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Initial growth of hexagonal and cubic boron nitride: A theoretical study

J. Olander and K. Larsson
Department of Materials Chemistry, The Ångstro¨m Laboratory, Uppsala University, Box 538, 751 21 Uppsala, Sweden

~Received 17 January 2003; revised 23 May 2003; published 21 August 2003!

Adsorption of NH3 and BBr3 ~and their decomposed fragments! onto B and N sites ofc-BN(111) and

h-BN(101̄0), has been theoretically investigated using DFT calculations under periodic boundary conditions.
The purpose was to study the adsorption processes of the precursors during gentle deposition of BN thin films
in order to find prerequisites for ideal growth ofc-BN, and to simultaneously discriminateh-BN growth. The
present results show that adsorption of NH3 , NH2, NH, N, BBr3 , BBr2, BBr, and B~with three exceptions! is

exothermic to either the B or N sites ofc-BN(111) andh-BN(101̄0), respectively. The exceptions include
adsorption of NH3 to the N site of either the cubic surface or the hexagonal edge, as well as adsorption of BBr3

to the B-rich surface ofc-BN. In opposite to all other combinations studied, adsorption of NH3 and BBr3 was
found to preferably lead to an ideal growth ofc-BN.

DOI: 10.1103/PhysRevB.68.075411 PACS number~s!: 68.43.2h, 68.47.Fg, 81.15.Aa
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I. INTRODUCTION

Cubic boron nitride (c-BN) is a suitable material for
many applications in modern micro-electronic devices a
machine tools because of its extreme hardness, high the
conductivity, high thermal stability and chemical inertnes1

Thin films of the sp3-bondedc-BN structure have mainly
been grown by chemical vapor deposition~CVD! involving
ion bombardment2,3 or by using physical vapor depositio
~PVD!.4 These thin films are generally nanocrystalline a
consist of a mixture of cubic and hexagonal BN phase2

However, thin films ofc-BN have recently been grown ep
taxially on diamond by low pressure ion-beam assis
CVD.5 The layeredsp2-bonded hexagonal structure (h-BN),
which is a ceramics material, can be obtained by more ge
CVD methods.6,7

Growth of c-BN has experimentally been found to occ
on ~111! or ~001! surfaces,5,8,9 while h-BN grows by the
edges of the hexagonal planes.10 Experimental investigations
of c-BN surfaces structures are sparse, probably due to
difficulties in preparingc-BN single crystals. However, a
number of reconstruction structures of thec-BN(111) and
c-BN(001) surfaces@including (131), (231), (232),
and (234)] have been theoretically studied.11,12 The ideal
(131) structure of thec-BN(111) surface, has been foun
to be stabilized by hydrogen-termination of the surfa
atoms.13,14 More specifically, hydrogen was then found to~i!
maintain thesp3 hybridization of the surface B~N! atoms
and ~ii ! become abstracted from the growing surface a
make room for a precursor species. Furthermore, fluorine
been predicted to bind too strongly to thec-BN(111) surface
in order to desorb without strong energetic activation, fro
e.g., energetic ion bombardment.3,13 Growth involving ener-
getic bombardment of the surface is likely to create rou
surfaces. Surface steps and other inhomogeneities ar
various extents, also present in more gentle ALD grow
processes. The present study will, however, be focused
reactions that occur on smooth areas of BN surfaces
edges.

Ammonia is widely used as the N-supplying growth pr
0163-1829/2003/68~7!/075411~8!/$20.00 68 0754
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cursor for CVD of BN.2 It can also supply H atoms to th
process. B2H6 is analogously a good B supplier, but it
difficult to handle experimentally. BF3 , BCl3, and BBr3 are
other boron-source precursors used for CVD of BN.15,16 Of
these three molecules, BBr3 is the thermodynamically leas
stable according to the standard enthalpy of formation wh
is 21136,2404, and 2240 kJ/mol for BF3 , BCl3, and
BBr3, respectively.17 BBr3 is, hence, expected to be the mo
reactive of the three molecules at low temperatures an
was chosen as the B-supplying precursor in the present st
The precursors are usually thermally activated in CVD, a
temperature is, hence, an important process parameter.
precursor molecules can also be activated by a hot-filam
UV light ~photolysis!, the formation of a plasma, etc. Differ
ent types of activation can then be used to increase or
crease the gaseous content of specific precursor species
can be a useful tool in designing experiments where cer
growth processes are enhanced and others discriminate

Various chemical reactions occur in a CVD reactor, d
pending on the precursor species present in gaseous a
sphere. It is, hence, important to account for the adsorp
of many different species when studying the elementary s
face reactions of CVD. One way to delimit the plausib
reactions is to apply atomic layer deposition~ALD !. ALD is
a sophisticated type of CVD, and the general concepts
similar for the two processes.18 A major difference is, how-
ever, that the precursor gases are separately introduced
the reactor in ALD. Gas phase reactions between differ
precursors are then avoided. Moreover, the gaseous pre
sors can be differently activated in order to increase the c
centration of a specific species in the reaction chambe
suitable gas-phase precursors could be produced and id
fied ALD of BN could be controlled at an atomic level. On
way of searching for optimal precursors is by performi
theoretical modelling of surface processes that take par
the layer-by-layer growth ofc-BN.

The purpose of the present investigation was to theor
cally study initial steps ofc-BN and h-BN vapor growth
from NH3 and BBr3. Adsorption of these species and the
decomposed fragments ontoc-BN(111) surface and
©2003 The American Physical Society11-1
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h-BN(101̄0) edge sites were then investigated. An und
standing of the growth processes would make it possible
favor or discriminate the growth of eitherc-BN or h-BN
during boron nitride vapor deposition.

II. METHODS

A. General

Adsorption of NH3, NH2, NH, N, BBr3 , BBr2, BBr, and
B to c-BN(111) surfaces andh-BN(101̄0) edges, respec
tively, have been theoretically investigated in the pres
study. Both B and N sites were then included. The adsorp
energies were calculated using the following equation:

DEads~A!5E~A!1E~s/e!2E~s/e2A!, ~1!

whereE(s/e2A) and E(s/e) are the calculated total ene
gies of the surface/edge with or without an adsorbate, res
tively. E(A) is the total energy of the adsorbate.

The calculations, based on the density functional the
~DFT!,19 were performed using theCASTEP program from
Accelrys, San Diego.20 In order to give reliable geometrie
and bond energies, the gradient corrected GGA~GGS! func-
tional PW91 was used in describing the exchange and co
lation interactions between the electrons for the closed-s
~radical! systems.21 Nonlocal ultrasoft pseudopotentials,
the Kleinman-Bylander separable form, were employed22

The electronic wave functions were expanded in plane wa
up to a kinetic energy of 200~180! eV for the supercell
modelingc-BN (h-BN). K points were generated accordin
to the Monkhorst-Pack scheme.23 Two k points were applied
for the c-BN model and onek point for the h-BN model.
This representation was found to be adequate forc-BN
(h-BN) since the adsorption energies differed by only
~3!% when using 5~2! k points and a cutoff energy of 22
eV. The difference in adsorption energies for NH~BBr! to B
and N sites ofh-BN was 88~116! kJ/mol, which is close to
1 eV. These differences changed by less than 0.09 eV w
using a cutoff energy of 270 eV.

B. Surface models

1. c-BN„111…

In order to describe the electronic structure of the sys
accurately, it is important to use~i! a large enough basis se
~Sec. II A!, ~ii ! a sufficiently large model to represent th
surface, and~iii ! an optimal number of geometry optimize
surface atoms. Periodically repeated supercells were p
ently used in modeling thec-BN(111) surfaces~see Fig. 1!.
The two-dimensional slabs consisted of four atomic laye
each containing 333 atoms. The bottom and uppermost la
ers were saturated with hydrogen atoms and the vac
level between the slabs was 9 Å. During the geometry o
mizations, the adsorbate-binding surface atom, as well a
closest neighbors in thex, y, andz directions, were allowed
to relax. The rest of the cell was fixed in order to hold t
characteristics of the underneath bulk. In order to justify
usage of this specific supercell, the adsorption energy of N3
to the B-rich surface ofc-BN(111) was calculated using
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larger cell containing six atomic layers~instead of four!.
Each layer was then extended to contain 334 instead of 3
33 atoms in thex and y directions, and the two neares
neighbors were allowed to relax. Since the adsorption e
gies thus obtained differed by less than 5%, the smaller
percell was considered to be adequate to use in descri
the c-BN(111) surface.

At the MP2 order of theory, one of the present authors
earlier calculated the adsorption energy of H toc-BN(111)
to be 442 kJ/mol ~compared to 437 kJ/mol present
obtained!.13 Furthermore, the adsorption energy of NH2 was
calculated to be 459 kJ/mol~compared to the present valu
of 451 kJ/mol!. Hence, the present results obtained by us
DFT give results similar to the very accurate MP2 metho
This is an additional verification of the accuracy of the co
putational method used in the present study.

2. h-BN„101̄0…

Hexagonal boron nitride consists ofsp2-bonded BN
sheets that are held together by van der Waals forces. In
supercell presently modellingh-BN(101̄0), the ideal inter-
planar distance of 3.3 Å was applied~Fig. 2!. In this model,
the hexagonal sheets were infinitely extended in one di
tion and H terminated in the other. Moreover, the vacu
layer between two H-terminated edges was 7 Å. During
geometry optimizations, the atoms of the BN sheet, closes
the adsorbate-binding B~N! edge atom, were allowed to re
lax. In order to verify this model, the adsorption energy
BBr2 was calculated using a slab consisting of 24-at
sheets and a 9 Å thick vacuum layer. The two closest neigh
bors to the binding edge atom were then geometry o
mized. Since the resulting adsorption energy differed

FIG. 1. A side view of the supercell modelingc-BN(111) with
NH adsorbed to a B surface atom. The N atoms are black, while t
B and H atoms are colored gray. The adsorbate atoms are re
sented by balls.
1-2
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about 1%, the primarily described model was considered
be adequate in representing theh-BN(101̄0) edge.

III. RESULTS AND DISCUSSION

A. Introduction

Many competing surface reactions occur during ALD
various materials. These reactions are both very dynamic
complex. Gaseous molecules become adsorbed to the
face. Adsorbed molecules migrate on the surface, or bec
abstracted. In order to obtain a deeper knowledge of a
sible ALD experiment ofc-BN, adsorption reactions of NH3
and BBr3 on surfaces~edges! of cubic ~hexagonal! BN have
been studied. According to equilibrium thermodynamic c
culations, BBr3 is not expected to dissociate appreciabl
(,0.01%) under the conditions of low-temperature ALD24

NH3, on the other hand, is predicted to decompose into
more stable N2 and H2 molecules. This transformation wil
not occur instantly and a larger portion of the BBr3 and NH3
species introduced into the ALD reactor can be expecte
approach the growing surface. However, if the molecu
will undergo additional gas phase activation they will diss
ciate to various extents. Irradiation with an ArF excimer la
is, for example, effective in dissociating an NH3 to NH2 and
NH.25 In ALD, the precursor dissociation can be perform
to different degrees for different precursor molecules. T
adsorption of NH3 and BBr3, as well as the adsorption o
their decomposed fragments, toc-BN(111) surfaces and
h-BN(101̄0) edges has, for this reason, presently been
vestigated. For the sake of clarity, the various results are
presented in three different groups:~i! Hybridization of non-
terminated surface~or edge! atoms,~ii ! adsorption of N, NH,
NH3, NH2, and~iii ! adsorption of B, BBr, BBr2, and BBr3.

B. Hybridization of nonterminated surface or edge atoms

1. General

A factor that strongly influences the surface proces
during growth is the surface coverage of terminating ato

FIG. 2. A side view of the supercell modelingh-BN(101̄0) with
NH adsorbed to a B edge atom. The N atoms are black, while th
and H atoms are colored gray. The adsorbate is represented by
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One of the desirable roles of these terminating species du
growth of c-BN is to maintain thesp3 hybridization of the
surface atoms. The surface atoms are thereby prevented
collapsing to thesp2 hybridization of the hexagonal phas
The terminating atoms should also leave room for incom
B- or N-containing growth species in order for a continuo
c-BN growth to occur. One of the present authors has ear
found H and F to be effective in stabilizing thesp3 hybrid-
ization of the B~111! and N~111! surfaces ofc-BN.13,14

Moreover, hydrogen atoms on a H-terminated surface w
then found to become more easily abstracted by gaseou
or F radicals compared to terminating fluorine atoms on
F-terminated surface. In addition, H atoms were~compared
to F atoms! found to be much more mobile on the BN su
face. Hence, hydrogen is a good candidate for termina
c-BN surfaces. Hydrogen is generally also assumed to st
lize thesp2 hybridization of hexagonal BN edges.

2. c-BN„111…

The abstraction of one terminating H atom from the h
drogenated B~111! surface ofc-BN resulted in a highly dis-
torted sp3 hybridization of the unterminated B atom. Ac
cording to the calculatednN-B(surface)-Nangle (117.9°; Table
I!, the unterminated surface atom was almost completelysp2

hybridized~i.e., almost 120°). One reason for this distortio
of the cubic structure is that the surface B atom~which has
only three valence electrons! enhances its surrounding ele
tron density by relaxing downwards. Adsorption of either
~or Br! resulted in a retainedsp3 hybridization of the binding
surface B atom (nN-B(surface)-N5107.7°). Moreover, the ad
sorption energies of either H or Br were found to be as la
as 436–437 kJ/mol~Table II!. Hence, in accordance with
earlier studies, both H and Br were found to be efficient
stabilizing the B~111! surface ofc-BN.13,14

Abstraction of a surface-terminating H atom from th
N~111! surface resulted in an almost maintainedsp3 hybrid-
ization of the unterminated N atom. ThenB-N(surface)-Bangle
was found to be 111.0°~compared to the ideal value o
109.4°). It is thus likely that the cubic phase will be su

B
lls.

TABLE I. The angle between the adsorbate-binding surfa
edge B~N! atom and its closest N~B! neighbors;nN-B(surface/edge)-N

(nB-N(surface/edge)-B).

c-BN(111) h-BN(101̄0)
nN-B(surface)-N nB-N(surface)-B nN-B(edge)-N nB-N(edge)-B

Rad. 117.9 111.0 124.3 135.1
N 108.5 106.1 122.9 119.3
NH 106.3 106.6 121.1 122.5
NH2 106.0 107.5 120.3 124.3
NH3 109.6 111.3 125.6 132.7
H 107.7 108.3 122.0 124.0
B 108.7 104.4 122.9 121.2
BBr 108.0 104.3 121.2 120.0
BBr2 104.7 100.9 120.4 118.3
BBr3 103.6 101.9 116.0 116.2
Br 107.7 112.4
1-3
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tained even in the situation of a not perfectly termina
N~111! surface ofc-BN. One reason for this is that nitroge
~with five valence electrons! fulfills its valence electron shel
by binding to three boron atoms. By adsorption of a H atom,
thesp3 hybridization of the surface N atom was almost ide
(nB-N(surface)-B5108.3°). However, unlike the situation fo
the B~111! surface, the binding surface N atom was par
sp2 hybridized as a result of Br adsorption (nB-N(surface)-B
5112.4°). The long binding distance of Br~2.31 Å; Table
III ! also implies steric hindrances. Hence, in spite of la
adsorption energies~392–436 kJ/mol; Table II! for both H
and Br toc-BN-N(111), only H seems to be a good term
nating species. This conclusion agrees with ear
findings.13,14

3. h-BN„101̄0…

Upon geometry optimization ofh-BN, including an un-
terminated B edge atom in the@101̄0# direction,nN-B(edge)-N
increased to 124.5°~Table I!. This angle indicates a some
what distortedsp2 hybridization of the B edge atom. Fu
thermore, thesp2 hybridization of an unterminated N edg

TABLE II. Adsorption energies~kJ/mol! for various adsorbates

to B and N sites ofc-BN(111) andh-BN(101̄0), respectively.

c-BN(111) h-BN(101̄0)
B site N site B site N site

N 515 622 417 397
NH 299 475 480 392
NH2 451 295 436 314
NH3 236 230 65 28
H 437 465 432 490

B 368 531 367 589
BBr 331 307 358 474
BBr2 338 479 480 496
BBr3 -96 241 96 147
Br 436 392

TABLE III. The distance r 1 between the adsorbate and th
surface/edge~Å!.

c-BN(111) h-BN(101̄0)
B site N site B site N site

N 1.50 1.32 1.43 1.25
NH 1.46 1.44 1.43 1.34
NH2 1.45 1.48 1.47 1.43
NH3 1.62 3.01 1.58 2.58
H 1.20 1.03 1.01
B 1.76 1.35 1.70 1.35
BBr 1.73 1.40 1.68 1.38
BBr2 1.86 1.41 1.74 1.44
BBr3 1.96 1.61 1.82 1.49
Br 2.01 2.31
07541
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atom was largely distorted (nB-N(edge)-B5135.1°, which dif-
fers considerably from the ideal value of 120°). By adso
tion of an H atom, thesp2 hybridization of the binding B or
N atom was, however, recovered to a certain ext
(nN-B(edge)-N/nB-N(edge)-B5122.0°/124.0°). Moreover, the
large adsorption energies~432–490 kJ/mol, Table II! ob-
tained for H, adsorbed to the B and N edge atoms
h-BN(101̄0), imply that the corresponding bonds will b
very strong, if not completely ideal.

C. Adsorption of N, NH, NH2, and NH3

1. Adsorption to c-BN-B„111…

Adsorption of N, NH, NH2 and NH3 to the B-rich surface
of c-BN(111) was primarily studied in this paper~Table II!.
The numerical order of the calculated adsorption energie

N~515!.NH2~451!.NH~299!.NH3~236!. ~2!

The numbers within parenthesis show the calculated e
thermic adsorption energies in kJ/mol. Accordingly, the a
sorption energies were found to be strongly exothermic. T
results indicate~with one exception! that the more dissoci-
ated the precursor is, the stronger it adsorbs, although
order of NH and NH2 was reversed relative to this gener
trend. Moreover, a strong correlation was found between
obtained energies and ther 1 distance~the distance between
the binding surface B atom and the N atom in the adsorba!.
As the adsorption energies decreased with an increa
number ~0–3! of H atoms in the adsorbate,r 1 increased
~from 1.32 to 1.62 Å; Table III!.

For an ideal layer-by-layer growth ofc-BN, it is critical
to preserve thesp3 hybridization of the adsorbate-bindin
atom. As a result of the present adsorption processes, thesp3

hybridization of the binding surface B atoms was ma
tained. More specifically, the anglesnN-B(surface)-Nin the ge-
ometry optimized models were calculated to be betwe
103.6° and 109.6°~Table I!.

Experimental temperatures, that are used during dep
tion of thin films, will influence adsorption reactions. How
ever, if the difference between two adsorption energies
larger than;1 eV, the order of these energies is not e
pected to alter with an increase in temperature. Hence,
large adsorption energies~and favorable adsorption geom
etries! presented here indicate that NH3 and its decomposed
fragments are promising precursor candidates for growth
c-BN(111) even at experimental deposition temperatures

2. Adsorption to c-BN-N„111…

Adsorption to the N~111! surface ofc-BN was also stud-
ied in the present investigation, and the following order
adsorption energies was obtained:

N~622!.NH~475!.NH2~295!@NH3~230!. ~3!

All adsorption reactions were, with one exception, found
be strongly exothermic. The exception includes adsorption
gaseous NH3 to the N~111! surface, which was found to b
endothermic (230 kJ/mol) and thus unlikely to occur. Th
1-4
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N atom in ammonia is initially surrounded by eight valen
electrons and it is, hence, not further stabilized by the ad
tion of two extra valence electrons@which it would receive as
a result of binding to the N~111! surface#. Generally, the
adsorption energies were found to be considerably stron
for the more dissociated adsorbates. Moreover, the dif
ences between the calculated energies were larger comp
to the B~111! surface~Sec. III C 1!. Adsorption of N or NH
was even found to be more favorable for this N-rich surfa
than for the B-rich surface. Decreasing adsorption ener
could clearly be correlated to lengthened bond distan
(r 1), ranging from 1.32 Å~for N! to 3.01 Å~for NH3; Table
III !.

For each of the exothermic adsorption reactions, thesp3

hybridization of the binding surface N atom was preserv
The anglenB-N(surface)-B was, after adsorption of N, NH, o
NH2, found to be 101.9–107.5°~Table I!. For the nonbind-
ing NH3 species, the corresponding angle (111.3°) was s
lar to the one obtained for the unterminated surface N a
(111.0°). This is in accordance with the endothermic adso
tion reaction of NH3, which implies that it will not bind.

In summary, N and NH were found to adsorb stronger
the N-rich surface ofc-BN(111) while NH2 and NH3 were
found to adsorb stronger to the B-rich surface. Adsorption
N and NH would, hence, preferably result in N-N bonds
the growing film. Such bonds are not present in an ideal
structure, where all N atoms bind to four~or three! B atoms.
NH2 and NH3 are, hence, more favorable than N and NH
ideal layer-by-layer growth of BN films.

3. Adsorption to a B edge atom of h-BN„101̄0…

Adsorption to a hexagonal BN edge atom in the (1010̄)
direction has also been investigated. In this orientation
h-BN, the positions of the B and N atoms are inverted
successive BN sheets~Fig. 2!. However, every individual
hexagonal sheet ends by either B or N atoms. The orde
the adsorption energies obtained for a B site is

NH~480!.NH2~436!.N~417!@NH3~65!. ~4!

The trend of adsorption energies differs somewhat fr
the ones obtained forc-BN(111) ~Secs. III C 1 and III C 2!.
The most striking difference is that the radical N spec
does not correspond to the largest adsorption energy. C
pared to the cubic B site, the adsorption energy of NH3 was
much smaller~by 171 kJ/mol!. For the B edge, the differ
ences in adsorption energies between the N, NH, and N2
species were not large (,63 kJ/mol) and ther 1 bond lengths
of the N and NH species were found to be identical~1.43 Å;
Table III!. For the remaining adsorbates,r 1 increased with
the number of H atoms in the adsorbate. The observation
the N species did not form a shorter bond~than NH! to the
surface agrees with the fact that it did not correspond to
largest adsorption energy~of the four adsorbates studied!.

The nN-B(edge)-N angle for the adsorbate-binding B ato
was 120.3° –122.9° after adsorption of N, NH, and NH2,
respectively~Table I!. Upon adsorption of NH3, nN-B(edge)-N
(124.5°) was similar to that of an unterminated B ato
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(125.6°). This is in accordance with the small adsorpt
energy and long bond distance obtained for NH3, implying
that it will not adsorb.

In summary, N was found to bind weaker t
h-BN-B(101̄0) compared to the cubic surfaces studie
whereas NH and NH2 formed bonds of similar~or higher!
strength to the hexagonal B site. The adsorption of NH3 to
h-BN-B(101̄0) or c-BN-N(111) was only slightly exother-
mic ~or endothermic!, compared to the distinctly exothermi
reaction forc-BN-B(111).

4. Adsorption to an N edge atom of h-BN„101̄0…

The order of adsorption energies obtained for t
h-BN-N(101̄0) edge was identical to the corresponding o
for the c-BN-N(111) surface:

N~397!;NH~392!.NH2~314!@NH3~28!. ~5!

The adsorption energies obtained decreased with an
creasing number of H atoms in the adsorbate. However,
adsorption energies of N and NH were very similar. Ther 1
bond length increased~from 1.25 to 2.58 Å! as the adsorp-
tion energy decreased~Table III!. More specifically, ther 1
distance obtained for the N adsorbate was found to be o
1.25 Å and the corresponding value for thec-BN-N(111)
surface was 1.32 Å~Sec. III C 2!. The tabulated averag
length of a N5N double and a N-N single bond is 1.25 an
1.46 Å, respectively.17 These values suggest that N adso
tion to the cubic and hexagonal N sites resulted in dou
bonds rather than single bonds. Moreover, the energies fo
adsorption to theh-BN-N(101̄0) edge and thec-BN-N(111)
surface were found to be as large as 397 and 622 kJ/m
respectively. Hence, the average bond enthalpy for a N5N
double bond~470 kJ/mol! corresponds better to the adsor
tion energies obtained for the N radical species than the
thalpy of a N-N single bond~158 kJ/mol! does.17

The nB-N(edge)-B angle of the adsorbate binding N ato
increased with the number of H atoms in the adsorbate~from
119.3° for N to 124.3° for NH2; Table I!. As a result of the
endothermic adsorption reaction of NH3, nB-N(edge)-B was
found to be as large as 132.7°. This is close to the an
obtained for an unterminated N atom (135.1°) and cor
sponds well with the observation that no NH3 adsorption will
not take place.

In summary, adsorption of the gaseous N species
found to be similar to~or stronger than! the N sites compared
to the B sites of eitherc-BN(111) orh-BN(101̄0). In order
for an ideal BN growth to occur, the N-contributing precu
sors should have preferences for binding to B sites. The
radical species does, hence, not seem to be a good precu
NH was found to bind strongly toh-BN-B(101̄0) and to
either of the cubic surface sites, but weaker
h-BN-N(101̄0). Moreover, NH2 was found to bind stronge
~by 122–156 kJ/mol! to the B sites compared to the N site
of c-BN and h-BN, respectively. Hence, NH2 is promising
for a continued growth of either cubic or hexagonal BN, b
it does not seem to discriminate growth of either of the t
1-5
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phases. NH3 was found to bind relatively strongly to th
B~111! surface ofc-BN but weakly or not at all to the re
maining sites investigated. Hence, among the N-contain
species included in this study, only NH3 is a promising pre-
cursor for growth ofc-BN rather thanh-BN.

D. Adsorption of B, BBr, BBr 2, and BBr3

1. Adsorption to c-BN-B„111…

Adsorption of BBr3 as well as its fragmented componen
was studied in the present investigation. The order of e
gies obtained to the B~111! surface ofc-BN was

B~368!.BBr2~338!;BBr~331!@BBr3~296!. ~6!

The adsorption reactions of B, BBr, and BBr2 were exo-
thermic and the corresponding energies were found to
numerically very similar. The adsorption of BBr3 was found
to be endothermic. Moreover, the binding distance (r 1) of
BBr was as short as 1.73 Å, while the bond lengths of B a
BBr2 to the surface were calculated to be 1.76 and 1.86
respectively~Table III!. As expected, the BBr3 nonbinding
distance was longer (r 151.96 Å).

Steric hindrances are generally expected to lead to len
ened bonds as well as to decreased adsorption energies
binding surface atom can also become uplifted with a
creased anglenN-B(surface)-Nas a result. For all of the adso
bates presently studied, thesp3 hybridization of the binding
surface B atoms was fairly well maintained. Moreover, a
result of steric hindrances, thenN-B(surface)-Nangle decreased
with an increasing number of Br atoms in the BBrX adsorbate
~from 108.7° forX50 to 103.6° forX53; Table III!. Ad-
sorption of B, BBr, and BBr2 to the c-BN-B(111) surface
was found to be favorable while BBr3 adsorption can be
excluded.

2. Adsorption to c-BN-N„111…

The adsorption processes of BBr3 , BBr2, BBr, and B to
the N-rich surface ofc-BN(111) were all found to be ener
getically favorable. The numerical order of the obtained
sorption energies was

B~531!.BBr2~484!.BBr~307!.BBr3~241!. ~7!

The adsorption reactions of B, BBr2, and BBr3 on this
surface were, compared to the B-rich surface, more favor
~by 110–337 kJ/mol!. However, BBr was found to form
equally strong bonds to either of the two surfaces. Lar
adsorption energies could be correlated to shorter bond
tances @DEads(BBr3)5241 kJ/mol,r 1(BBr3)51.61 Å;
DEads(B)5531 kJ/molr 1(B)51.35 Å, Tables II, III#.

The nB-N(surface)-B angle of the binding surface N atom
decreased with an increasing number of Br atoms in the
sorbate~from 104.4° for B to 100.2° for BBr2; Tables I!.
This is probably due to increased steric hindrances for la
adsorbates, similar to the situation found for the B-rich s
face ~Sec. III D 1!. However,nB-N(surface)-B increased some
what ~to 101.9°) with a considerably longer binding distan
for BBr3. In order to illustrate the steric situation of th
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B-containing adsorbates on the N-rich surface, the optimi
geometries are shown in Fig. 3. Compared tonN-B(surface)-Nof
the B~111! plane, thenB-N(surface)-B angles of N~111! were
smaller ~by 3.7° –4.3°). Generally, Bsurf-Bads bonds are
longer than Nsurf-Badsbonds, since the covalent radii of B an
N are 0.88 and 0.73 Å, respectively.17 The bromine atoms of
the BBrX adsorbate will, hence, be closer to the N-rich s
face ~compared to the B-rich surface! with somewhat less
pronounced steric hindrances as a result.

In summary, B, BBr2, and BBr3 were found to adsorb
more strongly to N~111! compared to B~111!. The adsorption
energies of BBr to the two surfaces were quite similar. Of
four B-containing species, BBr3 corresponded to the smalle
adsorption energies. However, it was found to bind mu
stronger ~by 337 kJ/mol! to N~111! compared to B~111!,
something which is promising for an ideal growth ofc-BN.
Since BBr3 is assumed to be abundant in a deposition rea
and it may, hence, be very important forc-BN growth.

3. Adsorption to a B edge atom of h-BN„101̄0…

For chemisorption of the B-containing precursors to
sites of the hexagonal (1010̄) edge, the following order of
adsorption energies was obtained:

FIG. 3. The binding situation of BBrX (X50 –3) on the
c-BN-N(111) surface is illustrated by the optimized geometric
structures. The corresponding bond length between the sur
N-atom~with an asterisk! and the B atom of the adsorbate, is wri
ten next to each of the figures.
1-6



he
n
a
to

r
e

e

e
th

rm
ed
rp
f

r

er
ul

s
of
d

or
g

ge
to

an
th

it

t

er

su

ind
The
s-
ac-

but

ted
e.

s-
ry

n of
to

re
de

on
less,
bi-

r

rsors
he
ns.
n.

.

ed
s
N
tion
N,

of
r-

ility
ult

ent
f the
also
e

o

of
f a

her-
an
ion

INITIAL GROWTH OF HEXAGONAL AND CUBIC BORON . . . PHYSICAL REVIEW B68, 075411 ~2003!
BBr2~480!.B~367!;BBr~358!@BBr3~96!. ~8!

As can be seen, all of the adsorption reactions were exot
mic. Moreover, the order of the energies obtained for B a
BBr2 was inverted compared to the cubic surfaces. The
sorption energies for B and BBr were numerically close
the ones obtained for the B-rich plane ofc-BN(111) ~Sec.
III D 1 !. On the contrary, BBr2 was found to adsorb stronge
to this hexagonal B site than to either of the cubic surfac
In spite of much larger sterical hindrances, the BBr2 bond
was only slightly longer~1.74 Å! than the corresponding on
for the B species~1.70 Å; Table III!.

The sp2 hybridization of the adsorbate-binding B edg
atom was maintained after adsorption of each of
B-containing precursors. Specifically,nN-B(edge)-N decreased
with an increasing number of Br atoms in the BBrX adsor-
bate, from 122.9°~for X50) to 116.0°~for X53; Table I!.
This resembles the behavior observed for the cubic BN~111!
surfaces~Secs III D 1 and III D 2!.

In summary, the radical B precursor was found to fo
energetically similar bonds to either of the B sites studi
but it bound much stronger to the cubic N site. The adso
tion energies of BBr were numerically very similar for all o
these three sites. Moreover, BBr2 was found to bind stronge
to c-BN-N(111) and h-BN-B(101̄0) compared to
c-BN-B(111). The adsorption reaction of BBr3 was more
strongly exothermic for the cubic N-rich site than for eith
of the B-rich sites studied. Hence, according to the res
presented so far either B or BBr3 would be favorable for an
ideal growth ofc-BN.

4. Adsorption to an N edge atom of h-BN„101̄0…

Finally, adsorption of the gaseous B-containing specie
an N site of theh-BN(101̄0) edge was studied. The order
the adsorption energies was identical to the ones obtaine
the c-BN(111) surfaces

B~589!.BBr2~496!.BBr~442!@BBr3~147!. ~9!

The adsorption reactions of B and BBr were more fav
able for this hexagonal N edge compared to the B ed
Furthermore, adsorption of either B and BBr was stron
~by 58 and 135 kJ/mol! to the hexagonal N site compared
the corresponding site on thec-BN surface. BBr2 formed
bonds of similar strength to either of the hexagonal sites
to the N-rich cubic site, but it bound somewhat weaker to
B-rich cubic site. The adsorption energy of BBr3 was smaller
by 39% for the hexagonal compared to the cubic N s
~Table II!.

For the hexagonal N site, the BBrX binding distance in-
creased from 1.35 to 1.49 Å forX going from 0 to 3~Table
III !. The range of bond lengths was, hence, smaller than
corresponding one obtained for thec-BN-N(111) surface
~Sec. III D 2!. This can partially be explained by the small
sterical hindrances present for BBrX adsorbed toh-BN com-
pared to c-BN ~Figs. 1 and 2!. Moreover, the angle
nB-N(edge)-Bof the binding N edge atom decreased, as a re
of BBrX adsorption, from 121.2° to 116.2° asX increased
from 0 to 3 ~Table I!.
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In summary, the gaseous B species was found to b
much stronger to the N sites than to the B sites studied.
adsorption of BBr was energetically similar for all the inve
tigated sites, except for the more favorable adsorption re
tion to h-BN-N(101̄0). Moreover, BBr2 bound strongly to
c-BN-N(111), as well as to either of the hexagonal sites,
somewhat weaker toc-BN-B(111). The adsorption of BBr3
was found to be weak to the B sites. However, BBr3 was
predicted to adsorb to either of the N-rich sites investiga
and to form a relatively stronger bond to the cubic surfac

IV. CONCLUSIONS

The growth of BN thin films has been theoretically inve
tigated, using DFT calculations under periodic bounda
conditions. This has been done by studying the adsorptio
NH3 and BBr3, and their decomposed fragments, on
c-BN(111) surfaces andh-BN(101̄0) edges.

As a result, almost all of the adsorption reactions we
found to be exothermic. The endothermic reactions inclu
adsorption of NH3 to the N sites of eitherc-BN or h-BN, as
well as BBr3 adsorption toc-BN-B(111). For the cubic sur-
face, NH3 and BBr3 corresponded to the smallest adsorpti
energies of the investigated precursor species. Neverthe
they were predicted to constitute the most promising com
nation for gentle growth ofc-BN(111) surfaces by vapo
deposition involving mixed precursor gases~under the as-
sumption that the gaseous reactions between the precu
are negligible!. Gaseous N, NH, and BBr species were on t
other hand found to be unfavorable under such conditio
The reason was the risk of N-N and B-B bond formatio
Furthermore, chemisorption of NH2, B, or BBr2 were pre-
dicted to preferably form B-N bonds toc-BN(111), but to
also with a certain probability result in N-N or B-B bonds

For the hexagonal edge, the adsorption of NH, NH2, B,
and BBr was predicted to preferably lead to a continu
h-BN growth~involving B-N bonds!. However, these specie
were also found capable of forming strong B-B or N-
bonds and the present results cannot reveal which adsorp
reaction will be favored at elevated temperatures. The
BBr2, and BBr3 species were found to bind to both sites
the h-BN(101̄0) edges with almost similar adsorption ene
gies.

The present results suggest that there is a large probab
to obtain a mixture of B-N, N-N, and B-B bonds, as a res
of NHX and BBrX precursor adsorption toc-BN and h-BN
(X50 –3). Separate precursor introduction, could prev
such a situation. Because of larger adsorption energies o
dissociated species, dissociation of the precursors was
found to favor for an ideal ALD process. However, only th
undissociated NH3 and BBr3 molecules were predicted t
exclusively lead to an idealc-BN CVD growth involving
mixed precursors.

The mechanisms for BN growth are very complex. One
the most important elementary steps is the adsorption o
precursor species on the growing surface. Strongly exot
mic adsorption reactions are more likely to occur th
slightly exothermic ones. Moreover, endothermic adsorpt
1-7
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reactions will with certainty not occur. The focus of th
present study was to investigate adsorption on ideal BN
faces and edges as elementary steps in growth of the m
rial. Another important factor to study is the presence
adsorption barriers since a large barrier of adsorption m
inhibit an exothermic adsorption reaction. The migration a
dissociation of an adsorbed species on the growing sur
are other essential steps involved in vapor growth mec
nisms. These steps are, as a continuation of the pres
ar

d
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studied adsorption processes, under investigation by
present authors.
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