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Abstract: Optoelectronic devices on silicon substrates are essential not only to the optoelectronic integrated circuit but also to
low-cost lasers, large-area detectors, and so forth. Although heterogeneous integration of III–V semiconductors on Si has been well-
developed,  the  thermal  dissipation  issue  and  the  complicated  fabrication  process  still  hinders  the  development  of  these
devices. The monolithic growth of III–V materials on Si has also been demonstrated by applying complicated buffer layers or in-
terlayers.  On  the  other  hand,  the  growth  of  lattice-matched  B-doped  group-III–V  materials  is  an  attractive  area  of  research.
However, due to the difficulty in growth, the development is still relatively slow. Herein, we present a comprehensive review of
the recent achievements in this field. We summarize and discuss the conditions and mechanisms involved in growing B-doped
group-III–V  materials.  The  unique  surface  morphology,  crystallinity,  and  optical  properties  of  the  epitaxy  correlating  with  their
growth  conditions  are  discussed,  along  with  their  respective  optoelectronic  applications.  Finally,  we  detail  the  obstacles  and
challenges to exploit the potential for such practical applications fully.
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1.  Introduction

Silicon-based  optoelectronic  devices  offer  a  solution  for
the  increasing  demand  for  high  speed  and  high  amount  of
data  transmission.  However,  the  bottleneck  for  the  develop-
ment turns out to be the lack of suitable light source on silic-
on due to the indirect  bandgap of  the material.  In  the mean-
time,  group  III–V  semiconductor-based  light  sources  are  ma-
ture. Different light-emitting diodes and lasers have been real-
ized by  either  GaAs  or  GaN[1–3],  either  using quantum well  or
quantum dots, either edge-emitting or surface-emitting[4].

Compared to their antecessor Si, III–V compound semicon-
ductors have versatile properties such as direct bandgap, high-
er  carrier  mobility,  and  smaller  electron  effective  mass,  mak-
ing  them  highly  attractive  for  microelectronic  and  optoelec-
tronic applications in solid-state lighting, wireless communica-
tion, artificial intelligence, high-speed train, clean energy gen-
eration,  and  radar  systems[5–8]. Fig.  1 shows  the  energy
bandgap of  III–V semiconductors as a function of  their  lattice
parameters[9].  The  materials  have  either  zinc-blende  or  wurt-
zite  crystal  structures,  most  of  which  with  direct  bandgap.
The  wurtzite  III-nitrides  have  bandgap  value  from  0.7  to
6.0  eV,  while  the  zinc-blende  arsenides  from  0.35  to  2.24  eV,
which covers a wide range of the electromagnetic spectrum.

The  natural  solution  is  to  integrate  III–V  lasers  on  Si  sub-

strates  by  heterogeneous  or  monolithic  ways.  In  heterogen-
eous  integration,  the  III–V  laser  is  wafer  bonded  to  a  Si  sub-
strate.  The  heat  dissipation  problem  may  deteriorate  the
device  performance.  John Bower et  al.  from the  University  of
California, Santa Barbara demonstrated the on-chip and inter-
chip  optical  interconnects  using  light-emitting  devices  bon-
ded  onto  silicon  substrates[11].  While  for  monolithic  integra-
tion,  III–V  optoelectronic  devices  were  grown  on  the  Si  sub-
strate  directly.  However,  it  faces  the  challenge  of  lattice  mis-
match,  thermal  mismatch,  and  antiphase  formation  when
growing  III–V  on  Si.  Liu et  al.  demonstrated  high-perform-
ance quantum dot  lasers  directly  grown on silicon substrates
by  using  a  nucleation  layer  and  dislocation  filter  layers  to  re-
duce threading dislocations in the III–V epilayers[12].

Besides  light  emitters,  a  photodetector,  especially  in  the
infrared  range  on  Si,  will  enable  widespread  applications  on
military  action,  artificial  intelligence,  and so on.  A  wafer-scale
fabrication  process  will  lead  to  the  large-area  photodetector,
which  also  makes  it  affordable.  Although  silicon  itself  is  an
efficient photodetector,  it  can only cover up to ~1.1 μm. III–V
materials  grown by  metamorphic  approaches  lead to  excess-
ive  dark  currents.  Therefore,  a  lattice-matching  way  of  grow-
ing III–V materials on Si is needed.

In the early days, boron was introduced to remove the de-
fect states in AlGaAs. In 1992, B-doped (Al, Ga)As was investig-
ated  by  Tischler  from  IBM  T.  J.  Watson  Research  Center  to
study  the  possibility  to  eliminate  the  DX  centers  in  (Al,
Ga)As[13],  which  was  common  when  the  Al  composition  ex-
ceed  20%.  Since  the  DX  centers  are  originated  from  the  lat-
tice  distortion  after  Si  doping  for  n-type  (Al,  Ga)As,  the  intro-
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duction  of  B  was  expected  to  mitigate  the  distortion  effect.
However,  except  for  the  reduction  in  growth  rate  and  in-
crease  in  AlAs  mole  fraction,  the  incorporation  of  boron  was
not found leading to the elimination of DX centers.

Furthermore,  the  BGaInAs  alloy  was  found  can  be  tuned
to be lattice-matched to GaAs and Si  with a bandgap smaller
than  GaAs[14].  Although  the  attractive  properties  of  B-doped
III–V compounds,  these materials  did  not  attract  much atten-
tion,  mainly due to the difficulties in growth. It  is  challenging
to  increase  the  boron  content  in  BGaInAs  alloys  due  to  the
large miscibility gap of the BAs–Ga(In)As system and complic-
ated  kinetics  of  boron  incorporation[14, 15].  In  addition,  boron
arsenide  has  two  different  forms:  B12As  with  rhombohedral
structure,  and  BAs  with  zinc  blended  structure,  which  is
needed for BGaAs growth[16, 17], and was also studied more in-
tensively  due to  the  ultrahigh thermal  conductivity[18–20].  The
boron  antisite  defects  and  its  segregation  to  the  surface  for
B12As2 formation,  make  it  difficult  to  achieve  high-quality
boron-doped III–V semiconductors[21].

Because of  the problems in the epitaxy such as B surface
segregation,  deteriorated  surface,  and  B  antisite  formati-
on,  the  research  on  B-doped  III–V  semiconductors  is  spar-
se[17, 22, 21]. Fig.  2 shows  the  number  of  publications  per  year
and  the  sum  of  times  cited  per  year  from  an  ISI  Web  of  Sci-
ence  search  using  the  keywords  “BGaAs”.  These  numbers
show  a  slow  development  in  this  field.  However,  despite  the
difficulty  of  getting  high-quality  materials,  their  ability  to  be
grown  on  silicon  and  GaAs  substrates  without  mismatch
strain, make it very attractive for next-generation optoelectron-
ic and microelectronic devices.

Until now, we lack a useful review that appropriately sum-
marizes  the  development,  problems,  and  current  situation  of
these boron-doped III–V semiconductors, along with their vari-
ous  applications.  In  this  review,  we  focus  on  the  epitaxy  of
BGaAs semiconductors and discuss the broad potential  opto-
electronic applications,  including light emitters and photode-
tectors.  The  growth  mechanisms,  growth  techniques,  includ-
ing  metal-organic  chemical  vapor  deposition  (MOCVD)  and
molecular-beam  epitaxy  (MBE),  and  the  optical  properties  of
BGaAs  are  summarized  in  Section  2.  In  Section  3,  we  discuss
different  BGaAs  compounds,  investigating  their  characterist-
ics  and  applications,  followed  by  an  elaboration  on  chal-
lenges and problems of boron-doped III–V semiconductors in
Section  4.  Finally,  we  give  a  summary  and  future  perspect-
ives of these materials in Section 5.

2.  Properties and growth techniques of boron-
doped III–V semiconductors

Since  boron  has  highly  different  properties  than  other  III
and  V  elements,  it  is  expected  its  incorporation  into  III–V
semiconductors  will  induce  a  huge  change  in  the  properties
of  III–V  semiconductors[23].  Because  of  the  small  covalent
radius  of  boron  atoms  compared  to  gallium  and  indium,  BAs
has a zinc-blende structure with a reduced lattice constant of
4.77  Å  and  a  bandgap  of  1.46  eV[22, 24].  When  boron  atoms
enter a GaAs lattice, they can go to either a gallium site or an
arsenic site, which is determined by growth conditions. It was
found  that  isovalent  boron  incorporation  happened  under
As-rich  conditions,  which  is  preferred  for  BGaAs  growth;  on
the  other  hand,  boron  atoms  go  to  the  arsenic  site  under
Ga-rich  conditions,  leading  to  the  formation  of  boron  “antis-
ite” defect where the boron acts as an acceptor[15].

Because  of  the  lattice  constant,  BGaAs  has  been  sugges-
ted  as  a  strain-compensation  barrier  in  InGaAs(N)  system.  Al-
though there are still  arguments on the bandgap variation of
BGaAs with boron composition,  it  is  clear  it  can be a replace-
ment  for  InGaAs(N)  in  the  infrared  wavelength  range  when
adding  indium  to  the  compounds[25]. Fig.  3 shows  the
bandgap  of  various  boron-doped  III–V  semiconductors,  and
the  boron  incorporation  may  expand  the  range  for  bandgap
engineering[26].

2.1.  MOCVD

Similar  to  GaAs,  BGaAs  has  been grown both  by  MOCVD
and MBE. In the initial work, B-doped (Al, Ga)As was grown in
a  low-pressure  metalorganic  vapor  phase  epitaxy  (MOVPE)
system.  In  these  systems,  trimethylgallium  (TMGa),  tri-
methylaluminum  (TMAl),  and  arsine  (AsH3)  were  used  as  pre-
cursors  for  Ga,  Al,  and  As.  Diborane  (B2H6)  and  trimethyl
boron  have  been  used  as  boron  precursors[13].  In  this  way,
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Geisz et  al.  reported  the  first  growth  of  BGaInAs  alloys  by
MOCVD[27]. However, the parasitic reactions between precurs-
ors made it difficult to study the growth mechanism[25].

2.2.  MBE

BGaAs  was  first  grown  by  Hoke  from  Raytheon  Research
Division using MBE in 1993[16]. Because of the low vapor pres-
sure  of  boron,  a  high-temperature  source  is  necessary  for  an
MBE  system.  However,  the  use  of  a  PBN  crucible  leads  to  a
measurable nitrogen background in the chamber, which incor-
porates into the BGaAs films. In MBE, the substrate temperat-
ure has to be optimized. At high temperature, the surface mo-
bility  of  boron  is  enhanced,  which  leads  to  the  formation  of
B–B  bonds,  the  reduced  substitutional  B  incorporation,  and
the  crystal  quality  degradation.  Differently,  in  V.  K.  Gupta’s
system,  a  pyrolytic  graphite  liner  inside  a  tungsten  crucible
was used for producing boron flux[17].

3.  Boron-doped III–V semiconductors: materials
and devices

In  this  part,  we  will  review  the  development  and  re-
search  progress  of  boron-doped  III–V  semiconductors  from
various  groups.  Since  most  groups  reported  the  growth  us-
ing MOCVD,  we will  introduce the progress  in  this  field,  then
also cover MBE related growth and a few theoretical works.

The  early  study  mainly  focused  on  the  growth  condi-
tions optimization and characterization of B(In)GaAs layers on
GaAs  substrates.  In  2000,  Geisz et  al.  from  National  Renew-
able  Energy  Laboratory  reported  the  growth  of  BGaInAs  al-
loys  with  boron  concentration  up  to  4%,  which  has  a  lattice
matched  to  GaAs[27].  Taking  advantage  of  a  small  atom  radi-
us,  boron has been used to offset  the lattice expansion of  In-
GaAs.  With  the  same  bandgap  of  1.34  eV,  the  authors  found
the  BxGa1–x–yInyAs  layer  much  less  strained  than  the
Ga1–xInyAs layer when both grown on GaAs. The bowing para-
meter  of  4–8  meV/%B  is  close  to  other  III–V  alloy  systems.
These epilayers had specular morphology, and the boron com-
position was estimated from the peak splitting in the double-
crystal X-ray diffraction (DCXRD), as shown in Fig. 4.

To further  improve the boron incorporation,  the precurs-
ors used in MOCVD were studied systematically. In 2001, they
first analyzed the boron incorporation into BxGa1–xAs using dif-
ferent  Ga  precursors  (TEG  and  TMG)  in  MOCVD,  although
they behave differently, the incorporation efficiency and max-
imum  achievable  boron  concentration  both  decrease  when

growth  temperatures  are  higher  than  600  °C[14].  It  was  later
also found the incorporation at high temperatures could be re-
covered  by  using  surfactants  such  as  Bi[21],  and  a  very  high
V/III  ratio  is  needed  to  avoid  the  formation  of  B–B  bonds  in
BxGa1–xAs.  The  kinetics,  instead  of  thermodynamics  of  the
growth  play  an  essential  factor  in  the  boron  incorporation,
which is allowed in MOCVD and MBE process. Besides Ga pre-
cursors,  the  group  also  investigated  the  use  of  different
boron  precursors  in  MOVPE  for  BGaAs  epitaxy  in  a  separate
work. It was found that it is possible to incorporate boron be-
low 600 °C,  above which the  incorporation drop dramatically
due  to  the  nature  of  the  gas-phase  reaction.  Although  the
boron  composition  was  extended  to  4%–7%,  the  immiscibil-
ity of GaAs and BAs inhibited further improvement[28].

Bi has been used as a conventional surfactant in other ma-
terial  systems.  To  further  improve  the  growth,  the  lab  stud-
ied  the  growth  of  quaternary  BGaAsBi  lattice-matched  to
GaAs substrates in 2012[29].  Since bismuth is a large atom, co-
doping  with  small  boron  atoms  allows  for  strain  compensa-
tion,  which  can  be  deduced  from  the  XRD  results  in Fig.  5.
The  authors  found  the  addition  of  boron  atoms  does  not  af-
fect the bismuth incorporation, but if the boron amount in ex-
cess,  antisite  boron  is  incorporated,  leading  to  an  increase  in
hole density.

Similar  to  other  reports,  the  amount  of  substitutional
boron  decreases  with  increasing  substrate  temperatures.
However,  the  addition  of  a  bismuth  surfactant  appears  to
force  boron  onto  substitutional  sites  (see Fig.  6(a)),  and
makes the epilayers smoother (see Fig. 6(b))[30].
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In  2003,  H.  Dumont  from  Université  Claude  Bernard  Ly-
on  1  studied  the  growth  of  BGaAs  on  GaAs  substrates[22, 25].
Similar  to  previous  reports,  the  optimum  temperature  for
boron  incorporation  is  found  to  be  550–600  °C.  The  surface
shows increasing surface roughnesses and a boron surface se-
gregation, as shown in the atomic force microscopy (AFM) im-
ages  in Fig.  7 and  their  X-ray  photoelectron  spectroscopy
(XPS) results. The group later studied the thermodynamic con-
ditions  which  determine  the  direction  of  the  formation  reac-
tion  of  BGaAs.  On  the  contrary,  the  kinetic  conditions  which
determine  formation  conditions  were  not  the  focus  of  the
study[31].

Besides  surface  morphology,  the  group  also  studied  the
optical  properties  of  these  BGaAs  epilayers  in  2004,  which  is
necessary for their applications in optoelectronic devices. The
temperature-dependent  photoluminescence  peak  position
showed  an  S-shaped  behavior,  which  is  a  sign  of  the  local-

ized states due to nonuniform doping of  boron atoms within
the  BGaAs  epilayer.  Similar  behavior  is  also  common  in  In-
GaAs  layers  grown  on  GaAs  where  indium  segregation  is  ob-
served.  This  is  also  verified  by  the  large  broadening  of  the
BGaAs  PL  peak[32].  However,  compared  to  dilute  nitride
GaNAs,  it  showed a reduced localization[33].  In  2009,  they fur-
ther  investigated  the  boron  incorporation  in  GaAs  from  the
temperature-dependent  PL  measurements.  A  shift  between
theoretical  fitting  using  Varshni  law  and  experimental  values
was  attributed  to  carriers  trapped  by  localized  states,  which
are  mainly  caused  by  the  boron  clustering  in  BGaAs[34, 35].  A
similar  phenomenon  has  also  been  observed  in  the  BInGaAs
system, as shown in Fig. 8(a)[36, 37].

The group also investigated the BInGaAs single quantum
well  (SQW) grown by  MOVPE[38, 39],  as  shown in Fig.  8(b).  It  is
found the BInGaAs epilayer exhibits multiple PL peaks associ-
ated with the exciton bond induced by the boron clusters.  In
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comparison,  the  PL  of  BInGaAs SQW only  showed the interb-
and  transition  influenced  by  the  confinement  of  electron-
hole pairs in the well.

Furthermore, BInGaAs/GaAs quantum well with high indi-
um composition was studied,  it  shows that a  BInGaAs can be
grown  lattice-matched  to  GaAs  as  predicted.  The  temperat-
ure  dependence  of  the  PL  peak  energy  showed  an  S-shaped
behavior as a result of the competition process between local-
ized and delocalized states of boron clusters. A model of carri-
er  dynamics  model  was  developed,  as  shown  in Fig.  9.  It  ex-
plains  the  potential  fluctuation  caused  by  clusters,  localized
states, and possible paths for carrier transport and recombina-
tion in the material when the temperature increases[40–43].

Besides, the group also studied the influence of boron sur-
face enrichment on the growth of BGaAs by MOVPE[44].  It was
found  the  BGaAs  step-bunching  in Fig.  10 is  related  to  the
boron  surface  segregation  with  increasing  diborane  flow-
rates  during  the  MOVPE  growth,  which  works  as  a  surfactant
to increase the surface mobility of Ga atoms.

Besides  the  AFM,  PL  characterization,  photo-thermal  de-
flection (PTD) technique was adopted to study the nonradiat-
ive  recombination  process  in  BGaAs/GaAs  alloy  in  2013.  It

was found with the increase of the boron composition, the in-
duced  localized  states,  clusters  at  BGaAs/GaAs  interface,  and
roughness  and  imperfection  of  the  surface  change  the  trans-
port  properties  of  the  BGaAs  epilayer.  Moreover,  the  thermal
conductivity  of  BGaAs  layers  was  found  to  decrease  due  to
the allowing effects[45–47].

In  2008,  Xiaomin  Ren’s  group  from  Beijing  University  of
Posts  and  Telecommunications  studied  the  growth  of  BGaAs
on  GaAs  using  LP-MOCVD[21, 48].  It  was  found  that  the  boron
incorporation  decreases  both  at  temperatures  higher  than
610 °C and temperatures lower than 550 °C. At the temperat-
ure  from 550 to  610 °C,  single-crystal  films  with  specular  sur-
faces  could be grown when the boron concentration is  with-
in the range of 0.42–0.81, as shown in Fig. 11. At even higher
temperatures,  the boron-contained intermediate species may
recombine  or  polymerize  to  the  high  molecular-weight  spe-
cies,  which  are  difficult  to  be  incorporated[49].  There  is  also  a
critical  value  for  boron  concentration,  beyond  which  the
polycrystalline  or  amorphous  BGaAs  with  degraded  surfaces
formed. The group further demonstrated the growth of BAlAs
and  BGaInAs  on  GaAs  substrates  in  2009[49].  Low-temperat-
ure  PL  measurement  of  BGaInAs  with  boron  composition  of
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about 4% showed the emission wavelength of 1.24 μm.
In 2013,  the group further studied the effect of boron in-

corporation  on  the  InGaAs/GaAs  MQWs[34].  It  was  found
when the strain is small, the boron incorporation will deterior-
ate  the  crystal  quality.  However,  when the  indium content  in
InGaAs/GaAs  MQWs  exceeds  40%,  boron  incorporation  will
help to reduce the compressive strain, leading to the flat sur-
face, as shown in the transmission electron microscope (TEM)
image in Fig. 12.

Compared  to  MOCVD,  the  study  on  BGaAs  grown  by
MBE  is  relatively  less.  Gupta et  al.  from  the  University  of
Rochester reported BGaAs single crystal layer with boron com-
position  up  to  0.25%  grown  by  MBE  in  2000[17].  The  layers
showed  a  specular  surface  and  p-type  conductivity.  The  p-
type  conductivity  was  attributed  due  to  the  formation  of
boron  antisites,  which  act  as  a  double  acceptor[51].  It  was
found that the low temperature will increase the boron incor-
poration  in  BGaAs.  However,  higher  boron  composition  and
higher growth temperature will both lead to the formation of
boron-boron  complexes,  so  the  growth  window  for  BGaAs  is
quite narrow.

In  2004,  Groenert  from  Infineon  Technologies  AG  in  Ger-
many studied the growth of BGaAs by MBE, where the boron
was  provided  by  a  high-temperature  effusion  cell.  It  was
found  that  by  reducing  the  growth  temperature  below
540  °C  and  increasing  the  V/III  ratio  above  20  it  would  im-
prove  the  boron  incorporation  in  the  epitaxial  layers;  in  the
meantime, high temperature and low V/III ratio would lead to
the B  incorporation on interstitial  lattice  sites.  The peak split-
ting  in Fig.  13(a) was  used  to  calculate  the  boron  composi-
tion.  As  shown  in  the  discrepancy  of  the  boron  composition

at  high  temperature  in Fig.  13(b),  a  large  fraction  of  B  atoms
were not on Ga lattice sites at  high temperatures.  Because of
the slow boron surface migration on GaAs and high cohesive
energy  of  binary  BAs  compared  to  GaAs[52, 53],  stationary
boron  atoms  would  be  displaced  into  nearby  interstitial  sites
by  energetic  highly  mobile  Ga  atoms  at  high  temperatures.
Thus  reducing  Ga  surface  migration  is  the  key  to  high  boron
content  BGaAs  formation.  With  the  optimized  condition,  the
B content of 7.8% was achieved[54].

In 2017, Detz et al. from TU Wien studied the boron incor-
poration depending on the growth rate  of  GaAs.  In  their  sys-
tem,  a  pyrolytic  graphite  crucible  operating  at  1725–1800  °C
was  used  for  the  boron  source.  It  was  found  that  a  higher
GaAs  growth  rate  leads  to  a  higher  BAs  growth  rate[21].
Moreover, it is evident from the AFM images (see Fig. 14) that
samples grown at high GaAs rates show a much smoother sur-
face.  The  dependence  of  carrier  concentration  and  mobility
on  the  layer  thickness  indicates  the  formation  of  a  different
phase on the surface during the growth.

In 2019, Lancaster et al. from TU Wien also studied BGaAs
but in the nanowire form. It was found that the surface segreg-
ation led to the high boron concentration at the edge. Its incor-
poration  on  antisites  explains  its  p-type  behavior[55].  As
shown in the I–V curves for the samples in Fig. 15(a), the con-
ductivity  enhancement  in  boron-doped  samples  is  attributed
to  the  doping  of  and  an  increased  contact  surface  area,  as
shown  in Fig.  15(b).  Moreover,  because  of  the  surfactant
nature of B, it led to the reduced Ga adatom diffusion and con-
sumption.  Finally,  the  contact  angle  of  Ga  droplet  changes
and  the  crystal  structures  switch  between  zinc-blende  and
wurtzite,  which  leads  to  the  formation  of  stacking  faults  in
the nanowires[50].
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In 2018, Bank from the University of Texas at Austin repor-
ted  exciting  progress  in  this  field.  The  growth  of  BGaAs  on
GaP using their  high kinetically-limited growth regime with a
high growth rate, a low substrate temperature, and using bis-
muth  as  a  surfactant  to  limit  surface  diffusion  of  boron  and
showed promoted boron substitutional incorporation. The fur-
ther  increase  of  boron  for  lattice-matching  BGaAs  to  GaP

leads  to  the  XRD  peaks  broadening  and  absence  of  fringes
due  to  the  phase  segregation,  as  shown  in Fig.  16.  This
happened because  of  the  lack  of  a  P-terminated surface  dur-
ing deoxidation and a GaP buffer layer to screen defects from
the  substrates[56].  After  solving  the  problems,  an  improved
interface indicated from the fringes in the XRD results and co-
herent film indicated from the reciprocal  space mapping was
demonstrated.

In  2019,  Bank’s  group  further  demonstrated  1.31 μm
room  temperature  emission  of  BGaInAs  alloy  on  GaAs  sub-
strates[26].  Since  InGaAs  QWs  can  not  reach  this  wavelength
range and the dilute nitride InGaAsN does not show the capab-
ility  of  reliable  operation,  this  work  opens  a  new  route  for
laser structure epitaxy growth. Using their high kinetically-lim-
ited  growth  regime,  substitutional  incorporation  of  12%
boron  is  achieved,  as  shown  in Fig.  17.  The  pendellösung
fringes indicate the excellent quality of BGaAs/GaAs interface.

To  further  extend  the  emission  wavelength,  indium  was
added  into  BGaAs  alloy.  Although  BGaAs  is  a  poor  emitter
due  to  the  boron  cluster  states.  The  incorporation  of  indium
atoms  lowers  the  conduction  band  edge  down  to  boron
cluster states[26, 57],  thus high internal quantum efficiency was
achieved (see Fig. 18). The simultaneous incorporation of indi-
um  and  boron  broaden  the  wavelength  range,  which  is  very
attractive for Si-based optoelectronic devices.

In  comparison  to  boron-doped  arsenides,  Sommer et  al.
from  Philipps-Universitat  investigated  the  phosphorus-based
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materials  doped  with  boron.  The  quaternary  system  (BGa)
(AsP)  was  also  discussed  in  their  report[58].  Especially,  the
Ga(NAsP)/(BGa)(AsP)/(BGa)P  material  system  is  lattice-mat-
ched to Si substrate, thus is promising for Si-based microelec-
tronics  and  optoelectronics.  For  boron-doped  semiconduct-
ors,  the  phase  separation  into  boron  and  gallium  rich  do-
mains,  together  with  the  breakdown  of  the  crystal  structure
due  to  small  boron  atoms  induced  local  lattice  distortions,
limited  the  maximum  boron  doping  concentration.  As
shown  in Fig.  19,  the  boron  incorporation  efficiency  in  GaAs
is only 6.5%, whereas it is 100% for GaP. Their work opened a
new way for  increasing boron incorporation in III–V semicon-
ductors.

Besides  experimental  work,  few  theoretical  works  have
been  reported  to  predict  and  study  the  properties  of  these
materials.  The  National  Renewable  Energy  Laboratory  also
studied the electronic structure of boron-doped III–V semicon-
ductor  alloys[15].  It  was  found  the  band  structure  of  BAs  is
closer  to  that  of  silicon  than  other  III–V  semiconductors.  A
smaller bandgap bowing of 3.5 eV for BxGa1−xAs compared to
the  well-studied  GaAs1−xNx was  predicted,  and  alloying  GaAs
with BAs leads to the increase of the bandgap. Moreover, the
enthalpies  of  mixing  BGaAs  is  lower  than  the  GaAsN  (see
Fig. 20), which implies a larger composition range of BGaAs, es-
pecially for epitaxial layers[59].

Zaoui  from  Université  des  Sciences  et  de  la  Technologie

de  Lille  studied  the  bandgap  bowing  of  boron-doped  III–V
semiconductors[23].  By  using  a  phenomenological  model,
they  summarized  the  calculated  total  optical  bandgap  bow-
ing btot, and its three physical contributions (volume deforma-
tion  (VD),  charge  exchange  (CE),  and  structural  relaxation
(SR))  in Table 1.  The available theoretical  (bthe)  and measured
values  (bexp)  are  also  listed  as  a  comparison.  It  is  suggested
that the bowing of boron-doped III–V semiconductors are de-
cided  by  strong  competition  between  the  three  contribu-
tions.

In  2007,  Jenichen et  al.  from  Leibniz-Institute  for  Surface
Modification  in  Germany  studied  the  stabilities  and  band
gaps of B-doped III–V semiconductors using density-function-
al  supercell  calculations  by  considering the arrangement  and
composition of  (B,  In)  atoms.  It  was  found that  in  the  case  of
boron  antisite  instead  of  isovalent  substitution,  the  bandgap
would strongly reduce[60].  Using the same method, the group
also studied the surface substitution of (B, In) atoms[61].  It was
found  the  isovalent  incorporation  of  boron  is  possible  under
arsenic-rich  and  less  boron  exposure  conditions,  which  ag-
rees  with  previous  experimental  results.  Moreover,  they  pre-
dicted  it  is  energetically  more  stable  to  incorporate  indium
and  boron  together  than  to  incorporate  only  one  of  them,
which  is  exciting  news  for  bandgap  engineering  of  III–V
semiconductors.  Using  density-functional  theory,  the  reac-
tion  energies  and  barrier  heights  of  precursors  for  MOCVD
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were calculated[62]. In 2008, Lindsay et al. from Tyndall Nation-
al Institute in Ireland showed the B atoms have little effect on
the  bandgap  of  BGaAs.  On  the  contrary,  B  pairs  will  intro-
duce  defect  levels  close  to  the  edge  of  the  conduction
band[57].

4.  Challenges and problems

Until  now,  different  groups  have  reported  the  growth  of
boron-doped  III–V  semiconductors  by  MBE  or  MOCVD;  the
properties of the materials were also predicted by different the-
oretical  groups.  However,  there  are  still  many  challenges  to
their  development  and  applications.  First,  although  research-
ers  tried  to  improve  the  boron  composition  doped  in  these
materials,  it  only reaches 12% on GaAs and 15.5% on GaP re-
cently. A new growth regime is needed to increase the boron
composition  further  and  extend  the  wavelength  range  of
BInGaAs,  and make it  more practical  for infrared applications.
Second,  the  bandgap  theory  and  growth  mechanism  are  still
not  clear;  researchers  reported contradictory  results  on  these
materials.  Moreover,  most  of  the works still  focus on material
characterization;  the  material  quality  is  still  not  at  a  level
ready  for  different  optoelectronic  devices.  Until  now,  only
very  few  device  results  from  this  material  system  was  repor-
ted.

5.  Summary and perspectives

To  summarize,  we  have  reviewed  the  development  of
boron-doped  III–V  semiconductors,  including  different
growth  techniques  such  as  MBE  and  MOCVD,  the  growth
mechanism  and  their  characterization,  and  few  applications
in optoelectronic devices.  Although the first study was repor-
ted  more  than  two  decades  ago,  the  materials  remain  un-
developed.  To  provide  a  better  understanding  of  this  field,
we  have  detailed  the  progress  from  various  groups,  not  only
those  who  study  the  growth  of  materials  but  also  who  pre-
dict  material  properties  theoretically,  not  only  by  MOCVD
but also by MBE. We have further focused on their recent ap-

plications in optoelectronic devices such as lasers and detect-
ors.  However,  it  is  necessary  to  further  understand the boron
doping behavior and extend the device application of boron-
doped materials.

With further development in boron-doped III–V semicon-
ductors, they will find practical applications in laser and detect-
ors in the near- and mid-infrared range, not only on III–V sub-
strates  but  also  on  large-scale,  low-cost  Si  substrates.  These
devices  will  be  essential  for  an  optoelectronic  integrated  cir-
cuit. Moving forward, there is enormous potential for employ-
ing  boron-doped  III–V  semiconductors  in  cross-disciplinary
applications, such as autonomous vehicles, biomedical instru-
mentation, and tactical intelligence.
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