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Abstract: Currently,  the  preparation  of  large-size  and  high-quality  hexagonal  boron  nitride  is  still  an  urgent  problem.  In  this
study,  we  investigated  the  growth  and  diffusion  of  boron  and  nitrogen  atoms  on  the  sapphire/h-BN  buffer  layer  by  first-prin-
ciples calculations based on density functional theory. The surface of the single buffer layer provides several metastable adsorp-
tion  sites  for  free  B  and  N  atoms  due  to  exothermic  reaction.  The  adsorption  sites  at  the  ideal  growth  point  for  B  atoms  have
the lowest adsorption energy, but the N atoms are easily trapped by the N atoms on the surface to form N–N bonds. With the in-
creasing buffer layers, the adsorption process of free atoms on the surface changes from exothermic to endothermic. The diffu-
sion rate of B atoms is much higher than that of the N atoms thus the B atoms play a major role in the formation of B–N bonds.
The  introduction  of  buffer  layers  can  effectively  shield  the  negative  effect  of  sapphire  on  the  formation  of  B–N  bonds.  This
makes the crystal  growth on the buffer  layer  tends to two-dimensional  growth,  beneficial  to the uniform distribution of  B and
N atoms. These findings provide an effective reference for the h-BN growth.
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1.  Introduction

With  the  advancement  of  science  and  technology,  the
earlier materials can no longer meet the performance require-
ments of current devices very well. Since the Geim groups suc-
cessfully  separated  graphene  as  a  single  atomic  layer  materi-
al  in  2004[1],  a  lot  of  graphene-like  materials  are  drawing
people's attention, which exhibit excellent physical and chem-
ical  performances.  Hexagonal  boron  nitride  (h-BN),  as  a  wide
bandgap  semiconductor  material  sharing  the  similar  crystal
structure  to  graphite,  is  also  destined  to  have  great  applica-
tion  potential  and  development  prospects.  The  structure  of
h-BN  is  a  six-membered  cyclic  honeycomb  composed  by  B
and N atoms alternately arranged,  and its  atomic layers over-
lap  each  other  in  a  close-packed  manner  of  AA'A...  to  form  a
crystal[2].  The  h-BN  is  called  “white  graphite”  due  to  its  white
powder  characteristics  and  the  lattice  difference  between  h-
BN and graphite is only 1.7%[3, 4]. It has superior electrical insu-
lation,  thermal  conductivity,  corrosion  resistance,  good  lubri-
city and chemical stability.

As  a  new  type  of  wide-bandgap  semiconductor  material
after  gallium  nitride  (GaN)  and  aluminum  nitride  (AlN),  h-BN
shows  excellent  performance  in  many  fields.  Song et  al.
proved  that  the  h-BN  film  exhibits  significant  deep  ultravi-
olet absorption at a wavelength of 203 nm[5],  and Dahal et al.
conducted  electron  beam  excitation  experiments  on  h-BN
and  found  that  the  deep  ultraviolet  (DUV)  region  with 225

nm produced laser action[6].  These phenomena prove the po-
tential  application  of  single  crystal  h-BN  film  in  deep  ultravi-
olet materials and as a deep ultraviolet chip-level semiconduct-
or  material.  In  the  application  of  neutron  detectors,  Jiang et
al. made metal–semiconductor–metal (MSM) neutrons detect-
or  by  0.3 μm  thick  h-BN.  An  obvious  steady-state  current  re-
sponse  is  produced  after  continuously  irradiating  the  detect-
or with the thermal neutron beam, which corresponds to the
effective  conversion  efficiency  of  absorbed  thermal  neutrons
close to 80%[7, 8].  All  of  this  research has shown the great  ap-
plication  potential  of  h-BN  in  the  semiconductor  field.
However,  it  is  still  difficult  to  grow  large-size  single  crystal  h-
BN thick films currently. Thus, in-depth research on the adsorp-
tion and diffusion of B and N atoms on the surface of the sap-
phire  substrate  can  help  people  understand  the  micro
growth mechanism of h-BN.

In  this  study,  we  use  the c-plane  sapphire  (Al2O3)  as  the
substrate,  which  is  often  used  in  the  growth  of  h-BN  by  the
chemical vapor deposition method. The h-BN buffer layer is in-
troduced  to  improve  the  crystal  growth.  In  this  way,  the
growth  of  h-BN  tends  to  be  the  two-dimensional  growth,
which can thus reduce the generation of the amorphous to im-
prove  the  quality  of  h-BN.  We  systematically  calculated  and
compared the adsorption energies of  the free B and N atoms
on  the  Al2O3/h-BN-buffer-layer  models.  The  diffusion  behavi-
ors of free B and N atoms on the buffer layer surface at differ-
ent temperatures were also simulated to provide an effective
guidance for h-BN growth in the experiment.

2.  Calculation method

The  first-principles  calculations  and  molecular  dynamics
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(MD)  simulations  of  the  growth  and  diffusion  of  B  and  N
atoms on the surface of the Al2O3/h-BN-buffer-layer were car-
ried  out  based  on  the  density  functional  theory  (DFT)  with
the  projection-enhanced  wave  (PAW)  method  as  implemen-
ted in the VASP package[9]. The electron exchange and correla-
tion potential was described with the generalized gradient ap-
proximation with Perdew–Burke–Ernzerhof (PBE) form[10].  The
plane-wave cut-off energy was set to 400 eV. For the self-con-
sistent  formation  energy  calculations  with  the  primitive  cell,
the 12 × 12 × 1 k point mesh was used for the Brillouin zone
integration[11].  The convergence accuracies of the energy and
force in the calculations are set to 1 × 10–5 eV and 0.02 eV/Å,
respectively.

The lattice parameters are a = 4.81 Å and c = 13.11 Å for
Al2O3 and a = 2.51 Å and c = 7.19 Å for  h-BN,  consisting well
with  the  experimental  results  of a =  4.76  Å  and c =  12.99  Å
for Al2O3 and a = 2.504 Å and c = 6.669 Å for h-BN[12, 13].  After
optimizing  the  h-BN  and  Al2O3 primitive  cells,  we  construc-
ted (001) h-BN and (001) Al2O3 with different layers and com-
bined them into a heterojunction structure, and h-BN was us-
ing the  2  ×  2  ×  1  supercell.  In  order  to  prevent  the  influence
on  the  surface  and  the  bottom  caused  by  the  periodicity  of
the model, a vacuum layer of 15 and 10 Å was introduced on
the surface and the bottom respectively. Since h-BN and graph-
ite have a very similar hexagonal structure, we selected four ad-
sorption  sites  based  on  the  high  symmetry  point  of  graphite
when  selecting  the  adsorption  sites  of  free  B  and  N  atoms,
and we also selected the fifth adsorption site considering oth-
er  adsorption possibilities[14, 15].  The adsorption energy of  the
B  and  N  atoms  on  the  adsorption  sites  can  be  calculated  by
the following formula[16–18]: 

Eads = Eall − Epart − Eatom, (1)

where Eads is  the  adsorption  energy  of  atoms  at  the  adsorp-

tion site, Eall and Epart are the total energy of the overall mod-
el  and  the  total  energy  of  the  model  without  free  atoms.
Eatom is  the  single-atom  energy  of  free  B  and  N  atoms,  and
the  smaller  the Eads value,  the  easier  to  adsorb  at  this  site.  In
the  simulation  process,  we  used  different  adsorption  sites
and  different  numbers  of  buffer  layer  to  calculate  the  forma-
tion energy. The atomic positions and cell volume of Al2O3/h-
BN-buffer-layer were fixed, and only the free B or N atoms on
the surface were optimized.

For  the  first-principles  molecular  dynamics  (MD)  simula-
tions of the adsorption and diffusion of B and N atoms on the
surface,  the  simulated  temperature  were  set  to  the  room
temperature  (~300  K)  and  the  high  temperature  of  1300  °C
(1573  K),  respectively.  The  canonical  ensemble  (NVT)  was
used for all the MD simulations and the temperature was con-
trolled  by  Nosé  thermostat[19].  The  simulation  time  is  10  ps
with  the  time  step  of  1  fs.  The  process  can  be  monitored  by
the atomic coordinates generated by the MD simulations. We
can characterize the diffusion behavior of free B and N atoms
by calculating the mean square displacement (MSD) and diffu-
sion coefficient D[20, 21]. 

MSD = r (t) = 
N
⟨ N

∑
i=

∣ri (t) − ri ()∣⟩ , (2)

ri (t) t

t

where  is  the  displacement  of  the i-th  ion  at  time , N is
the total number of atoms, and the bracket represents the av-
erage over . The variation of MSD with time is used to charac-
terize the diffusion behavior of free B and N atoms on the sur-
face.  The  relationship  between  MSD  and  diffusion  coefficient
D is as follows[22−24]: 

D = 
NdΔt

N

∑
i=

⟨∣ri (t + Δt) − ri (t)∣⟩t = MSD (Δt)
dΔt

, (3)
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Fig. 1. (Color online) The top view of free B atoms at different adsorption sites with one h-BN buffer layer. (a–e) show the initial adsorption sites
and (f–j) show the final configurations after optimization.
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where d is the dimensionality of the system (integer, 1 ≤ d ≤ 3).

3.  Results and discussions

The  initial  absorption  models  of  the  free  state  B  and  N
atoms  at  different  absorption  sites  and  the  structures  after
the  relaxation  optimization  of  the  surface  atomic  positions
are shown in Fig. 1 and Fig. 2, respectively, where the five po-
tential  adsorption sites,  i.e.,  S1–S5,  are marked with numbers.
All  models  adopt  the  heterojunction  composed  of  Al2O3

(0001)  plane  with  the  same  thickness  and  the  single  layer  h-
BN  along  the  normal  direction.  After  optimizing  the  posi-
tions of the free B and N atoms on the surface, three final ad-
sorption  sites  were  obtained  for  both  cases.  As  shown  in
Table 1, for the free B atoms, the top site of N (SN-top) with the
adsorption  energy  of  –1.11  eV  is  the  most  stable  adsorption
site,  which is the ideal growth site for the close packed struc-
ture  of  h-BN.  The  central  site  of  the  h-BN  six-membered  ring
(SC)  and  the  top  site  of  B  (SB-top)  are  two  meta-stable  sites
with  the  adsorption  energies  of  –0.87  and  –0.76  eV,  respect-
ively.  We  note  that  the  SC corresponds  to  the  growth  site  of
rhombohedral  structure  boron  nitride  (r-BN)[25].  The  forma-
tion  energies  are  all  negative,  indicating  the  exothermic  pro-
cess  of  the adsorption of  B  atoms on these sites.  For  the free
N  atoms,  the  most  stable  adsorption  site  is  the  top  site  of  N
with  a  small  deviation  towards  to  one  of  the  neighbor  B
atom  (SN-top’),  as  shown  in Figs.  2(f)–2(h).  The  adsorption  en-
ergy  of  SN-top’ is  –2.05  eV,  which  is  slightly  lower  than  that  of

–2.02  eV  for  the  ideal  top  site  of  N  (SN-top).  In  the  SN-top’ site,
the  free  N  atom  bonds  with  the  N  atoms  in  the  buffer  layer
to  form  N–N  bond  with  a  bond  length  of  1.502  Å,  which  re-
stricts  the  diffusion  of  the  surface  N  atom  to  other  growth
sites. The ideal growth site for h-BN is the top site of B (SB-top),
which  is  a  meta-stable  site  with  the  adsorption  energy  of
–0.77  eV.  By  comparing  the  formation  energies  of  free  B  and
N atoms on the surface, the N atoms are more easily to be ad-
sorbed  on  the  SN-top’  site,  which  plays  a  negative  role  in  the
growth  of  h-BN.  In  contrast,  although  the  adsorption  capa-
city  of  B  atoms  is  weaker  than  that  of  N  atoms,  they  tend  to
combine into h-BN structure.

After  calculating  the  relationship  between  the  adsorp-
tion sites and the formation energy, we investigated the influ-
ence of the number of h-BN buffer layer on the formation en-
ergy.  The Al2O3/h-BN-buffer-layer models with different num-
bers  of  buffer  layer  are  shown  in Fig.  3 for  B  and Fig.  4 for  N
atoms respectively.  The SC site is chosen as the initial  absorp-
tion  site  for  the  free  B  and  N  atoms.  By  structural  relaxation,
the  adsorption  energies  with  different  buffer  layers  were
gathered  in Table  2,  and  the  final  adsorption  positions  of  B
and N atoms on the surface were shown in Fig. 3 and Fig. 4, re-
spectively.  In  general,  the  formation  energy  increases  as  the
number  of  buffer  layer  increases.  For  B  atom,  the  adsorption
site after relaxation is not changed as the number of buffer lay-
er increases from 1 to 3.  But for the N atom, the final adsorp-
tion  site  for  the  N  atom  is  changed  to  the  SN-top’  site  only
with 1 buffer layer. As the buffer layer increases to 2 or 3, the
initial  SC site for N atom is not changed. Both for the B and N
atoms, the adsorption energy increases gradually as the num-
ber  of  buffer  layer  increases.  When  the  number  of  h-BN  buf-
fer  layer  increases  to  3,  the  adsorption process  changes  from
an  exothermic  reaction  to  an  endothermic  reaction.  As  is
known, during the growth process of  h-BN,  adjacent B and N
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Fig. 2. (Color online) The top view of free N atoms at different adsorption sites with one h-BN buffer layer. (a–e) show the initial adsorption sites
and (f–j) show the final configurations after optimization.

Table 1.   The formation energies (eV) of free B or N atoms at the sur-
face sites of the Al2O3/h-BN-buffer-layer model.

Free atom S1 (SC) S2 S3 S4 (SB-top) S5 (SN-top)

B –0.87 –1.11 –1.11 –0.76 –1.11
N –2.05 –2.05 –2.05 –0.77 –2.02
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atoms  in  the  same  atomic  layer  are  combined  to  form  a  B–N
bond  by  sp2  hybridization,  and  the  inter  layers  are  com-
bined  by  van  der  Waals  forces[2].  According  to  the  calculated
results, it can be seen that the free B or N atom is affected by
the coupling of Al2O3 and h-BN buffer layer.  This coupling ef-
fect will be sharply weakened when the distance between ad-
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Fig. 3. (Color online) (a–c) The top view and (d–f) front view of the optimized adsorption positions for B atom on the surface with different buffer
layers. The SC site is chosen as the initial absorption site for the B atom.
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Fig. 4. (Color online) (a–c) The top view and (d–f) front view  of the optimized adsorption positions for the N atom on the surface with different buf-
fer layers. The SC site is chosen as the initial absorption site for the B atom.

Table 2.   The formation energies of free B and N atoms at the same pos-
ition  on the  surface  of  the  Al2O3/h-BN-buffer-layer  model  in  a  differ-
ent number of buffer layers.

Parameter 1 buffer layer 2 buffer layers 3 buffer layers

B atom (eV) –0.87 –0.14 0.01
N atom (eV) –2.05 0.06 0.12
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sorption atom and the substrate increases. In previous experi-
mental  studies,  it  was  found  that  N  atoms  can  bond  with  Al
and O atoms in the substrate when the nitriding process is ap-
plied to the surface of the sapphire substrate[26, 27].  This indic-
ates  that  Al2O3 has  a  strong  adsorption  effect  on  N  atoms,
which  may  cause  the  competition  for  forming  an  Al–N  bond
and B–N bond.

In addition to calculating the formation energy of one isol-
ate B or N atom on the surface, we also set up a pair of free B
and N atoms on the surface with one h-BN buffer layer. The cal-
culated formation energy is –3.11 eV. Compared to the forma-
tion  energies  of  isolate  B  and  N  atoms  at  their  adsorption
site,  the  formation  energy  of  the  coexisting  B  and  N  atoms
are  much  lower,  indicating  that  B  and  N  atoms  can  interact
with  each  other  on  the  surface  to  form  B–N  bond.  Namely,
the free B and N atoms firstly bond with each other and then
combine with the adsorption sites of the h-BN buffer layer.

The diffusion of free B and N atoms on the buffer layer sur-
face  was  simulated  by  the  first-principles  molecular  dynam-
ics.  The  probability  distribution  functions  of  atomic  displace-
ments projected onto the xy plane is  shown in Fig.  5 to trace
the diffusion of B and N atoms in the surface. At room temper-
ature, the B and N atoms both show a relative localization dis-
tribution.  In  general,  the  B  and  N  atoms  tend  to  diffuse
around the SN-top site  and SB-top site  respectively  by overcom-
ing the energy barrier between the adjacent adsorption sites.
As  shown  in Figs.  5(a) and 5(b),  the  trajectory  of  the  N  atom
is  more localized than that  of  B  atom,  which is  more likely  to
jump between two adjacent adsorption sites. This can be com-
pared quantitatively by calculating the MSD and diffusion coef-
ficient of B and N atoms according to Eqs. (2) and (3). Accord-
ing to Fig. 6 and Table 3, the B atom has a larger MSD with re-
spect to the N atom. As a result,  the diffusion coefficient of  B
atom  is  1.07  ×  10–9 m2/s  at  300  K,  much  higher  than  0.35  ×
10–9 m2/s of  N atom. As temperature increases to 1573 K,  the

activity  of  B and N atom are both increased and the distribu-
tion  range  is  obviously  expanded,  as  shown  in Figs.  5(c) and
5(d).  The diffusion of B atom is delocalized, which can diffuse
freely  on  the  surface  by  overcoming  the  energy  barrier
between the most stable and meta-stable sites.  Although the
distribution of  N atom also shows delocalization characterist-
ics,  the trajectory is limited between specific adsorption sites.
The  N  atom  tends  to  diffuse  across  the  sites  around  the  B–N
bond,  increasing  the  probability  of  N  bonding  with  N  and  B
atoms  in  the  buffer  layer.  The  MSD  of  B  atom  is  still  larger
than that of the N atom. The diffusion coefficients of B and N
atoms at 1573 K increase to 17.04 × 10–9 and 7.18 × 10–9 m2/s,
respectively. The diffusion rate of B atom is much higher than
that  of  the  N  atom.  It  can  thus  be  concluded  that  B  atoms
play a leading role in the growth process of h-BN. At high tem-
perature,  B  atoms distribute  uniformly  at  the  growth sites  by
diffusion,  then  promoting  N  atoms  to  the  break  away  from
the localization to form B–N bonds.

4.  Conclusion

In  summary,  we  studied  the  growth  and  diffusion  of  B
and  N  atoms  on  the  surface  of  the  Al2O3/h-BN-buffer-layer
through first-principles calculations based on the density func-
tional  theory.  The results  show that  the surface of  single-buf-
fer-layer  h-BN  provides  several  metastable  adsorption  sites
for  free  B  and  N  atoms  due  to  the  exothermic  reaction.  The
free B atoms have the lowest adsorption energy at the adsorp-
tion  site  of  the  ideal  growth  point  for  h-BN,  but  the  free  N
atoms  are  most  easily  to  be  trapped  by  the  N  atoms  on  the
h-BN  buffer  layer  to  form  the  N–N  bonds.  As  the  number  of
buffer  layer  increases,  the  binding  capacity  of  the  surface  of
the buffer layer with free B and N atoms decreases. When the
number of the h-BN buffer layer increases to three, the adsorp-
tion  of  the  free  B  and  N  atoms  on  the  surface  changes  from
an exothermic reaction to an endothermic reaction. The influ-
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Fig. 5. (Color online) The probability distribution functions of atomic displacements projected onto the xy plane for (a) the B atom at 300 K, (b)
the N atom at 300 K, (c) the B atom at 1573 K and (d) the N atom at 1573 K, respectively. The color scale indicates the distribution probability. The
positions of B and N atoms of the buffer layer are marked.
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ence  of  the  Al2O3 substrate  on  the  surface  atoms  is  largely
weakened.  As  temperature increases  from 300 to  1573 K,  the
activity and diffusion range of B and N atoms increase signific-
antly.  The  B  atoms  can  diffuse  freely  on  the  buffer  layer  sur-
face  by  overcoming  the  energy  barrier  between  the  adsorp-
tion sites.  But  the diffusion trajectory  of  N atoms is  restricted
in the specific  adsorption sites around the B–N bonds of  buf-
fer  layer.  The  B  atoms  play  a  major  role  in  the  formation  of
B–N bonds on the surface, the diffusion rate of which is much
higher than that of the N atom. The introduction of buffer lay-
ers make the crystal growth have the characteristics of two-di-
mensional  growth,  which  can  effectively  shield  the  negative
effect  of  the  substrate  on  the  formation  of  B–N  bonds.  Also,
they  are  conducive  to  the  uniform  diffusion  surface  B  and  N
atoms, which can thus reduce the generation of the amorph-
ous to improve the growth quality of h-BN.
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Fig. 6. The MSD curves of (a) B atoms and (b) N atoms on the buffer layer surface at different temperatures.

Table 3.   Diffusion coefficients of free atoms on the surface of the mod-
el at different temperatures.

Free atom T (K) D (10–9 m2/s)

B
300 1.07
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N
300 0.35
1573 7.18
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