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Abstract: Black phosphorus (BP),  an emerging two-dimensional material,  is  considered a promising candidate for next-genera-
tion electronic and optoelectronic devices due to in-plane anisotropy,  high mobility,  and direct bandgap. However,  BP devices
face challenges due to their limited stability, photo-response speed, and detection range. To enhance BP with powerful electric-
al  and  optical  performance,  the  BP  heterostructures  can  be  created.  In  this  review,  the  state-of-the-art  heterostructures  and
their  electrical  and  optoelectronic  applications  based  on  black  phosphorus  are  discussed.  Five  parts  introduce  the  perform-
ance  of  BP-based  devices,  including  black  phosphorus  sandwich  structure  by  hBN  with  better  stability  and  higher  mobility,
black  phosphorus  homojunction  by  dual-gate  structure  for  optical  applications,  black  phosphorus  heterojunction  with  other
2D  materials  for  faster  photo-detection,  black  phosphorus  heterojunction  integration  with  3D  bulk  material,  and  BP  via  As-
doping tunable bandgap enabling photo-detection up to 8.2 μm. Finally, we discuss the challenges and prospects for BP electric-
al and optical devices and applications.
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1.  Introduction

It  is  well  known  that  the  industry  based  on  silicon  faces
many challenges due to the continuous scaling down the fea-
ture  size[1−3].  Therefore,  breakthroughs  in  materials  science
play  a  significant  role  in  the  future  development  of  techno-
logy and various applications. In 2004, graphene was the first
discovered  two-dimensional  (2D)  material  extracted  as  a
single  layer  of  carbon  atoms  that  are  bonded  together  in  a
hexagonal  honeycomb  lattice  from  graphite[4].  It  had  attrac-
ted  worldwide  attention  owing  to  its  unique  properties,  inc-
luding ultra-high mobility[5] and thermal conductivity[6], trans-
parency[7],  and  high  Young's  modulus[8].  By  virtue  of  their
outstanding  contribution  to  graphene  development,  the
graphene  discoverers,  Konstantin  Novoselov  and  Andre
Geim,  were  awarded  the  Nobel  Prize  for  physics  in  2010.
Devices based on graphene have shown various promising ap-
plications  such  as  transistors[9−11],  supercapacitors[12],  batter-
ies[13],  solar  cells[14],  speakers[15, 16],  and  thermal  rectifiers[17],
etc.  In  brief,  graphene  has  blazed  a  new  trail  for  developing
2D material and has a promising future from research laborat-
ories  to  industrial  applications.  However,  the  on/off  ratio  of
graphene  transistors  was  limited  to  ~10  because  of
graphene’s vanishing bandgap.

Since  graphene  discovery,  many  kinds  of  2D  materials

have  been  discovered  and  developed,  such  as  hexagonal
boron nitride (hBN)[18], elemental analogs of graphene[19], tran-
sition  metal  dichalcogenides  (TMDCs),  etc.  Molybdenum  di-
sulfide  (MoS2),  one  kind  of  transition  metal  dichalcogenide,
has  a  bandgap.  The  bandgap  of  single-layer  MoS2 and  the
few  layers  MoS2 are  ~1.8  and  ~1.2  eV,  respectively[20].  The
on/off  ratio  field-effect  transistors  based  on  MoS2 can  reach
~108,  which  is  far  beyond  graphene  devices’  performance[21].
However,  the  relatively  low  charge  carrier  mobility  at  room
temperature was a limitation for the applications of MoS2 ma-
terial.

Black  phosphorus  (BP)  has  a  puckered  structure  that  is
one  of  the  few-layered  crystals  and  demonstrates  strong  in-
plane  anisotropy.  The  phosphorus  was  first  recorded  in  “The
Book  of  Odes  and  Hymns”  (诗经)  that  can  be  traced  back  to
about  three  centuries  ago  in  ancient  China[22].  However,  the
Nobel  Prize  in  Physics  was  awarded  to  Percy  Williams  Bridg-
man  who  first  synthesized  BP  until  the  twentieth  century[23].
With  the  development  of  exfoliation  and  thin-layer  pro-
cessing techniques, phosphorene (a single-layer BP) was exfoli-
ated for the first time from bulk BP via the Scotch-tape meth-
od. BP is considered as a new member joining the two-dimen-
sional  material  family[24−26].  BP is  a  semiconductor  with thick-
ness-dependent  direct  bandgap  and  the  bandgap  of  BP  can
be tuned continuously from ~0.3 eV (bulk) to ~2 eV (monolay-
er)[27],  which  is  located  between  graphene  and  MoS2.  It
means  that  BP  is  a  natural  wide  spectrum  detection  material
and  especially  has  a  promising  potential  to  have  a  break-
through  in  mid-infrared  applications[28].  Besides,  there  are
two  distinct  advantages  for  transistors  based  on  BP  because
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they  balance  the  on/off  ratio  compared  to  graphene  and
MoS2

[24, 29−32].  Furthermore,  BP  also  has  good  thermal[33−36]

and mechanical  characteristics[37].  In a word,  BP,  a new mem-
ber  in  the  family  of  2D  materials,  has  increasingly  attracted
substantial  research  interests  and  offers  an  opportunity  to
complement conventional silicon-based devices in various ap-
plications.

In  this  review,  as  shown  in Fig.  1,  we  will  introduce  the
BP  sandwich  structure  with  hBN,  BP  homojunction  devices,
BP heterojunction devices with other 2D and 3D bulk materi-
als,  and  BP  doped  by  As  with  tunable  bandgap.  There  are
three important issues (interface contact,  interfacial  modifica-
tion and carrier separation) related to the BP electrical and op-
toelectronic  devices.  (1)  For  BP  interface  contact,  different
work-function  metals  can  enable  different  transport  behavi-
ors.  If  Au or  Ni  is  used,  since the work function of  Au is  close
to the middle of  the bandgap of  BP,  so BP FET shows bipolar
transport[29].  If  high  work  function  metal  Pd  is  used,  BP  FET
shows  more  like  a  p-FET[53].  If  low  work  function  metal  Al  is
used for BP, n-FET is formed[102]. Typically, there is a Fermi-pin-
ing effect between BP and contact, which needs further explor-
ation  for  contact  optimization.  (2)  BP  suffers  from  stability  is-
sues[103].  There  is  POx forming  on  both  sides  of  BP[104].  There
are  several  ways  to  enhance  the  stability:  hBN  protection[61],

AlOx protection[105],  and chemical protection[106].  These meth-
ods  are  very  efficient  to  enhance  the  stability  of  the  BP  film
with  long time.  (3)  For  BP  photodetectors,  the  carrier  separa-
tion is the key to enable the photodetection. If the BP is intrins-
ic, the carrier separation can be speedy, but the photorespons-
ivity can be relatively low[81]. For intrinsic BP with a perfect lat-
tice  structure,  the  electron–hole  pair  can  be  separated  easily
in  BP  based  on  the  photovoltaic  effect.  Youngblood et  al.
found  the  largest  photocurrent  produced  under VG =  –8  V
with  a  high  response  bandwidth  exceeding  3  GHz,  which  is
related  to  the  intrinsic  region  of  BP  under  photovoltaic
effect[81].  The  photo-gating  effect  cannot  dominate  in  the
above  case  because  the  trapping  center  is  not  enough  in
high-quality BP. Supposing the BP is doped by E-field or chem-
ical  and  there  is  carrier  trapping  during  the  separation  (i.e.
photo-gating  effect),  in  that  case,  the  photoresponsivity  can
be  very  high,  but  the  speed  can  be  relatively  low.  For  doped
BP  with  enough  trapping  centers  due  to  the  degradation  in
air,  the  photo-gating  effect  can  dominate  the  photo-sensing
behaviors.  Guo et  al.  reported  high  gain  BP  photodetectors
based on the largest photocurrent produced at the BP doped
region,  which is  related to  the doped region of  BP under  the
photo-gating  effect[70].  There  is  a  trade-off  between  choos-
ing high photoresponsivity and response-speed.
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Fig. 1. (Color online) Overview of BP crystal structure and BP devices.
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2.  Black phosphorus sandwich structure with hBN

Hexagonal  boron nitride  is  a  large-bandgap and chemic-
ally  stable  two-dimensional  dielectric  material,  usually  form-
ing a sandwich structure with black phosphorus (Fig. 2(a)).  As
shown  in Fig.  2(b),  density  functional  theory  calculation
shows  that  characters  such  as  direct  bandgap  and  linear  di-
chroism are preserved when capping an hBN layer on to pro-
tect  BP[39].  Cai et  al.  concludes  that  hBN is  a  suitable  material
for  capping  BP,  protecting  it  against  structural  and  chemical
degradation while still maintaining its major electronic charac-
teristics.  The hBN layers’  surface is  smoother  than SiO2 and is
free of dangling bonds and surface charge traps. Thus, hBN is
widely  used  as  a  substrate  to  improve  the  transport  proper-
ties of other 2D materials[40−44].

Combining the advantages of hBN, researchers have real-
ized the hBN/BP/hBN structure to improve the transport prop-
erties  and  stability  of  BP  (Fig.  3(a)).  Tao et  al.  calculated  the
physical  properties  of  hBN/BP/hBN  heterostructures  with  dif-
ferent  hBN  thicknesses[49].  Compared  with  monolayer  (ML)
BP,  the  bandgap  of  the  hBN(1ML)/BP(ML)/hBN(1ML)  trilayer
structure was increased by 0.15 eV. However, when the thick-
ness  of  hBN  continuously  increased,  the  bandgap  of  BP  had
little  change.  They also observed an increased hole  and elec-
tron  effective  masses  via  increasing  hBN  thickness.  Doganov
et  al.  compared mobilities  of  different  substrate  dielectrics  of
BP-based FET as a function of temperature, including BP/SiO2,
BP/hBN,  and  hBN/BP/hBN.  These  results  show  that  the  hBN
substrate  improves  mobility  compared  with  SiO2 due  to  the
higher  dielectric  constant.  Furthermore,  the  full  encapsula-
tion  with  hBN  increased  the  mobility  over  100  cm2/(V·s)  as
shown in Fig. 3(b)[45].  Geim et al.  assembled hBN/BP/hBN het-
erostructure  using  the  dry  transfer  method  in  an  inert  atmo-
sphere.  They  used  monolayer  or  bilayer  hBN  on  top  of  BP  to
protect  it  from  all  gases  and  liquids,  and  the  top  hBN  layer
can  let  electrons  tunnel  through,  so  the  electrical  contacts
can  be  evaporated  onto  it  without  etching  openings  in  the
encapsulation.  They  achieved  field-effect  mobility  of  over
4000  cm2/(V·s)  for  bulklike  devices  (>10  layers)  and  about
1200 cm2/(V·s)  in  a  trilayer  device (Fig.  3(c)).  Moreover,  it  also
showed long-term stability according to the experimental elec-
trical  results  stored  in  the  air.  Quantum  oscillations  were  ob-
served in hBN/BP/hBN sandwiched structures[46].  Nathaniel et
al.  fabricated  the  structure  with  one-dimensional  edge  con-
tact  to  metal  electrodes.  As  temperature decreased,  the tran-

sistor  behaved  as  a  gate-dependent  metal–insulator  trans-
ition and device mobility increased. At T = 1.5 K,  the mobility
reached as high as 4000 cm2/(V·s). Under the condition of mod-
erate  magnetic  fields  and  low  temperature,  they  observed
gate-tunable  Shubnikov  de  Haas  (SdH)  magneto-oscillations
and  Zeeman  splitting  with  an  estimated g-factor  ~2[32].  Xiao-
long et  al.  used  a  high-temperature  annealing  process  to  re-
duce the charge trap density in BP. They realized high field-ef-
fect mobility of 1350 cm2/(V·s) at room temperature and high-
er mobility of 2700 cm2/(V·s) at T = 1.7 K. Meanwhile, they ob-
served quantum oscillations and zero Berry phase at the suit-
able magnetic field and low temperature[30].

Quantum  Hall  (QH)  effect  was  observed  in  hBN/BP/hBN
two-dimensional  electron  systems  (2DES).  Likai et  al.  im-
proved  mobility  of  the  system  by  placing  the  hBN-encapsu-
lated BP on a graphite back gate. The graphite gate results in
a  high carrier  Hall  mobility  up to  6000 cm2/(V·s)  at  temperat-
ures T < 30 K. The high mobility enabled them to observe the
integer  QH  effect  in  BP.  QH  plateaus  were  observed  at  in-
teger  filling  factors ν from  1  to  7[50].  Long et  al.  measured
hole  mobility  of  the  hBN/BP/hBN  field-effect  transistor  on
SiO2/Si  substrate.  The  mobility  was  5200  cm2/(V·s)  at  room
temperature,  and  increased  to  45  000  cm2/(V·s)  at  cryogenic
temperatures (Fig. 3(d)). They observed QH plateaus at ν from
2  to  12  (Fig.  3(e))[47].  Chen et  al.  reported  a  systematic  study
for  thin-layer  BP-based  hBN/BP/hBN  structure.  They  achieved
the  high  intrinsic  saturation  velocity  of  holes  and  electrons
at  room  temperature.  As  shown  in Fig.  3(f),  the  FET  and  Hall
mobilities  can  reach  up  to  3388  and  2024  cm2/(V·s),  respect-
ively[48].  In order to compare the transport properties of black
phosphorus  BP  and  BP  heterostructures,  we  list  mobilities
and  on/off  ratio  for  various  BP  and  BP-related  heterostruc-
tures at  different  experimental  temperatures in Table 1.  Most
of  the  BP  devices  show  mobility  less  than  1000  cm2/(V·s),
while  the  hBN/BP/hBN  sandwich  structures  show  the  im-
proved  mobility  larger  than  1000  cm2/(V·s).  There  is  strong
evidence that the hBN/BP/hBN can enhance the mobility.

3.  Black phosphorus homojunction by dual-gate
structure

The p–n junction is  a  fundamental  building block for  the
realization  of  incumbent  electronic  and  optoelectronic
devices.  In  conventional  semiconductors,  substitutional  dop-
ing is commonly used to gain n- or p-type characteristics.  BP,
an  ambipolar  2D  material,  can  form  n–n,  n–p,  p–n,  and  p–p
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Fig. 2. (Color online) Black phosphorus sandwich structure integration with hBN and its band structure. (a) A 3D schematic of hBN/BP/hBN hetero-
structure. (b) The HSE06 calculation results of the band structure and the local density of states (LDOS) for the hBN/BP heterostructure. Modified
with permission from Ref. [38] Copyright 2016 American Chemical Society, (b) Ref. [39] Copyright 2015 American Chemical Society.

Journal of Semiconductors    doi: 10.1088/1674-4926/42/8/081001 3

 

 
N Q Deng et al.: Black phosphorus junctions and their electrical and optoelectronic applications

 



junctions  by  doping  or  combining  with  other  2D  materials
such  as  hBN  or  graphene,  respectively.  Buscema et  al.  fabric-
ated  p–n  junctions  based  on  2D  materials,  namely,  hBN  and
BP,  which  are  gate  dielectric  and  channel  material,  respect-
ively.  They  observed  photovoltaic  properties  and  the  detec-
tion wavelength up to the near-infrared. Meanwhile, the trans-
fer curves can be turned into four operational quadrants by dif-
ferent  gate  voltages  (Fig.  4)[65].  Liu et  al.  reported  a  control-
lable  doping  technique  using  Al  atoms  to  realize  a  high-per-
formance photovoltaic device, which enhanced 2.5 times elec-
tron  mobility.  The  open-circuit  voltage  responsivity  and  a

short-circuit  current  responsivity  reached  ~15.7  ×  103 V/W
and  ~6.2  mA/W  at  room  temperature  in  the  near-infrared
(1550  nm),  respectively[60].  Han et  al.  demonstrated  that  the
electron mobility of BP could be increased one order of mag-
nitude  through  in  situ  functionalization  of  potassium[59].  Re-
cently,  Tian et  al.  reported  2D  junctions  made  of  BP  and
graphene  whose  type  of  device  can  be  controlled  by  the
back  gate  and  graphene  gate[66].  BP  is  regarded  as  a  prom-
ising material for high speed, high response, and comprehens-
ive spectrum detection from visible to mid-IR at room temper-
ature.
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Fig. 3. (Color online) Fabrication process and mobility of hBN/BP/hBN heterostructure devices. (a) A 3D schematic of hBN/BP/hBN heterostruc-
ture device fabrication process. (b) Mobility results of the different structures including BP/SiO2 (red), BP/hBN (green), and hBN/BP/hBN (blue). (c)
Mobility results of the trilayer and 20-layer were measured at liquid helium temperatures. (d) Mobility as a function of temperature for different
carrier densities were measured. (e) Quantum Hall states with filling factors from 2 to 12 are observed. (f) FET and Hall mobilities at different tem-
perature. Modified with permission from (a) Ref. [30] Copyright Nature publishing group, (b) Ref. [45] Copyright AIP Publishing, (c) Ref. [46] Copy-
right 2015 American Chemical Society, (d) and (e) Ref. [47] Copyright 2016 American Chemical Society, (f) Ref. [48] Copyright 2018 American Chem-
ical Society.
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4.  Black phosphorus heterojunction with other 2D
materials (graphene, MoS2, etc.)

In the conventional p–n homojunction, the p- and n-type
regions are formed by chemically doping a bulk semiconduct-
or  depleted  of  free  charge  carriers,  creating  built-in  poten-
tials. However, 2D semiconductors like BP, graphene, and trans-
ition  metal  dichalcogenides  (TMDCs)  can  stack,  forming  their
unique  van  der  Waals  (vdW)  structures,  which  are  predicted
to  exhibit  utterly  different  charge  transport  characteristics
than  bulk  heterojunctions.  The  novel  bulk  crystals  are  com-
posed  of  individual  layers,  in  which  the  van  der  Waals  forces
vertically  stack each layer instead of  covalent bonds.  Because

of their particular structures, they have great potential for the
next-generation  electronic  and  optoelectronic  applicatio-
ns[77−79].  BP could stack with other 2D materials to form hete-
rojunctions  that  reveal  unusual  properties  and  new  pheno-
mena.

4.1.  Graphene and black phosphorus

Two-dimensional materials such as graphene have exhib-
ited  excellent  optical  characteristics  and  offer  an  attractive
prospect  for  next-generation  optoelectronics  applications.
Graphene  has  been  used  for  the  wideband  photodetection
from ultraviolet  to  terahertz[80].  However,  graphene photode-
tectors'  dark current is  very high due to the graphene lack of

Table 1.   Comparison of performance of FETs based on BP and BP heterostructures, including BP film thickness, structure, mobility, on/off ratio.

Film thickness (nm) Structure Mobility (cm2/(V·s)) On/off ratio Experimental temperature (K) Ref.

10 BP 286 104 Room temperature [24]
10 BP 984 105 Room temperature [29]
1.9 BP 172 2.7×104 Room temperature [51]
5 BP 205 105 Room temperature

[52]
15 BP 1000 104 120 K
18.7 BP 170.5 102 Room temperature [53]
8.5 BP 400 2×103 Room temperature [54]
15 BP 310 103~104 Room temperature

[55]
5 BP 180 104~105 Room temperature
5 BP 155 104 Room temperature [56]
8 hBN/BP/hBN 1350 105 Room temperature

[30]
2700 / 1.7 K

/ hBN/BP/hBN 5200 / Room temperature
[47]

/ 45000 / 2 K
11 hBN/BP/hBN 1432 103 Room temperature

[48]
3388 / 77 K

10 BP 17 102 Room temperature [57]
5 BP 1495 103 260 K [58]
6.5 BP(K-doped) 262 104 Room temperature [59]
2.5 BP(Al-doped) 105 5.6×103 Room temperature [60]
4.5 hBN/graphene/BP 63 100 Room temperature [61]
30 BP/MoS2 / 104 Room temperature [62]
72 BP/MoS2 / 105 Room temperature [63]
10–15 Graphene/BP / 800 30 K [64]
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Fig.  4.  (Color  online)  Drain  current  mapping  and  band  diagrams  of  the  few-layer  black  phosphorus  PN  junction.  Drain  current  mapping  at
(a) + 100 mV and (b) –100 mV as a function of Vrg and VIg,  respectively. (c) Schematic energy band diagrams of the different device configura-
tions. Modified with permission from Ref. [65] Copyright 2014 Springer Nature.
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a  bandgap.  Youngblood et  al.  fabricated  a  gated  multilayer
black phosphorus photodetector.  The device's  dark current is
only 220 nA (VG =  −8 V, Vbias =  −0.4 V).  Moreover,  the intrins-
ic  responsivity  can  reach  up  to  135  and  657  mA/W  in  11.5-
nm- and 100-nm-thick devices at  room temperature,  respect-
ively.  In  almost  all  aspects  of  their  performance,  BP photode-
tectors  are  superior  to  graphene  photodetectors[81].  Hu et  al.
fabricated a 2D hybrid phosphorene and graphene nanocom-
posite  (Fig.  5(a))  and  calculated  the  electronic  bandgap  us-
ing HSE06 method (Fig. 5(b)). The results show that the Fermi
velocity  of  graphene  at  the  Dirac  point  is  kept  and  open  a
small  bandgap (58  meV),  which shows field-effect  transistors'
potential  graphene/BP heterojunction[82].  Avsar et  al. realized
vertical  field-effect  transistors  (VFETs)  based  on  graphene/BP
van  der  Waals  heterostructure,  which  achieved  an  on/off  ra-
tio  of  ~100  at  room  temperature  (Fig.  5(c))[61].  Kang et  al.
realized an on/off  ratio of  over 800 at  30 K and high on-state
current  densities  of  over  1600  A/cm2 in  graphene/BP  VFETs
(Fig. 5(d))[64]. Besides, BP/graphene composite has a widely at-
tracted ion battery research field due to the highest theoretic-
al capacity of phosphorus, high electronic conductivity, mech-
anical strength, and fast reaction kinetics of graphene[83−86].

4.2.  TMDCs and black phosphorus

TMDCs are atomically thin two-dimensional semiconduct-
ors  of  the  type  MX2.  M  is  a  transition  metal  atom  (Mo,  Re,

etc.) and X is a chalcogen atom (S, Se, etc.). Molybdenum disulf-
ide  (MoS2)  is  the  most  exciting  material  in  the  TMDCs  owing
to  its  robustness[87].  MoS2 has  been  reported  in  the  research
of  photodetectors  due  to  unique  optoelectronic  proper-
ties[88−90].  BP-based optoelectronic devices are also widely re-
searched,  especially  in  the  advantages  of  the  near-infrared
and infrared bands due to the lattice structure and band struc-
ture  of  BP[67−71].  Deng et  al.  designed  a  gate-tunable  p–n  di-
ode  based  on  a  p-type  BP/n-type  monolayer  MoS2 van  der
Waals  p–n  heterojunction  which  is  the  first  2D  heterostruc-
ture  demonstrated  using  black  phosphorus.  In  the  experi-
ments, monolayer MoS2 was synthesized by chemical vapor de-
position  (CVD)  on  285  nm  SiO2/p+-doped  Si  substrate,  and
the  BP  was  mechanically  exfoliated  on  the  monolayer  MoS2.
The  thicknesses  of  the  few-layer  BP  flake  and  monolayer
MoS2 are  11  and  0.9  nm,  respectively.  The  diodes  based  on
2D materials achieved a maximum photodetection responsiv-
ity of 418 mA/W and photovoltaic energy generation with an
external quantum efficiency of 0.3% under the illumination of
633  nm  He–Ne  laser[72].  Taking  advantage  of  BP  bandgap  in
the infrared, Ye et al. fabricated a diode based on BP/MoS2 het-
erojunction  as  shown  in Fig.  6(a).  It  realized  microsecond  re-
sponse speed ~15 μs,  which is  2  to 3 orders  higher  than that
of  the  BP-based  non-heterojunction  photodetector  in  the
near-infrared (Fig. 6(b))[74]. Kwak et al. performed a BP/WS2 het-
erojunction device at 405 nm and solar spectrum. The extern-

 

100

(d)

10−1

10−2

10−3

−60 −40 0
Gate voltage (V)

30 K

300 K

VD = 0.02 V

20 40−20 60

I S
D
 (

μ
A

)

2.5

2.0

1.5

(c)

1.0

0.5

0
−4

−60
0

10

20
Non-encapsulated

−30 0 30 60

−3 −1
VTG (V)

VBG (V)

Vacuum

Air

0 1−2 432

I S
D
 (

μ
A

)

I S
D
 (

μ
A

)

−1

0

1

−2

2

−1

0

1

−2

Γ ΓM K Γ ΓM K Γ ΓM K

2

−1

0

1

−2

2
PhosphoreneGraphene Graphene/

phosphorene

E
−
E

F
 (

e
V

)

(b)(a)

D

 

Fig.  5.  (Color  online)  Bandgap and structure of  graphene/BP heterojunction.  (a)  The top and side views of  schematics  of  BP (violet)/graphene
(gray) heterojunction. (b) The HSE06 calculation results of the band structure are graphene, phosphorene and graphene/BP heterojunction, re-
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shows a nonencapsulated device test. (d) Transfer characteristic curves at ranging various temperatures from 300 to 30 K in 30 K steps. Modified
with permission from (a) and (b) Ref. [82] Copyright Royal Society of Chemistry, (c) Ref. [61] Copyright 2015 American Chemical Society, (d) Ref.
[64] Copyright 2016 American Chemical Society.
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al  quantum  efficiency  and  the  photovoltaic  efficiencies  are
4.4% and 4.6%, respectively, which shows potential for photo-
voltaic  applications[91].  In  addition  to  combining  two  materi-
als,  the  structure's  heterojunction  has  also  been  reported.  Li
et  al.  realized  a  bipolar  phototransistor  based  on  WSe2/BP/
MoS2 heterostructure (Fig. 6(c)). As shown in Fig. 6(d), a broad-
band  detector  has  a  high  responsivity  of  6.32  A/W  at  visible
light  and  1.12  A/W  at  the  infrared  light,  respectively[75].  The

value of the photoresponsivity is an order of magnitude high-
er than that of the detector based on the WSe2/BP heterostruc-
ture.  Besides,  Srivastava et  al.  fabricated  a  BP/rhenium  disulf-
ide (ReS2) broken-gap van der Waals heterojunction device as
shown  in Fig.  6(e).  Its  photoresponsivity  and  the  maximum
external  quantum  efficiency  (EQE)  can  reach  up  to  8  mA/W
(Fig.  6(f))  and  0.3%  under  illustration  under  the  illumination
of 532 nm laser[76].
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Depending  on  the  carrier  transport  path,  the  FET  struc-
ture  based  on  vdW  heterostructures  is  mainly  divided  into
two  categories:  lateral  heterojunction  structure  and  vertical
heterojunction  structure.  In  a  lateral  heterojunction,  the
"edge-to-edge"  structure  allows  carriers  to  conduct  primaries
in  the  material  plane.  However,  the  "up–down"  structure  al-
lows  carriers  to  conduct  primarily  between  layers  of  material
for  a  vertical  heterojunction.  Xu et  al.  fabricated  a  tunneling
field-effect  transistor  based  on  a  BP/MoS2 junction.  The  de-
vice's  subthreshold  swing  (SS)  values  were  ~65  and  51  mV/
dec at room temperature and 160 K, respectively[62]. For vertic-
al  heterojunctions,  they  are  mainly  used  for  vertical  field-ef-
fect  transistors.  This  type  of  device's  implementation  is
mainly  due  to  the  excellent  quality  interlayer  conductivity  of
the  two-dimensional  semiconductor  material. Liu et  al. real-
ized  a  BP/MoS2 tunneling  heterojunction  diode  (Fig.  7(a)).
They  observed  three  kinds  of  diode  characteristics,  including
a  backward  rectifying  diode,  a  Zener  diode,  and  a  forward
rectifying  diode  tuned  by  the  thickness  of  BP  (Fig.  7(b))[63].
Miao et  al. realized  a  truly  vertical  p–n  heterojunction  diode
based  on  MoS2/BP  heterojunction  (Fig.  7(c)).  The  p–n  junc-
tion of the vertical structure exhibits a higher on current dens-
ity  than that  of  the lateral  p–n junction.  Moreover,  they used
MoS2 to  isolate  the  effects  of  air  increasing  device  lifetime
(Fig.  7(d))[92].  A  comparison  of  photodetectors  based  on  BP
and BP heterostructures is listed in Table 2. The BP/MoS2 het-
erojunction  device  shows  a  faster  photo-response  speed

down to 15 μs than BP FETs around 1 ms.

5.  Black phosphorus heterojunction with 3D bulk
material

The  2D  material  can  be  combined  with  3D  bulk  material
to  form  a  new  heterojunction  due  to  their  atomic  thin  body
thickness and the lack of dangling bonds on the surfaces. The
integration  of  2D  material  with  bulk  material  can  also  pro-
mote  industry  applications.  The  mixed-dimensional  2D/3D
vdW  heterostructures  can  improve  optical  absorption  cross-
sections  than  all-2D  vdW  heterostructures[93].  Gehring et  al.
transferred  a  thin-layer  BP  (~15  nm)  sheet  onto  Te-doped
GaAs  substrate  to  form  a  heterojunction.  The  maximum  EQE
of  the  device  can  reach  9.7%  under  the  illumination  of  514
nm laser  at  zero  bias  (Fig.  8(a))  and be increased to  31% at  a
bias of –2.5 V[94].  Besides, 2D–3D p–n heterojunctions can be-
come  easily  doped  and  have  a  high  breakdown  electric  field
for  field-effect  devices.  Li et  al.  reported  a  vdW  heterojunc-
tion  JFET  based  on  p-type  BP  and  n-type β-Ga2O3.  It  exhibits
excellent  rectification  characteristics  and  low  reverse  current
in the order of  picoamperes.  Moreover,  the source–drain cur-
rent  switching  ratio  can  reach  107 (Fig.  8(b))[96].  Bi et  al.  real-
ized  two  kinds  of  structures:  tunnel  field-effect  transistor
(TFET)  and junction field-effect  transistor  (JFET)  via  the integ-
ration  of  InGaZnO  and  BP.  The  TFET’s  current  switching  ratio
achieved  over  105,  and  the  device's  SS  values  was  about
11 mV/dec. Meanwhile in BP/InGaZnO heterostructure JFET, it
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also shows on/off ratio over 105,  almost no hysteresis and lar-
ger  SS  of  83  mV/dec  due  to  the  limitation  of  thermal  emis-
sion (Fig. 8(c))[109].

6.  BP doped by As with tunable bandgap

Black phosphorus doped by arsenic or black arsenic–phos-
phorus (b-AsP), a family of layered semiconductors, has attrac-
ted  extensive  attention  due  to  the  excellent  tunability  of
bandgaps.  Liu et  al.  demonstrated  the  bandgap  could  be

tuned to 0.15 eV smaller than BP (0.3 eV). It means that the de-
tection  range  of  the  photodetectors  based  on  b-AsP  can
reach  the  long-wavelength  infrared  (LWIR)  (Figs.  9(a) and
9(b))[95].  Long et  al.  fabricated long-wavelength IR,  the detec-
tion  range  up  to  8.2 μm,  photodetectors  based  on  b-AsP.
They  achieved  fast  photoresponse  (0.54  ms)  tested  in  the
mid-wavelength  infrared,  as  shown  in Fig.  9(c).  Furthermore,
this  type  of  device  had  low  dark  noise  at  room  temperature
whose  peak  specific  detectivity  value  can  reach  up  to 9.2  ×

Table 2.   Comparison of performance of photodetectors based on BP and BP-related heterostructures, including film thickness, structure, spec-
tral range, responsivity, specific detectivity and response time.

Film thickness (nm) Structure Spectral range Responsivity (A/W) Specific detectivity
(Jones)

Response
time (ms) Ref.

BP: 3–8 BP Visible to near-infrared 4.8 × 10–3 (640 nm) >103 ~1 [67]
BP: ~4.5 BP Near-ultraviolet to near-

infrared
9 × 104 (405 nm) 3 × 1013 ~1 [68]

BP: 8 BP Visible to near-infrared 4.3 × 106 (633 nm, 300 K)
7 × 106 (633 nm, 20 K)

/ 5 [69]

BP: ~12 BP 532 nm 82 / / [70]
BP: 28, 47, 302 BP 830 nm 2.42 1.833 × 108 2.5 [71]
BP: ~22 BP/MoS2 633 nm 0.418 / / [72]
BP: ~10, MoS2: ~4.8 BP/MoS2 532 nm ~0.17 / / [73]
BP: ~22, MoS2: ~12 BP/MoS2 Visible to near-infrared 22.3 (532 nm)

153.4 (1.55 μm)
3.1 × 1011 (532 nm)
2.13 × 109 (1.55 μm)

0.015
/

[74]

BP: 5, ReS2: 12 BP/ReS2 532 nm 8 / / [75]
WSe2: ~43, BP: ~40,
MoS2: ~34

WSe2/BP/MoS2 Visible to near-infrared 6.32 (532 nm)
1.12 (1.55 μm)

1.25 × 1011 (532 nm)
2.21 × 1010 (1.55 μm)

/ [76]
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109 Jones (Fig. 9(d))[97].  B-AsP can also be combined with hBN
to form a sandwich structure the same as BP. Yuan et al. fabric-
ated  a  photodetector  based  on  hBN/b-As0.83P0.17/hBN  struc-
ture,  which  achieved  good  responsivity  in  the  mid-infrared.
Moreover, the air stability of the type of device enhanced ow-
ing to the hBN encapsulation[98].

7.  Summary and perspectives

In this review, heterostructures based on BP and their elec-
trical  and  optical  applications  were  discussed  in  detail.  With
the tremendous development of applications based on BP ow-
ing to its superior characteristics, an increasing number of nov-
el  devices  based  on  BP  broadly  potential  from  laboratory  re-
search to practical  use.  To achieve this goal,  researchers have
to  suffer  from  several  challenging  problems  in  further  re-
search and some possible solutions for dealing with the chal-
lenges as follows. (1) Synthesize high-quality wafer-scale crys-
talline  and controllable  thicknesses  of  BP.  Fabrication of  con-
trollable  thicknesses  of  BP  with  high  quality  is  essential  to
design the BP-based devices and applications due to the thick-
ness-dependent intrinsic direct bandgap. Most recently, Xu et
al. show the large-area of BP grown on insulating silicon sub-
strates  by  a  gas-phase  growth  method[107].  It  is  promising  to

use  the  gas-phase  growth  method  for  wafer-scale  BP.  Until
now,  wafer-scale  BP  films  have  not  been  produced,  which
greatly  hinder  the  BP-based  large-scale  applications.  (2)  En-
hancement  of  long-term  stability  for  BP-based  device.  Al-
though many strategies  have been attempted to  improve BP
devices'  long-term  stability,  including  functionalization,  dop-
ing,  and  passivation,  the  experimental  results  still  show  a
long  distance  with  commercial  grade  products.  To  enhance
the  long-term  stability  for  BP-based  devices  for  commercial-
grade  products,  a  vacuum  package  can  be  considered.  (3)
The  BP-based  integrated  circuits.  The  complementary  invert-
er  is  the  fundamental  building  block  for  logic  circuits.  Some
BP-based  complementary  inverters  have  been  fabricated  via
the adatom doping technique[68, 99, 100] or  BP hybrids[101].  The
uniformity  of  BP devices  is  still  required to enable large-scale
integrated  circuits.  The  MoS2 1-bit  microprocessor  has  been
done[108].  The  BP-based  integrated  circuits  should  come  true
soon,  right  after  obtaining  the  wafer-scale  BP  film.  If  the
large-scale BP can be obtained, there is  also a great potential
to enable an array of  BP photodetectors for  middle-IR photo-
detection  at  room  temperature,  which  could  be  better  than
the  commercial  HgCdTe  middle-IR  photo-detectors.  More-
over,  the  high  mobility  and  reasonable  on/off  ratio  of  the  BP
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Fig. 9. (Color online) Performance of the related b-AsP photodetectors. (a) Infrared absorption as a function of wavenumber for different samples
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FET  can  enable  next-generation  flexible  electronics  and  cir-
cuits with high performance, which is better than the organic-
based flexible electronics.
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