,
the formation mechanism of amorphous Co–P nanoparticles. (b) XRD patterns of the BP (red line) and Co–P/BP (navy line)
samples. (c) Raman spectra of the pristine BP and Co–P/BP samples. Reproduced with permission from Ref. [74].
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a  gaseous  reactant  (the  mineralizer).  Then  gaseous
precursors are transported under the action of temperature
gradients.  Finally,  gaseous  precursors  usually  deposit
elsewhere in the form of crystals. This method is typically
used to obtain crystal with low defect density and high
crystal quality.

By using RP, gold (Au), tin (Sn) and tin iodide (SnI4)
as  raw  materials,  BP  can  be  prepared  via  heating  and
cooling  for  a  period  of  time  under  low  pressure  condi-
tions.  The  Au3SnP7,  AuP and Sn4P3 appeared together
with  BP.  This  new  preparation  method  is  simple  and
effective  which  can  avoid  complicated  preparation
devices and toxic catalysts and is of great significance in
the process of preparing BP. According to the structural
features  of  BP  and  Au3SnP7,  the  possible  formation
mechanism is discussed. BP was grown on the Au3SnP7,
as  shown  in Fig.  6(a).  At  the  same  time,  the  ternary
phase diagram composed of Au, Sn and P was studied,
as shown in Fig. 6(b). A comparison of the crystal structures
of the BP and Au3SnP7 reveals some interesting topological
features  in  these  two  materials,  as  shown  in Fig.  6(c).
Under  certain  pressure  and  temperature,  Au3SnP7,  BP
and RP exist successively in their own phase region, as
shown in Fig. 6(d). The RP evaporates into P4 at higher
temperatures, then P4, Sn and Au form Au3SnP7 at the

first  time.  At  lower  temperatures,  P4 will  be  converted
to  BP.  This  demonstrates  that  growth  of  BP  on
Au3SnP7 is at least possible. It played an important role
in  the  conversion  from  RP  to  BP  crystals.  They  can
reduce the growth time by using the AuSn alloy instead
of Au and Sn metals. This is called AuSn/SnI4/RP reaction
system  [75].  Because  Au  is  relatively  expensive,  and  it
was later found that BP can be successfully prepared by
using only Sn, I2 and RP. Therefore, there are few articles
on the preparation of BP by Au, Sn, I2 and P.

Recently, BP has been reported to be synthesized by
mineralizer-assisted  vapor  transport  reactions  at  lower
pressures.  The  initial  reported  mineralization  additive
was  Au,  Sn  and  SnI4,  which  was  then  simplified  to  Sn
and SnI4，that is RP/Sn/I2 system [77–80]. It not only
reduced the synthetic cost of BP single crystals but also
further  reduced  the  unwanted  phases.  When  BP  was
prepared  with  RP,  I2 and  Sn  as  raw  materials,  the
Sn24P19.3I8 was  found  as  BP  nucleating  agent  [81].  A
brown  substance  was  found  at  the  bottom  of  BP  and
characterized  by  XRD,  it  was  proven  to  be  Sn24P19.3I8.
In order to further investigate whether Sn24P19.3I8 would
help RP transform into BP, HRTEM was used to clarify
whether there is a distinct phase boundary between BP
and  Sn24P19.3I8.  It  is  found  that  the  (040)  plane  of  BP

 
Fig. 6  (a) The  presence  of  Au3SnP7/AuSn  near  the  growth  of  BP. (b) Ternary  phase  diagram  of  Au,  Sn  and  P.
(c) Sections of the P substructures of BP (view on (100), top part), and Au3SnP7 (view on (010), bottom part). (d) Phase
barogram of the Au/Sn/P system (873 K). Reproduced with permission from Ref. [76].
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and the (200) of Sn24P19.3I8 form a clear phase boundary.
It  is  a  powerful  evidence  to  confirm  that  Sn24P19.3I8 is
the  nucleation  agent.  The  unit  structures  of  Sn24P19.3I8
and  BP  both  contain  P  atoms,  and  they  both  share
some  similar  topological  features.  It  also  explains  the
possibility that Sn24P19.3I8 is the nucleation point.

3The  Sn24P19.3I8 belongs  to  Pm n  space  group  [82]
whose  basic  building  unit  is  a  3D  network  which
composed  of  tin  atoms  and  phosphorus  atoms.  Each  P
atom  is  further  combined  with  three  tin  atoms  which
forms complete twisted tetrahedral coordination. It was
reported  that  tin  atoms  and  phosphorus  atoms  occupy
two crystal  positions which form a framework [83],  and
iodine  atoms  occupy  the  center  of  the  polyhedral  cage
respectively.  The  polyhedron  of  the  crystal  structure  is
presented  in Fig.  7(a).  The  coordination  structure
formed by P atoms and Sn atoms is shown in Fig. 7(b).

It has been suggested that the intrinsic P vacancies in
the ternary clathrate Sn24P22–xI8 framework are important
for  the  growth  of  BP  [84].  The  P  vacancies  in  the
Sn24P22–xI8 solid can greatly enhance atomic diffusion, as
shown  in Fig.  8(a).  According  to  the  speculation,  the
growth mechanism of  BP crystals  may be explained by
vapor-solid-solid  model. Figure  8(b)  shows  that
Sn24P22–xI8 is  a  three-dimensional  inverse  structure.  It
composed  of  Sn  and  P  atoms  as  host  skeletons  and
Iodine  as  guest  atoms.  Through  characterized  by  XRD
and compared with the standard PDF card, it is proved

that the substance is Sn24P22–xI8,  as shown in Fig. 8(c).
BP  can  be  prepared  by  using  Sn24P22–xI8 and  RP,  and

 
Fig. 7  A presentation of the crystal structure of Sn24P19.3I8.
(a) A view of the unit cell of Sn24P19.3I8. (b) Unit structure
composed of P and Sn. Reproduced with permission from Ref.
[83].

 
Fig. 8  (a) The orange part represents the ternary compound of Sn24P22–xI8; the black part represents BP; the purple dots
represent  P  atoms;  the  colorful  dots  represent  P  vacancies;  the  green  dots  represent  I  atoms;  and  gray  dots  represent  Sn
atoms. The green arrows indicate the possible diffusion path of P atoms with the assistance of P vacancies. (b) Pentagonal
dodecahedra  and  tetrakaidecahedron  framework  formed  by  Sn  and  P  atoms  in  the  clathrate  Sn24P22–xI8. (c) The  XRD
pattern  of  Sn24P22–xI8. (d) Pictures  of  a  Sn24P22–xI8 pellet  inside  the  reaction  ampule  before  and  after  550  °C,  showing
Sn24P22–xI8 remains unchanged. Reproduced with permission from Ref. [84].
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the temperature of the whole reaction process is 550 °C.
In  addition,  another  experiment  demonstrated  that
Sn24P22–xI8 particles  remained  unchanged  from  room
temperature  to  550  °C,  as  shown  in Fig.  8(d).  The
successful  preparation  of  BP  with  Sn24P22–xI8 and  RP
was  under  520  °C.  It  shows  that  Sn24P22–xI8 did  not
decompose  during  the  growth  of  BP,  which  further
proves the vapor-solid-solid mode.

BP bands can grow radially from a core,  making the
grown  BP  look  like  a  sea  urchin.  It  suggests  that  BP
grows along a nucleation site and grows around [85]. In
addition,  Sn24P19.3I8 acts  as  a  nucleating  agent,  BP
grows  slowly  on  this  nucleating  agent  and  form  large
crystals.  During  the  reaction  process  of  growing  BP,  a
phase  transition  occurs  between  RP,  HP  and  BP.  The
synthesis  of  BP  is  a  step-by-step  phase  transformation
process,  and at different temperature stages, substances
through different phase transformation.

The element of RP, Sn and I form gray solid solutions
that including Sn24P19.3I8 and Sn4P3, HP converts to BP
under the action of gray melt [86]. The element P in the
Sn24P19.3I8 and  Sn4P3 compounds  can  be  separated  out
and then form HP in the cold zone. Then Sn24P19.3I8 and
Sn4P3 decompose, Sn and I will come out, and then they
will react with the remaining gas P again to continue to
form  Sn24P19.3I8 and  Sn4P3.  When  element  P  is
completely  transformed  into  HP,  Sn24P19.3I8 and  Sn4P3
are  adsorbed  on  its  surface,  which  can  act  as  catalytic
sites to convert HP into crystalline BP. The phase interface
between  HP  and  BP  also  shows  the  possibility  of  the
transition from HP to BP.

In  order  to  reveal  the  effect  of  different  mineralizers,

Sn was substituted by lead (Pb) in the reaction system
[87]. By using Pb, I2 and RP as raw materials, the CVT
method  was  used  to  synthesize  BP  [88].  The  BP
prepared  by  using  Pb,  I2 and  RP  is  characterized  by
XRD and Raman spectrum,  it  confirmed the  successful
preparation of BP crystals. There is no impurity on BP,
and it also has better electrical properties. It was proved
that higher purity BP could be obtained by replacing tin
with Pb. Through STEM-EDX spectra confirmed Sn in
Sn-BP, but no Pb impurity was found in Pb-BP. Due to
the toxicity of Pb, there is unsafe during the experiment.
However,  this  experiment also proved that this  method
can  prepare  BP,  and  provided  another  method  for
preparing BP with a mineralizer which avoided impurities
and had good electrical properties.

 3   Exploration on the preparation of BP
films

Although  great  breakthrough  has  been  made  in  the
preparation  of  bulk  BP,  few-layer  BP  films  growth  is
still a great challenge, most few-layer BP films can only
be obtained by mechanical exfoliation of bulk BP so far.
While,  the BP films obtained by mechanical exfoliation
encounters  the  problems  of  limit  size,  uncontrollable
layer number and low yield. It is expected that BP films
can be grown directly on the desired substrates.

 3.1   Epitaxial nucleation

Xu et al. [89] achieved the growth of BP films on buffer
by firstly forming Au3SnP7 on the substrate, as shown in

 
Fig. 9  (a) The figure shows the formation of Au3SnP7 on the substrate, the epitaxial growth of BP on Au3SnP7 into small
nanosheets, and the fusion of small BP nanosheets on the substrate into large BP nanosheets. (b) SEM analysis of Au3SnP7
grown  on  the  substrate,  the  inset  shows  the  obtained  HRTEM  image  of  Au3SnP7. (c) The  SEM  of  BP  films  grown  on
Au3SnP7. (d) Optical image of BP film grown on Si/SiO2 substrate. Reproduced with permission from Ref. [89].
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Fig. 9(a). The nucleation and growth of BP were further
controlled  by  space-confined  method.  To  achieve  this,
the intentional Au thin films were deposited on Si/SiO2
substrates.  After  heating  to  750°C,  excess  RP  and  Sn
were  wrapped  in  vacuum  silica  glass  tubes  to  form
distributed  Au3SnP7 on  Si/SiO2 substrates.  With  the
addition  of  SnI4 as  mineralizer,  the  nucleation  and
growth  of  BP  films  on  Au3SnP7 mainly  occurred  at  a
lower holding temperature of 500 °C and further cooling
stages.  The  scanning  electron  microscope  studies  were
carried  out  to  identify  the  Au3SnP7 nucleation  seeds
grown on Si/SiO2 substrates,  as shown in Fig. 9(b). As
the  cross-sectional  TEM image  shown  in Fig.  9(c),  BP
has an obvious layered structure. With a proper control
of the temperature gradient, the thickness as well as the
lateral size of the BP film can be well  under controlled
[Fig.  9(d)].  The  as-prepared  BP  thin  films  have  good
electrical  properties,  higher  mobility  and  better  on/off
ratio  compared  with  the  exfoliated  BP bulk  crystals  at
room temperature.

Highly  crystalline  thin  films  of  BP  were  synthesized
on GaN substrates by adjusting the temperature param-
eters of growth, where RP was convert to BP at atmospheric
pressure  [90].  Furthermore,  using  the  first-principles
approach,  they  calculated  the  lattice  mismatch  energy
between BP and GaN, and devised a method for epitaxial
growth of BP thin films on GaN. It can be seen from the
experimental  and  simulation  results  that  GaN  has
adsorption  effect  of  P  atoms  meanwhile  P  atoms  have
sufficient  mobility on GaN. Thus,  high-quality BP thin
films  can grow layer  by layer  on GaN.  The length and
width of the synthesized thin-film BP are in the range of
4–40 μm and 1–10 μm, respectively.

 3.2   Pulsed laser deposition

Hao et  al. [91]  achieved  the  growth  of  centimeter-scale
BP  thin  films  in  an  ultra-high  vacuum  chamber  by
pulsed  laser  deposition  (PLD)  using  bulk  single-crystal
BP  as  the  source  and  mica  with  clean  surfaces  as  the
substrate, as shown in Fig. 10(a). PLD [92, 93] works by
focusing  high-intensity  laser  pulses  on  a  raw  material
target in a vacuum environment. The surface area of the
feedstock is vaporized, the laser spot strikes and ionizes
the  material,  and  the  partially  ionized  free  material  is
deposited  on  the  substrate,  which  forms  a  thin  film on
the substrate. A controlled PLD strategy can be used to
synthesize high-quality and few-layer BP at the centimeter
scale [94]. Compared with bare mica, BP films prepared
on  mica  have  different  reflection  colors  on  mica,  as
shown in Fig.  10(b).  Different  from traditional  thermal
evaporation  deposition,  the  application  of  pulsed  laser
can  promote  the  formation  of  a  large  number  of  BP
molecules  in  the  transported  physical  vapor.  Thus,  the
formation  energy  of  the  BP  phase  is  reduced,  which
enables  the  large-scale  growth  of  several  layers  of  BP.

Furthermore,  by  controlling  the  number  of  laser  pulses
in  the  deposition  process,  the  film  thickness  can  be
controlled  to  a  certain  extent.  The  EDX  spectrum  of
about  ten-layer  BP  sample  recorded  by  HAADF-TEM
and the elemental mapping show the distribution of BP
thin  films.  Therefore,  the  purity  of  the  BP  films  is
demonstrated,  and  the  potential  contamination  by
oxidation  can  be  excluded.  The  EBSD  mapping  of  the
plane of the sample to determine its crystallinity, single
crystal  orientation  and  uniformity,  as  shown  in Fig.
10(c). In addition, the preparation of field effect transistor
(FET) arrays verifies the electrical properties of the as-
grown  BP,  as  shown  in Fig.  10(d).  According  to  the
carrier mobility mapping results at different locations on
the wafer, as shown in Fig. 10(e), the prepared BP films
exhibited  highly  uniform  electrical  properties  at  the
centimeter scale. The pulsed laser deposition for synthe-
sizing  black  phosphorus  has  the  following  advantages.
The  BP  film  has  the  same  composition  as  the  target
material source and is carried out in a vacuum environ-
ment. There is no phase transition involved and reduced
impurity  from  other  elements  to  pollution  of  the  film
which  improved  the  quality  of  the  film.  High  ionic
kinetic  energy  can  significantly  enhance  the  2D growth
and inhibit the three-dimensional growth, which is more
conducive to the preparation of thin films.

 3.3   RP films transformation

The preparation of BP films can be realized under high
temperature  and  high  pressure  conditions.  Firstly,  the
RP  film  was  deposited  on  the  substrate,  then  the
conversion of RP film to BP is realized under a certain
temperature  and  pressure.  As  shown  in Fig.  11(a),  by
using this  experimental  facility,  a  layer  of  RP film was
deposited on the substrate. Place the substrate with the
RP film in a quartz tube, then put Sn and SnI4, under a
certain temperature program, the conversion of RP film
to  BP  film  is  realized  [95],  as  shown  in Fig.  11(b).  In
this way, BP with different thicknesses is directly grown
on the silicon substrate, and the continuous area of BP
film can reach 9000 μm2. The SEM images of Figs. 11(c)
and (d) can observe a large area of BP film.

Figure 11(e) summarizes the phase transition conditions
for  the  synthesis  of  BP  at  different  pressures  and
temperatures  [96].  It  can  also  realize  the  conversion
which RP film to BP film at room temperature. Firstly,
a layer of  RP film was deposited on the substrate,  and
then  converted  into  a  BP  film  under  pressure  at  room
temperature,  as  shown  in Fig.  11(f).  The  conversion
process is carried out at room temperature, but achieving
complete conversion from RP to BP at pressures over 8
GPa.  The  BP  films  also  be  prepared  on  sapphire  at  a
certain temperature and pressure, as shown in Fig. 11(g).
The deposition of RP on sapphire was achieved by using
the  apparatus  shown  in Fig.  11(h).  Before  deposition,
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RP powder was charged into a quartz tube, then put it
into  a  larger  quartz  tube  and  connected  to  a  vacuum
pump.  The  sapphire  disk  was  placed  in  a  quartz  tube
and was sealed with plastic wrap. In order to control the
flow  rate  of  the  gas,  the  plastic  wrap  was  punched  a
small  hole,  which  the  BP  films  can  be  synthesized  at
700 °C and 1.5 GPa [97].

 4   Conclusions and prospects

In this paper, the research progress in the preparation of

BP  is  reviewed.  BP  is  a  very  attractive  2D  material,
because  of  its  unique  crystal  structure,  it  has  excellent
physical  and  chemical  properties.  It  has  shown  great
potential in many application fields, such as transistors,
photodetectors,  battery  catalysis,  biomedicine,  sensors,
etc. In order to meet the demand of high-throughput use
in practical applications, the stable and facile preparation
of BP is essential. The study on the growth mechanism
of  BP  may  promote  the  development  of  strategies  for
mass production of BP in high quality, especially the BP
films.  In  the  past  few  decades,  some  promising
progresses have been made in improving the quality and

 
Fig. 10  (a) Schematic of the controlled PLD process used for the fabrication of few-layer BP films. (b) Photographs of
bare  mica  (i)  and  deposited  centimeter-scale  BP  films  of  different  thicknesses  (ii–v). (c) EBSD  mapping  shows  that  the
prepared  BP films  have  the  same crystal  orientation. (d) Schematic  diagram of  array  top-gate  field  effect  transistor  with
centimeter-scale  few-layer  BP  grown  on  mica  substrate. (e) Three-dimensional  color  map  of  carrier  mobility  at  250  K,
extracted from 25 FETs fabricated with the same 5 nm BP sample, showing a highly uniform device performance. Reproduced
with permission from Ref. [91].
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yield of bulk BP crystals. This review mentions the high-
temperature  and  high-pressure  method  from  the  begin-
ning,  the preparation of  BP from flux,  ball  milling and
the  CVT  methods,  etc.  A  series  of  related  studies  on
synthesis  of  BP  are  presented  in Table  1.  From  the
initial preparation of bulk BP to the controllable prepa-
ration of high-quality BP films, it is a big leap and chal-
lenge.

Although  BP  possess  many  novel  properties,  the
instability  in  the  air  environment  is  a  problem  that
needs  to  be  solved.  The  rapid  oxidation  of  BP  in  the
environment  affects  its  application.  There  are  many
methods  have  been  proposed  to  protect  BP,  such  as

chemical modification, surface encapsulation and substi-
tution doping. The chemical modification was an effective
method to protect from erosion, the stability of BP was
improved  by  the  coordination  between  organic  matter,
such  as  aryl  diazonium  [98]  and  titanium  sulfonate
ligand [99]. The surface encapsulation refers to applying
a passivation layer as an oxidation resistance. The passi-
vation layer encapsulation is the most direct and effective
method,  some  common  protective  layers  are  polymer,
Al2O3 [100, 101],  and  SiO2 [102].  The  substitution
doping  can  use  various  simple  substances,  such  as
tellurium  (Te)  or  antimony  (Sb)  [103, 104],  which  can
slow down the oxidization process.

 
Fig. 11  (a) Schematic of amorphous RP thin film growth from vapor deposition. (b) Growth of BP film on the substrate
from amorphous RP thin film. (c, d) SEM image of BP thin film sample on the substrate. (e) RP and BP conversion standards
at different pressures and temperatures. (f) Strategy for the synthesis of thin BP films. (g) Schematic diagram of the preparation
of  RP  films  on  sapphire. (h) Schematic  diagram of  the  apparatus  for  depositing  RP  films  on  sapphire.  Reproduced  with
permission from Ref. [95] (a–d), Ref. [96] (e, f) and Ref. [97] (g, h).

Table  1  Comparison of different methods of BP growth.

Method Growth parameter Morphology Merits or faults Ref.

HTHP WP, 200 ℃, 1.2 GPa, 30 mins
WP, 200 ℃, 1.3 GPa, few mins bulk complex experimental equipment

and conditions [92, 93]

Metal flux WP and Hg, 370–410 ℃, several days
WP and Bi, 400 ℃, 20 h millimeter plate crystals low purity and toxic [61, 62]

Ball milling WP, stainless steel ball, 1 h powdery low yield [63]
Wet chemical WP and ethylene diamine, 60–140 °C sheet-like structure mild reaction condition [67]

Chemical vapor transport
RP/Sn/SnI4, 650 ℃

RP/Au/SnI4, 600 ℃, 5–10 days
Au film/Sn/SnI4, 750 ℃, 1 h

bulk or film high quality crystals [69, 70, 83]
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We have tried to describe and analyze the corresponding
mechanisms  with  different  methods  of  preparing  BP.
PLD,  HTHP and ball  milling  methods  achieve  a  direct
physical  deposition  of  BP  or  phase  transition  from  RP
to  BP,  which  require  a  large  amount  of  energy.  Metal
flux,  wet  chemical  and  CVT  methods,  with  additional
chemical  dynamic  process,  may  reduce  the  external
energy  required  for  the  growth  of  BP.  Among  these
routes,  a  lot  of  effort  has  been  made  to  explore  the
mechanisms of BP growth in the Sn/I2/P system. Both
thermodynamic  and  kinetic  factors  were  taken  into
account, such as the P:Sn:I ratio and growth temperature
parameters  (heating  time,  holding  time,  cooling  time,
etc.) [105].  The growth of BP occurs in the presence of
molten Sn.  While,  other  metals  such as  Pb can replace
Sn  in  the  reaction  process.  In  the  Sn/I2/P  system,  a
ternary  compound  Sn24P19.3I8 composed  of  Sn,  I  and  P
elements  is  believed  to  be  the  nucleation  site  of  BP.
Meanwhile, Sn and I elements play the role of transport
agents.  Sn24P19.3I8 and  HP  co-existed,  where  HP  is  an
allotrope  of  phosphorus.  The  existence  of  P  vacancy  in
Sn24P19.3I8 has  become  a  critical  reason  for  promoting
the transformation of P4 to HP. At present, the Sn/I2/P
system  is  widely  used  to  yield  large  amount  of  BP.
However, the underlying nucleation and growth mechanism
is  still  unclear.  Additional  efforts  are  still  needed  to
reveal the conversion from RP to BP in the process.

Referring  to  the  experience  of  traditional  crystal
epitaxy, the large-area growth of two-dimensional mate-
rials  will  also  be  affected  by  the  lattice  matching
between two-dimensional materials and substrates. After
solving  the  problems  of  nucleation  and  lattice  orienta-
tion, it is expected to form large-area epitaxy. For exam-
ple,  some growth methods have been explored by using
factors such as step edge. The ladder growth mechanism
may  enable  the  large-scale  production  of  high-quality
thin film BP, for example to achieve epitaxial growth of
thin film BP on 2D materials such as GaN.

We  hope  that  through  some  understanding  of  the
growth mechanisms in this review, it could be helpful for
BP growth especially the BP films growth in high quality
and in a controllable way.
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