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Ab initio study of phase transformations in boron nitride
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The structural properties and phase stability of the four common polytypes of boron nitride, cubic zinc
blende (c-BN!, hexagonal (h-BN!, wurtzite (w-BN! and rhombohedral (r -BN!, are studied byab initio
calculations. Electronic energies are calculated using an ultra soft pseudopotential method under the density-
functional theory, and phonon dispersions are calculated using the first-principles force-constant method. The
p-T phase diagrams of these four boron nitride phases are constructed with the quasiharmonic approximation.
Direct compression simulations are then performed to find probable phase transformation paths among these
polytypes, with additional energy calculations of plausible transition structures. Thec-BN phase is the most
thermodynamically stable in ambient conditions among these four polytypes, and the transformation between
r-BN and c-BN has the smallest energy barrier. Direct transformation betweenh-BN and c-BN is far less
favorable than indirect transformation, withw-BN or r-BN as an intermediate. The presence of structural
defects is a key attribute in reducing the energy barrier of phase transformation. The results in this work offer
theoretical clues to experimental data onc-BN film growth, particularly the absence ofw-BN.

DOI: 10.1103/PhysRevB.67.014108 PACS number~s!: 64.60.2i, 64.70.Kb, 61.50.Ks, 63.20.Dj
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I. INTRODUCTION

The formation of cubic boron nitride (c-BN!, which is
isoelectronic to diamond, has been investigated extensi
becausec-BN has fascinating properties such as hardn
only second to diamond, chemical inertness far superio
diamond, high thermal conductivity, large band gap w
shallown- andp-type dopants, and low dielectric constan1

Although boron nitride has no natural abundance, the co
pound can be synthesized in both powder and thin-fi
forms.2 In boron nitride synthesis, there are four prima
crystalline phases that include the hexagonal (h-BN!, rhom-
bohedral (r -BN!, cubic zinc-blende (c-BN!, and wurtzite
(w-BN! forms. The first two forms are constructed by fl
sheets of BN havingsp2 bonds, with a large separation b
tween two adjacent sheets. They thus have relatively
densities, and are referred to as light phases in this work.
latter two forms are constructed bysp3 bonds and are dense
and harder than the other two forms. Hence, these two ph
are referred to as dense phases in this work. The lattice s
tures are shown in Fig. 1. Recent experimental and theo
cal studies have consistently shown thatc-BN is the thermo-
dynamically stable phase in ambient conditions.3–6 However,
in practical boron nitride synthesis, which takes place n
atmospheric pressure in a wide temperature range,sp2 BN is
commonly formed. In addition, it has also been shown
perimentally thatc-BN can be transformed intoh-BN by
moderate heating7 andr-BN by laser heating,8 both at atmo-
spheric pressure. A coherent model for explaining the ph
transformations among the polytypes of BN is required.

Since experimental synthesis of purec-BN, w-BN, and
0163-1829/2003/67~1!/014108~9!/$20.00 67 0141
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r-BN phases have encountered practical difficulties in va
ous aspects, several research groups have resorted t
computational analysis of some of these phases. For
ample, Kernet al.5 conducted a comprehensive study of t
lattice dynamics and stability ofc-BN andh-BN by ab initio
calculations with an ultrasoft psuedopotential,9 and con-
structed a phase diagram of these two polytypes. More
cently, Ohbaet al.6 extended the analysis by includingw-BN
into the phase comparison. However, a complete picture
transformation pathways amongc-BN, w-BN, r-BN, and
h-BN has not yet been drawn. From the lattice structu
shown in Fig. 1, it is reasonable to infer that the transform
tion of c-BN to r-BN and w-BN to h-BN occur through
flattening the BN~111! planes of the dense phases. Int
itively, these two phase transformation processes should h
relatively small energy barriers, relative to a direct transf
mation betweenc-BN to h-BN. A clarification of these phase
transformation pathways is the main objective of this pres
work.

In this work, we use the same first-principles method e
ployed by Kernet al.5 to calculate the electronic energy o
all four polytypes. For phonon-dispersion analysis, we u
the approach that has recently been developed and appli
c-BN successfully by Parlinski.10 Compression simulations
are then conducted for the elaboration of phase transfor
tion conditions, and additional energy calculations are u
to construct pathways among these four most common p
types of BN.

II. COMPUTATIONAL METHODS

For the construction of the phase transitions among
polytypes of boron nitrides, the Gibbs free energy
©2003 The American Physical Society08-1



a

rd
n
t
is
e
l-

-
V

ct
c

and
on
is

of
l

the

m-

re-

ain

ases
two
t-

n-

YU, LAU, CHAN, LIU, AND ZHENG PHYSICAL REVIEW B 67, 014108 ~2003!
G5F1PV ~1!

must be calculated for each phase at different pressures
temperatures. In this equation,F is the Helmholtz free en-
ergy which is equal to

F~T,V!5Eo~V!1Fv ib~T,V!1Uo~V!1FA~V!. ~2!

The first termEo is the total electronic energy and the thi
termUo is the zero-point energy. The sum of the second a
third terms represents the harmonic vibration energy, and
last termFA is the anharmonic part of the free energy. In th
work, Eo is evaluated by first-principles calculations in th
framework of the density-functional theory with the loca
density approximation, using the Viennaab initio simulation
package~VASP!.11 For c-BN andh-BN, the calculations are
the same as those of Kernet al.5 except that the cutoff en
ergy used in the present work is 450 eV instead of 350 e

The two vibration energy terms are approximated by

Fv ib~T,V!5E
V

kBTln@12exp~2\v/kT!#g~V,v!dv

~3!

and

Uzero5
1

2EV
\vg~V,v!dv, ~4!

where g(V,v) is the phonon density of states~DOS! in a
fixed volumeV. The phonon DOS is calculated with a dire
ab initio force-constant approach in the following sequen
of steps:~i! modeling the solid with a supercell,~ii ! displac-

FIG. 1. Crystal structures ofh-BN, w-BN, r-BN, andc-BN.
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ing one atom of the supercell at a time,~iii ! estimating the
induced force by the Hellmann-Feynman theorem,~iv! form-
ing the force-constant matrices and dynamical matrices,
~v! solving the dynamical matrices. In practice, the phon
software package written by Parlinski for calculations in th
approach, which has already been shown successfully10 in
calculating the phonon DOS ofc-BN, is used in this work for
the calculations of the phonon DOS of all four polytypes
BN. In these calculations, a 23232 simple cubic supercel
containing 64 atoms is used forc-BN, a 43431 supercell
containing 64 atoms forh-BN, a 43431 supercell with the
space groupP63mc/C6v

4 for w-BN, and a 23232 supercell
of 16 atoms with theR3m/C3v

5 space group forr-BN. The
effective charge used in the phonon DOS calculations is
same as that used by Parlinski in hisc-BN study; the ratio-
nale can be found in his work.10

Finally, the anharmonic termFA is estimated with a sim-
plified approach of Wallace12 :

FA5A2T2, ~5!

where the coefficientA2 is given by the following empirical
relationship:

A25
3kB

QH
~0.0078̂g&20.0154!. ~6!

In this empirical relationship, the average Gruneisen para
eter ^g& is given by

^g&52
dlnQH

dlnV
~7!

and the high-temperature harmonic Debye temperatureQH
by

QH5
\

kB
~ 5

3 ^v2&!1/2, ~8!

where ^v2& is the average squared harmonic phonon f
quency.

With these energy attributes, pressurep is calculated from
the Helmholtz free energies at different volumes for a cert
temperatureT:

p52~]F/]V!T . ~9!

The pressure where the Gibbs free energies of two ph
become the same gives the coexistence point of these
phases at temperatureT. The points accumulated by repea
ing this procedure at different temperatures form ap-T phase
diagram.

III. RESULTS AND DISCUSSION

A. Equilibrium properties and phonon dispersion
of c-BN, h-BN, r-BN and w-BN

In Table I, the equilibrium lattice constants, the total e
ergy, and free energy forc-BN, h-BN, w-BN, andr-BN are
listed. The results confirm thatc-BN has the lowest energy
8-2
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among the four polytypes, which is in agreement w
both the experimental results and recent theoretical calc
tions.3–6

The phonon-dispersion spectra and DOS for all four po
types are shown in Fig. 2. The data forc-BN andh-BN are
virtually the same as those reported by Kernet al.,5 except
that the amplitudes of our phonon-dispersion spectra
smaller than those of the counterparts of Kernet al.by about
a factor of 3. On the other hand, our data forc-BN are the
same as those reported by Parlinski,10 which supports our
correct usage of Parlinski’s method in estimating the pho
properties of the four polytypes of BN. Since vibration en
gies are derived by the phonon DOS, scaling the amplit
of the phonon DOS will lead to an incorrect scaling of the
two energy terms relative to the electronic energy term.
such, thep-T phase diagrams will be affected.

By comparing the phonon data of the different polytyp
in Fig. 2, one can see that the phonon dispersion spectr
h-BN andr-BN are similar, with both of them having peak
at frequencies of 10 THz, 18 THz and 40 THz. For bo
polytypes, all peaks are very sharp and the peak at 40 TH
the highest one. A similarity also exists in the phono
dispersion spectra ofc-BN and w-BN, with both having an
intense peak at 30 THz, as a transverse-optical~TO! phonon
peak, and a broad peak at lower frequencies.

In addition to the above data descriptions and analy
the optical vibration modes of all four BN polytypes at theG
point are summarized in Table II, which also includes
relevant experimental and theoretical data in
literature.5,8,13–17 The c-BN and h-BN data of the presen
work are consistent with all experimental and theoreti
data for these two phases. Our data onw-BN compare well
with those from a very recent theoretical study.6 As for r-BN,
our data are the first set of theoretical results in this sub
and agree well with the experimental data of Liuet al.8

The consistency of our data on equilibrium properties a
phonon-dispersion properties in reference to those in the
erature supports our calculation methodologies, and the
sequent analysis of the phase properties and phase tran
mation of the four polytypes of BN.

TABLE I. Lattice constants and structural energies of bor
nitride.

c-BN h-BN w-BN r-BN

Supercell size~Å!

a 7.15 9.92 10.07 4.96
b 7.15 9.92 10.07 4.96
c 7.15 6.49 4.17 19.30
V (Å 3/atom) 5.71 8.65 5.72 8.57
a ~Å! 3.574 2.481 2.518 2.480

3.615a 2.504a 2.551a 2.504a

c ~Å! 6.491 4.167 9.65
6.656a 4.210a 9.99a

Eo ~eV/atom! 28.020 27.973 28.001 27.976
A ~eV/atom! 27.966 27.921 27.948 27.924

aExperimental results by Kurdyumovet al. ~Ref. 22!.
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B. Phase diagrams ofc-BN, h-BN, r-BN and w-BN

Once the Gibbs free energies of each phase as a func
of temperature and pressure are calculated, the pressure
temperature attributes for a coexistence point of each pa
phases can be mapped by finding thep-T condition under
which the Gibbs free energies of the two phases are
same. For example, the Gibbs free energies forc-BN and
h-BN at 1660 K as a function of pressure and those forc-BN
and r-BN at 1750 K are shown in Fig. 3. These two sets
data show that atp50, c-BN andh-BN coexist at 1660 K,
whereas the coexistence temperature forc-BN and r-BN is
1750 K. Sinceh-BN and r-BN have very similar cohesive
energies and phonon-dispersion properties, their Gibbs
energies are also similar. For example, the cohesive en
of r-BN is lower than that ofh-BN by 0.003 eV/atom, and its
Gibbs free energy atp50 is 0.008 eV/atom lower than tha
of h-BN at 1160 K, same as that ofh-BN at 1250 K, and
higher than that ofh-BN by 0.002 eV/atom at 1660 K and b
0.003 eV/atom at 1750 K. As forw-BN, its cohesive energy
and Gibbs free energy atp50 are always about 0.018 eV
atom higher than those ofc-BN in the entire temperature
range.

The (p,T) phase diagram is constructed by accumulat
coexistence points for each pair of phases at different t
peratures. The results are summarized in Fig. 4. Compa
some of them with the relevant data in the literature c
support the appropriateness of these data. For example
coexistence temperature atp50 for c-BN andh-BN is 1660
K. In comparison, it is 1440 K in the theoretical study b
Kern et al.5, 1570 K by Solozhenko and Leonidov,18 and
1804 K by Kuznetsovet al.19 In view of the differences be-
tween our data and those of Kernet al.5 in the amplitude of
the phonon-dispersion spectra, we suspect that our data
more accurate than those of Kernet al. There are also ex-
perimental data in the literature, but most of them were m
sured forc-BN/h-BN transformation in the presence of cat
lysts or other chemical agents. As for direct transformati
we note that Sachdevet al.7 demonstrated experimentally th
transformation ofc-BN crystals in three different crysta
sizes~about 1, 60, and 600mm) to h-BN by heatingc-BN
with a standard dynamic thermal analysis procedure. T
respective onset transformation temperatures are about 1
1600, and 1800 K for the crystals of 1, 60 and 600mm in
size. It is plausible that the smaller crystals have more
fects, including surface defects per unit volume, and are t
more ready for transformation. In a close examination of
experimental results, we also see that for the largest crys
there is a significant delay from the time when the sam
temperature reaches 1800 K to the time when the trans
mation occurs. This suggests that the transformation
barred by an activation energy, and yet a nucleation proc
that provides a pathway to reduce the nominal activat
energy triggers the transformation.

In addition to citing the above experimental data onc-BN/
h-BN transformation, we like to remark that Liuet al.8 ex-
perimentally transformedc-BN crystals by laser heating
them at 1795680 K to a mixture ofc-BN and r-BN. Our
coexistence temperature atp50 for c-BN/r -BN is about
1750 K.
8-3
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FIG. 2. Phonon density of states and dispersion spectra ofc-BN, w-BN, h-BN, andr-BN.
014108-4
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C. Phase transformation amongc-BN, h-BN,
r-BN, and w-BN

The analysis of our results in the previous sections lay
foundation for us to apply the stated calculation methodo
gies to the examination of several hypothetical phase tra
formation pathways among the four major polytypes of B

1. Simulation of simple direction compression

In this analysis, we start with a phase of BN in its stab
equilibrium condition ~Table I! and compress it with no
change in lattice symmetry. The plots of energy vs volu
for the four polytypes are shown in Fig. 5. The data sh
that the expansion of the atomic volumes of dense pha
(c-BN and w-BN! and the compression of the light phas
(h-BN and r-BN! both cost energy. These two types
phases have almost the same energy at 6.6 Å3. One can thus
infer that a light phase such ash-BN or r-BN can be con-

TABLE II. Optical vibration modes of BN atG point ~LO, lon-
gitudinal optical modes; TO, transverse optical modes!.

vLO (cm21) vTO (cm21)

c-BN 1308 1061
1308a 1066a

1305b 1055b

h-BN A2u : 783 E1u : 1587 A2u : 757 E1u : 1366
828c 1610c 783c 1367c

w-BN E1: 1288 A1: 1250 E1: 1085 A1: 1047
1295d 1230d

1285e 1285e 1053e 1006e

r -BN A1: 770 E1: 1333
790f 1367f

aReference 5. dReference 16.
bReference 13 and 14. eReference 17.
cReference 15. fReference 8.

FIG. 3. Variation of Gibbs free energy vs pressure forh-BN/
c-BN at temperature 1660 K and forr-BN/c-BN at temperature
1750 K.
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tinuously compressed to an atomic volume of about 6.6 Å3,
but for further shrinkage of atomic volume, the nature
energy minimization will drive its transformation to one o
the dense phases.

In reality, the above simple direct compression is unlike
to preserve the lattice symmetry in the entire compress
process, because in the presence of a given stress, the B
N atoms of a given phase will optimize its exact lattice stru
ture to minimize its energy.

2. Simulation of conversion of h-BN to w-BN
and r-BN to c-BN

As mentioned in the Introduction, the transformations b
tweenh-BN andw-BN and betweenr-BN andc-BN should
not be too difficult. Simulations are conducted to exam
these processes. The transformations ofh-BN and r-BN by
compression are simulated by reiterating the steps of~i!

FIG. 4. p-T phase diagram of boron nitride. The diamon
square, triangle, and cross marked lines are the coexistence lin
h-BN/w-BN, r-BN/w-BN, h-BN/c-BN, and r-BN/c-BN, respec-
tively, and the dashed line is the experimental curve
Solozhenko3.

FIG. 5. Energy vs volume under compression with symme
preserved forc-BN, w-BN, h-BN, andr-BN.
8-5
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slightly reducing the cell volume without any change of t
cell shape and~ii ! optimizing the cell shape. The results fo
h-BN to w-BN are shown in Figs. 6~a! and 6~b!. Clearly the
geometry and symmetry of atoms on the basal planes do
change much initially, and the compression is reflected
the shrinkage of the basal plane separation. When the ato
volume approaches 5.8 Å3, which requires a compressio
pressure over 30 GPa, the basal planes start buckling a
transformation tow-BN takes place. In a narrow range o
atomic volume change, the internal stress reduces very
idly and the conversion ofh-BN to w-BN at its equilibrium
configuration atp50 is completed. For the compression
h-BN to 5.8 Å3, an energy of about 1.4 eV/atom is require
The energy is quickly released whenw-BN is formed. This is
consistent with the data in Fig. 5, except that the data in F
6 are more accurately calculated than those in Fig. 5.

A similar process for conversion ofr-BN to c-BN is also
seen in Figs. 7~a! and 7~b!, which illustrate the transforma
tion from r-BN to c-BN. The basal plane buckling take
place at the compressed volume of 6.2 Å3.

The confirmation of the relative ease in transformat
from h-BN to w-BN and r-BN to c-BN leads to the plausi-
bility of a transformation mechanism forh-BN to c-BN by a

FIG. 6. ~a! Correlations among pressure, volume, and ene
during transformation betweenh-BN and w-BN by compression.
~b! Structural changes during transformation betweenh-BN and
w-BN by compression.
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stepwise path ofh-BN to r-BN and then toc-BN, or h-BN to
w-BN and then toc-BN.

3. Transformation between h-BN and r-BN and between c-BN
and w-BN

The transformations betweenh-BN and r-BN and be-
tweenc-BN andw-BN are more difficult than those betwee
h-BN andw-BN and betweenr-BN andc-BN. The difficulty
is illustrated by the simulation data shown in Fig. 8 forh-BN
to r-BN. In Fig. 8~a!, the equilibrium structures ofh-BN and
r-BN are schematically compared and used as the star
and ending configurations in the simulation. The transform
tion is completed by the following operation:~i! fix the first
~bottom! layer of atoms,~ii ! rotate the second layer of atom
by p/6 round thec axis located at a B atom,~iii ! translate the
third layer of atoms bya/2, ~iv! rotate the fourth layer of
atoms byp/6 around thec axis,~v! translate the fifth layer of
atoms by2a/2, and~vi! rotate the sixth layer of atoms b
2p/6 around thec axis located at an N atom. The transfo
mation path is simulated by partitioning the entire transf
mation process into several intermediate transformation s
such as those shown in Fig. 8. The energy diagram is sh
in Fig. 9, together with other hypothetical transformati
pathways. Since all these hypothetical transformation pa

y
FIG. 7. ~a! Correlations among pressure, volume, and ene

during transformation betweenr-BN andc-BN by compression.~b!
Structural changes during transformation betweenr-BN and c-BN
by compression.
8-6
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Ab initio STUDY OF PHASE TRANSFORMATIONS IN . . . PHYSICAL REVIEW B67, 014108 ~2003!
ways have not exhausted all transformation reaction confi
rations, the energy diagrams in Fig. 9 should only be in
preted as a collection of upper bounds of the energy barr
in the phase transformation of the BN system.

From the energy diagrams in Fig. 9, one can see that
energy barrier for direct phase transition fromh-BN to c-BN
is ;9.4 eV/atom, which is extremely high. In fact, eve
those betweenh-BN andr-BN and betweenc-BN andw-BN
are formidably high. The results are consistent with the
perimental data20 of 6.5–10.8 eV/atom for direct conversio
of h-BN to c-BN. A chemical reaction will certainly be ki-
netically barred when it has an energy barrier of more tha
eV/atom. Therefore, the energy barrier data calculated in
study imply that the experimentally observed transformat
from c-BN to h-BN does not follow the following three path
ways summarized in Fig. 9:~i! direct transformation from

FIG. 8. Structural changes during transformation betweenh-BN
and r-BN.

FIG. 9. Summary of the energy barriers of various paths in
phase transformations amongc-BN, r-BN, h-BN, and w-BN ~en-
ergy scale below theh-BN line is 100 times different from tha
aboveh-BN!.
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c-BN to h-BN, ~ii ! transformation fromc-BN to r-BN and
then toh-BN, and ~iii ! transformation fromc-BN to w-BN
and then toh-BN. On the same token, the data imply th
there must be practical pathways other than those discu
in the above work.

In fact, the report of experimental data on the transform
tion from c-BN to h-BN did suggest that defects and imp
rities in c-BN might favorably drive the transformation.7. In
the context of the present work, we propose that the inc
poration of defects and impurities into the configurations
c-BN, h-BN and plausible transformation intermediates c
reduce the energy barrier for the transformation sufficien
enough for it to proceed in conditions that can be achieve
common laboratories. For example, if the peripheral ato
of the planar clusters in Fig. 8 are terminated with hydrog
so that each cluster becomes a stand-alone planar mole
instead of a part of an infinitely large atom plane, the tra
lation and rotational motions depicted in Fig. 8 will n
longer be restricted by the corresponding high-energy bar
as shown in Fig. 9, because the plane-to-plane bondin
very weak. Indeed, we find an energy barrier of less than
eV/atom with theGAUSSIAN98 Revision A.7 codes21 and an
MP2/6-311G~d! basis set.

In practice, ‘‘defective’’h-BN with sp2 BN planes packed
randomly is commonly observed in BN film growth an
referred2 to as turbostratic BN (t-BN!. In addition, amor-
phous BN (a-BN!, which does not possess any crystalli
order, is commonly present, particularly at the beginning
BN film growth. Fine grains oft-BN in a nanometer scale
and in a matrix ofa-BN are expected to posses a low-ener
barrier for the transformation between defectivet-BN and
defective r-BN and between defectivet-BN and defective
h-BN. Very recently Yanget al.23 indeed showed by high
resolution transmission electron microscopy~HRTEM! the
presence ofr-BN and h-BN grains in a nanometer scale i
the t-BN transition layer on whichc-BN was grown in a BN
film deposited on silicon.

D. Comparison with experimental data
on c-BN film growth

A rather large experimental database on HRTEM ofc-BN
film growth2,23,24 has revealed a rather clear picture tha
thin film of BN with c-BN as its main phase constituent ca
be grown on a convenient substrate such as silicon, wit
phase composition transition from an interfacial layer
a-BN next to the substrate and then a transition layer c
taining mainly fine grains oft-BN with their sp2 planes par-
allel to the growth direction. On the other hand, the stro
correlation25 between the presence of a highly compress
film stress and the growth ofc-BN has already been gene
ally accepted. The critical role of stress forc-BN formation
has also been illustrated definitively by Yanget al.23 in an
HRTEM report, which gives at-BN d-spacing contraction
from 0.36 nm at the interface ofa-BN/t-BN to 0.34 nm at the
interface oft-BN/c-BN. In yet another experimental study i
which the phase composition and stress of ac-BN film were
measured as a function of the amount of film etching,26 the
presence of a compressive stress in the range 8 GPa–15

e

8-7
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YU, LAU, CHAN, LIU, AND ZHENG PHYSICAL REVIEW B 67, 014108 ~2003!
in thec-BN top layer, and a maximum compressive stress
17 GPa in thet-BN transition layer were found. Hence, th
conversion of defectivet-BN to defectiver-BN and then to
defective c-BN, by processes similar to those depicted
Figs. 8 and 7, can indeed be a plausiblec-BN growth path-
way to reduce the energy barriers predicted in Fig. 9. Si
h-BN, r-BN, andc-BN have very similar cohesive energie
in their perfect bulk equilibrium configurations and since t
atoms on a basal plane ofh-BN or r-BN are very tightly
bonded, defectiveh-BN ~or r-BN! having defects in the basa
planes will critically raise its energy and push the defect
phase into a metastable state with energy higher than th
a defectivec-BN phase. In addition, the presence of defe
on the basal planes ofh-BN ~or r-BN! also effectively lowers
the energy barrier for the transformation betweenh-BN and
r-BN, which in turn effectively enhances the transformati
probability between defectiveh-BN ~or defectiver-BN! and
defective c-BN. Furthermore, Orellana and Chacham27

showed recently, through first-principles calculations, t
formation of native interstitials and vacancy-interstitial pa
are energetically easy inh-BN but difficult in c-BN. They
suggested that during experimental growth ofc-BN by ion
bombardment assisted deposition, a preferential defect
mation in h-BN favors the accumulation ofc-BN. In the
context of our present study, we see that ion bombardme
effective in generating defectiveh-BN which can relatively
easily be transformed into defectivec-BN, most possibly
through compression. Oncec-BN is formed, it is preferen-
tially preserved, relative toh-BN, due to the defect dynamic
depicted by Orellana and Chacham.

Finally, it is interesting that although defectivet-BN,
h-BN, and r-BN are all present in thet-BN transition layer
and the energy difference betweenc-BN andw-BN is little,
there has not been any experimental data showing the fo
tion of w-BN as the main phase constituent in the BN lay
grown on top of thet-BN transition layer with high film
stress. It appears that all arguments used above for exp
ing the growth ofc-BN on thet-BN transition layer can also
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be used to support the prediction of the growth ofw-BN.
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IV. CONCLUSION

In summary, the combination of the VASP codes and P
linski’s codes forms an effective computational analy
framework for the calculations of thep-T phase diagrams o
polytypes of boron nitride. The results not only lead to cla
fication of the relative stabilities of these phases under
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transformation among these phases. We learn from the
sults that a transformation between a dense phase and a
phase in their perfect bulk lattices will be difficult. Practic
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particularly defects in the basal planes of the light phas
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