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Initial growth of hexagonal and cubic boron nitride: A theoretical study
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Adsorption of NH and BBg (and their decomposed fragmentmto B and N sites o£-BN(111) and
h-BN(lOTO), 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 ©BN, and to simultaneously discriminaiteBN growth. The
present results show that adsorption of \\HNH,, NH, N, BBr;, BBr,, BBr, and B(with three exceptionss
exothermic to either the B or N sites 0fBN(111) andh-BN(lOTO), respectively. The exceptions include
adsorption of NH to the N site of either the cubic surface or the hexagonal edge, as well as adsorption of BBr
to the B-rich surface of-BN. In opposite to all other combinations studied, adsorption of ldiktd BBg was
found to preferably lead to an ideal growth @BN.
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[. INTRODUCTION cursor for CVD of BN? It can also supply H atoms to the
process. BHg is analogously a good B supplier, but it is
Cubic boron nitride ¢-BN) is a suitable material for difficult to handle experimentally. Bf BCl;, and BBg are
many applications in modern micro-electronic devices andther boron-source precursors used for CVD of BN Of
machine tools because of its extreme hardness, high thermtilese three molecules, BBis the thermodynamically least
conductivity, high thermal stability and chemical inertnéss. stable according to the standard enthalpy of formation which
Thin films of the sp®>-bondedc-BN structure have mainly is —1136,—404, and —240 kJ/mol for Bk, BCl;, and
been grown by chemical vapor depositi@®VD) involving  BBr;, respectively’ BBr; is, hence, expected to be the most
ion bombardment® or by using physical vapor deposition reactive of the three molecules at low temperatures and it
(PVD).* These thin films are generally nanocrystalline andwas chosen as the B-supplying precursor in the present study.
consist of a mixture of cubic and hexagonal BN phdses.The precursors are usually thermally activated in CVD, and
However, thin films ofc-BN have recently been grown epi- temperature is, hence, an important process parameter. The
taxially on diamond by low pressure ion-beam assistegprecursor molecules can also be activated by a hot-filament,
CVD.® The layereds p>-bonded hexagonal structure-BN), UV light (photolysig, the formation of a plasma, etc. Differ-
which is a ceramics material, can be obtained by more gentlent types of activation can then be used to increase or de-
CVD method<’ crease the gaseous content of specific precursor species. This
Growth of c-BN has experimentally been found to occur can be a useful tool in designing experiments where certain
on (111) or (001) surfaces;®® while h-BN grows by the growth processes are enhanced and others discriminated.
edges of the hexagonal plan8€xperimental investigations Various chemical reactions occur in a CVD reactor, de-
of c-BN surfaces structures are sparse, probably due to theending on the precursor species present in gaseous atmo-
difficulties in preparingc-BN single crystals. However, a sphere. It is, hence, important to account for the adsorption
number of reconstruction structures of theBN(111) and of many different species when studying the elementary sur-
c-BN(001) surfaces[including (1x1), (2x1), (2xX2), face reactions of CVD. One way to delimit the plausible
and (2<4)] have been theoretically studiét!? The ideal reactions is to apply atomic layer depositigkLD). ALD is
(1% 1) structure of thec-BN(111) surface, has been found a sophisticated type of CVD, and the general concepts are
to be stabilized by hydrogen-termination of the surfacesimilar for the two processé8.A major difference is, how-
atoms'>1* More specifically, hydrogen was then found(tp  ever, that the precursor gases are separately introduced into
maintain thesp® hybridization of the surface BN) atoms the reactor in ALD. Gas phase reactions between different
and (ii) become abstracted from the growing surface andgrecursors are then avoided. Moreover, the gaseous precur-
make room for a precursor species. Furthermore, fluorine hagors can be differently activated in order to increase the con-
been predicted to bind too strongly to theé8N(111) surface centration of a specific species in the reaction chamber. If
in order to desorb without strong energetic activation, from suitable gas-phase precursors could be produced and identi-
e.g., energetic ion bombardmért Growth involving ener-  fied ALD of BN could be controlled at an atomic level. One
getic bombardment of the surface is likely to create roughway of searching for optimal precursors is by performing
surfaces. Surface steps and other inhomogeneities are, taeoretical modelling of surface processes that take part in
various extents, also present in more gentle ALD growththe layer-by-layer growth of-BN.
processes. The present study will, however, be focused on The purpose of the present investigation was to theoreti-
reactions that occur on smooth areas of BN surfaces anchlly study initial steps ofc-BN and h-BN vapor growth
edges. from NH; and BBg. Adsorption of these species and their
Ammonia is widely used as the N-supplying growth pre-decomposed fragments ont@-BN(111) surface and
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h-BN(1010) edge sites were then investigated. An under-
standing of the growth processes would make it possible to
favor or discriminate the growth of eithe-BN or h-BN
during boron nitride vapor deposition.

IIl. METHODS

A. General

Adsorption of NH;, NH,, NH, N, BBr;, BBr,, BBr, and

B to c-BN(111) surfaces anth-BN(1010) edges, respec-
tively, have been theoretically investigated in the present
study. Both B and N sites were then included. The adsorption
energies were calculated using the following equation:

AE,i{A)=E(A)+E(s/e)—E(sle—A), (1)

L e T

whereE(s/e—A) andE(s/e) are the calculated total ener-

gies of the surface/edge with or without an adsorbate, respec-

tively. E(A) is the total energy of the adsorbate. KRR - - o
The calculations, based on the density functional theory T 77==d===~

(DFT),'° were perfor(r)ned using theAsTEP program from

Accelrys, San D_|e96. In ordgr to give reliable geometries NH adsorbedd a B surface atom. The N atoms are black, while the

a.‘nd bond energies, the.gradlen.t .CorreCted GGES func- B and H atoms are colored gray. The adsorbate atoms are repre-

tional PW91 was used in describing the exchange and correﬁ—enteol by balls.

lation interactions between the electrons for the closed-she

(radica) system$! Nonlocal ultrasoft pseudopotentials, in

the Kleinman-Bylander separable form, were empldfed. larger cell containing six atomic layer@nstead of four.

The electronic wave functions were expanded in plane wavegach layer was then extended to contaix 48 instead of 3

up to a kinetic energy of 200180 eV for the supercell X3 atoms in thex andy directions, and the two nearest

modelingc-BN (h-BN). K points were generated according neighbors were allowed to relax. Since the adsorption ener-

to the Monkhorst-Pack scherfi@Two k points were applied gies thus obtained differed by less than 5%, the smaller su-

for the c-BN model and onek point for theh-BN model.  percell was considered to be adequate to use in describing

This representation was found to be adequate d@N  thec-BN(111) surface.

(h-BN) since the adsorption energies differed by only 2 At the MP2 order of theory, one of the present authors has

(3)% when using 52) k points and a cutoff energy of 220 earlier calculated the adsorption energy of Hct8N(111)

eV. The difference in adsorption energies for BBr)to B to be 442 kJ/mol(compared to 437 kJ/mol presently

and N sites oh-BN was 88(116) kJ/mol, which is close to  obtained.!® Furthermore, the adsorption energy of Nwas

1 eV. These differences changed by less than 0.09 eV whetualculated to be 459 kJ/m@tompared to the present value

FIG. 1. A side view of the supercell modelimgBN(111) with

using a cutoff energy of 270 eV. of 451 kJ/ma). Hence, the present results obtained by using
DFT give results similar to the very accurate MP2 method.
B. Surface models This is an additional verification of the accuracy of the com-
putational method used in the present study.
1. c-BN(11))
In order to describe the electronic structure of the system 2. h-BN(1010)

accurately, it is important to usg) a large enough basis set

(Sec. Il A, (i) a sufficiently large model to represent the Hexagonal boron nitride consists afp®-bonded BN
surface, andiii) an optimal number of geometry optimized sheets that are held together by van_der Waals forces. In the
surface atoms. Periodically repeated supercells were presupercell presently modelling-BN(1010), the ideal inter-
ently used in modeling the-BN(111) surfacegsee Fig. L~ planar distance of 3.3 A was appli¢gig. 2). In this model,
The two-dimensional slabs consisted of four atomic layersthe hexagonal sheets were infinitely extended in one direc-
each containing 3 3 atoms. The bottom and uppermost lay- tion and H terminated in the other. Moreover, the vacuum
ers were saturated with hydrogen atoms and the vacuutiayer between two H-terminated edges was 7 A. During the
level between the slabs was 9 A. During the geometry optigeometry optimizations, the atoms of the BN sheet, closest to
mizations, the adsorbate-binding surface atom, as well as ithe adsorbate-binding B\) edge atom, were allowed to re-
closest neighbors in the, y, andz directions, were allowed lax. In order to verify this model, the adsorption energy of
to relax. The rest of the cell was fixed in order to hold theBBr, was calculated using a slab consisting of 24-atom
characteristics of the underneath bulk. In order to justify thesheets amh a 9 Athick vacuum layer. The two closest neigh-
usage of this specific supercell, the adsorption energy of NHbors to the binding edge atom were then geometry opti-
to the B-rich surface ot-BN(111) was calculated using a mized. Since the resulting adsorption energy differed by
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______________ i TABLE I. The angle between the adsorbate-binding surface/
e smetts = U ! edge BN) atom and its closest (B) neighbors;vy.g(surtace/edge)-N

(VB-N(surfaceledge)»b-

c-BN(111) h-BN(1010)

& ] & & I VN-B(surface)-N  VB-N(surface)-B VN-B(edge)-N  VB-N(edge)-B
; l & A " ; Rad. 117.9 111.0 124.3 135.1
A ' N 108.5 106.1 122.9 119.3
,I\ k 'I\ / NH 106.3 106.6 121.1 122.5
: A AT NH, 106.0 107.5 120.3 124.3
O H NH, 109.6 111.3 125.6 132.7
o P H 107.7 108.3 122.0 124.0
A P B 108.7 104.4 122.9 121.2
o AR S . BBr 108.0 104.3 121.2 120.0

BBr, 104.7 100.9 120.4 118.3
FIG. 2. Aside view of the supercell modeligBN(1010) with BBr; 103.6 101.9 116.0 116.2

NH adsorbed to a B edge atom. The N atoms are black, while the Br 107.7 112.4
and H atoms are colored gray. The adsorbate is represented by balts

about 1%, the primarily described model was considered t@ne of the desirable roles of these terminating species during

be adequate in representing tIthN(lOTO) edge. growth of c-BN is to maintain thesp® hybridization of the
surface atoms. The surface atoms are thereby prevented from

Il. RESULTS AND DISCUSSION collapsing to thesp? hybridization of the hexagonal phase.
The terminating atoms should also leave room for incoming
A. Introduction B- or N-containing growth species in order for a continuous
Many competing surface reactions occur during ALD of C-BN growth to occur. One of the present authors has earlier
various materials. These reactions are both very dynamic af@und H and F to be effective in stabilizing tisg® hybrid-
complex. Gaseous molecules become adsorbed to the sization of the B111) and N111) surfaces ofc-BN.****
face. Adsorbed molecules migrate on the surface, or becomoreover, hydrogen atoms on a H-terminated surface were
abstracted. In order to obtain a deeper knowledge of a feghen found to become more easily abstracted by gaseous H
sible ALD experiment ot-BN, adsorption reactions of NH  or F radicals compared to terminating fluorine atoms on a
and BBg on surfacesedge$ of cubic (hexagonagl BN have F-terminated surface. In addition, H atoms wéctempared
been studied. According to equilibrium thermodynamic cal-to F atoms found to be much more mobile on the BN sur-
culations, BBg is not expected to dissociate appreciably face. Hence, hydrogen is a good candidate for terminating
(<0.01%) under the conditions of low-temperature AfD. C-BN surfaces. Hydrogen is generally also assumed to stabi-
NHs, on the other hand, is predicted to decompose into théze thesp? hybridization of hexagonal BN edges.

more stable B and H, molecules. This transformation will
2. c-BN(11)

not occur instantly and a larger portion of the BBind NH;
species introduced into the ALD reactor can be expected to The abstraction of one terminating H atom from the hy-

approach the growing surface. However, if the moleculesirogenated BL11) surface ofc-BN resulted in a highly dis-
will undergo additional gas phase activation they will disso-torted sp*> hybridization of the unterminated B atom. Ac-
ciate to various extents. Irradiation with an ArF excimer lasercording to the calculatedy g(surace)-nangle (117.9°; Table
is, for example, effective in dissociating an hkd NH, and ), the unterminated surface atom was almost completgly
NH.?® In ALD, the precursor dissociation can be performedhybridized(i.e., almost 120°). One reason for this distortion
to different degrees for different precursor molecules. Thesf the cubic structure is that the surface B atomhich has
adsorption of NH and BBg, as well as the adsorption of only three valence electronsnhances its surrounding elec-
their decomposed fragments, WBN(111) surfaces and tron density by relaxing downwards. Adsorption of either H
h-BN(1010) edges has, for this reason, presently been inor Br) resulted in a retaineslp® hybridization of the binding
vestigated. For the sake of clarity, the various results are hergurface B atom £y.g(surface)-n=107.7°). Moreover, the ad-
presented in three different grougs: Hybridization of non-  sorption energies of either H or Br were found to be as large
terminated surfacéor edge atoms,(ii) adsorption of N, NH, as 436-437 kJ/mo{Table Il). Hence, in accordance with
NHs, NH,, and(iii) adsorption of B, BBr, BBy, and BB&. earlier studies, both H and Br were found to be efficient in
stabilizing the B111) surface ofc-BN.*3*

Abstraction of a surface-terminating H atom from the
N(111) surface resulted in an almost maintairsgef hybrid-
1. General ization of the unterminated N atom. The y(surface)-saNgle

A factor that strongly influences the surface processewas found to be 111.0{compared to the ideal value of
during growth is the surface coverage of terminating atoms109.4°). It is thus likely that the cubic phase will be sus-

B. Hybridization of nonterminated surface or edge atoms
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TABLE Il. Adsorption energiegkJ/mo) for various adsorbates  atom was largely distortedv y(eqge)-5= 135.1°, which dif-

to B and N sites o£-BN(111) andh-BN(1010), respectively. fers considerably from the ideal value of 120°). By adsorp-
— tion of an H atom, thesp? hybridization of the binding B or
c-BN(111) h-BN(1010) N atom was, however, recovered to a certain extent
B site N site B site N site (VN-B(edge)-N VB-N(edge)-5= 122.0°/1240°).  Moreover, the
large adsorption energie@32—-490 kJ/mol, Table )l ob-
EH gég i?: jég gg; tained for H, adsorbed to the B and N edge atoms of
NH 451 295 436 314 h-BN(1010), imply that the corresponding bonds will be
z trong, if not completely ideal
NH, 236 ~30 65 -8 Very strong, :
H 437 465 432 490 .
C. Adsorption of N, NH, NH,, and NH;
B 368 531 367 589 1. Adsorption to éBN-B(111)
EE: ggé j% 228 gg Adsorption of N, NH, NH and NH; to the B-rich surface
BB 2 96 a1 06 147 of c-BN(111) was primarily studied in this pap€Fable II).
Br 3 436 302 The numerical order of the calculated adsorption energies is

N(515)>NH,(451)>NH(299 >NH4(236).  (2)

tained even in the situation of a not perfectly terminated The numbers within parenthesis show the calculated exo-
N(112) surface ofc-BN. One reason for this is that nitrogen thermic adsorption energies in kJ/mol. Accordingly, the ad-
(with five valence electrondulfills its valence electron shell sorption energies were found to be strongly exothermic. The
by binding to three boron atoms. By adsorptidracdH atom,  results indicatgwith one exceptionthat the more dissoci-
thesp® hybridization of the surface N atom was almost idealated the precursor is, the stronger it adsorbs, although the
(VB-N(surface)-g= 108.3°). However, unlike the situation for order of NH and NH was reversed relative to this general
the B(111) surface, the binding surface N atom was partlytrend. Moreover, a strong correlation was found between the
sp? hybridized as a result of Br adsorptiongy surface)-s  Obtained energies and the distance(the distance between
=112.4°). The long binding distance of B2.31 X Table the binding surface B atom and the N atom in the adsoybate
[11) also implies steric hindrances. Hence, in spite of largeAs the adsorption energies decreased with an increasing
adsorption energie€392—436 kJ/mol; Table )JIfor both H  number(0-3) of H atoms in the adsorbate, increased
and Br toc-BN-N(111), only H seems to be a good termi- (from 1.32 to 1.62 A; Table Il
nating species. This conclusion agrees with earlier For an ideal layer-by-layer growth @fBN, it is critical
findings®>4 to preserve thesp® hybridization of the adsorbate-binding
atom. As a result of the present adsorption processes,ghe
3. h-BN(1010) hybridization of the binding surface B atoms was main-
tained. More specifically, the angleg. .~in the ge-
Upon geometry optimization dfi-BN, including an un- gmetry optimizped modZ:Is Wereggilchlﬁ;?g?) {\10 be bgtween
terminated B edge atom in th&010] direction, v\.gedge)-n ~ 103.6° and 109.6{Table .
increased to 124.5fTable ). This angle indicates a some-  Experimental temperatures, that are used during deposi-
what distortedsp? hybridization of the B edge atom. Fur- tion of thin films, will influence adsorption reactions. How-
thermore, thesp? hybridization of an unterminated N edge ever, if the difference between two adsorption energies is
larger than~1 eV, the order of these energies is not ex-
TABLE lIl. The distancer, between the adsorbate and the pected to alter with an increase in temperature. Hence, the

surface/edgéA). large adsorption energidand favorable adsorption geom-
etrie9 presented here indicate that Blnd its decomposed
c-BN(111) h-BN(1010) fragments are promising precursor candidates for growth of
B site N site B site N site c-BN(111) even at experimental deposition temperatures.
N 1.50 132 1.43 1.25 2. Adsorption to éBN-N(111)
NH 1.46 1.44 1.43 1.34 .
NH, 1.45 1.48 147 143 _ A_dsorpt|on to thg mlll_) su_rface ofc-BN was glso stud-
ied in the present investigation, and the following order of
NHs 162 3.01 1.58 258 adsorption energies was obtained:
H 1.20 1.03 1.01 ’
B 1.76 1.35 1.70 1.35 s _
BB 173 120 e L8 N(622) >NH(475 > NH, (295> NH;(—30). 3)
BBr, 1.86 1.41 1.74 1.44 All adsorption reactions were, with one exception, found to
BBr; 1.96 1.61 1.82 1.49 be strongly exothermic. The exception includes adsorption of
Br 2.01 231 gaseous NKlto the N111) surface, which was found to be

endothermic 30 kJ/mol) and thus unlikely to occur. The
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N atom in ammonia is initially surrounded by eight valence(125.6°). This is in accordance with the small adsorption
electrons and it is, hence, not further stabilized by the addienergy and long bond distance obtained for Nknplying
tion of two extra valence electrofwhich it would receive as that it will not adsorb.

a result of binding to the N11) surfacd. Generally, the In summary, N was found to bind weaker to

adsorption energies were found to be considerably strongg{.BN-B(1010) compared to the cubic surfaces studied,
for the more dissociated adsorbates. Moreover, the diffefyhereas NH and Njiformed bonds of similafor highe)
ences between the calculated energies were larger comparg@length to the hexagonal B site. The adsorption of; N

to the B111) surface(Sec. Il C 1. Adsorption of N or NH = -\~ RN . :
was even found to be more favorable for this N-rich surfaceh BN-B(1010) or c-BN-N(111) was only slightly exother

. ; . “mic (or endothermig; compared to the distinctly exothermic
than for the B-rich surface. Decreasing adsorption energies, . tion forc-BN-B(111)
could clearly be correlated to lengthened bond distances '
(r4), ranging from 1.32 Afor N) to 3.01 A(for NH3; Table
1.

For each of the exothermic adsorption reactions,she The order of adsorption energies obtained for the
hybridization of the binding surface N atom was preservedh-BN-N(loTo) edge was identical to the corresponding one
The anglevg y(surface)-8 Was, after adsorption of N, NH, or for the c-BN-N(111) surface:

NH,, found to be 101.9-107.5Table ). For the nonbind-

ing NH; species, the corresponding angle (111.3°) was simi- N(397)~NH(392 >NH,(314)>NH;(—8). (5)

lar to the one obtained for the unterminated surface N atom

(111.0°). This is in accordance with the endothermic adsorp- The adsorption energies obtained decreased with an in-
tion reaction of NH, which implies that it will not bind. creasing number of H atoms in the adsorbate. However, the

In summary, N and NH were found to adsorb stronger toadsorption energies of N and NH were very similar. The
the N-rich surface o£-BN(111) while NH, and NH; were  pond length increasedrom 1.25 to 2.58 A as the adsorp-
found to adsorb stronger to the B-rich surface. Adsorption ofjon energy decrease@@able I1l). More specifically, ther;

N and NH would, hence, preferably result in N-N bonds ingistance obtained for the N adsorbate was found to be only
the growing film. Such bonds are not present in an ideal BNj 25 A and the corresponding value for theBN-N(111)
structure, where all N atoms bind to folor thre@ B atoms.  gyrface was 1.32 ASec. Il C 2. The tabulated average
NH; and NH are, hence, more favorable than N and NH forjength of a N=N double and a N-N single bond is 1.25 and

4. Adsorption to an N edge atom of-BN(1010)

ideal layer-by-layer growth of BN films. 1.46 A, respectively’ These values suggest that N adsorp-
. _ tion to the cubic and hexagonal N sites resulted in double
3. Adsorption b a B edge atom of BN (1010) bonds rather than single bonds. Moreover, the energies for N

Adsorption to a hexagonal BN edge atom in the (@p1 2adsorption to thé-BN-N(1010) edge and the-BN-N(111)
direction has also been investigated. In this orientation ofurface were found to be as large as 397 and 622 kJ/mol,
h-BN, the positions of the B and N atoms are inverted infe€Spectively. Hence, the average bond enthalpy for=a\N
successive BN sheet&ig. 2). However, every individual double bond470 kJ/mo] corresponds better to the adsorp-
hexagonal sheet ends by either B or N atoms. The order dfon €nergies obtained for the N radical species than the en-
the adsorption energies obtained B site is thalpy of a N-N single bond158 kJ/mo} does."

The v n(edge)-8 @Ngle of the adsorbate binding N atom
NH(480) > NH-(436)> N(417)> NH-(65). 4 increased with the number of H atoms in the adsorlfaben
(480 2(436>N(419 3(69 @ 119.3° for N to 124.3° for Nt Table |). As a result of the
. . . endothermic adsorption reaction of NHvg n(edge)-8 WaS
The trend of adsorption energies differs somewhat fron}ound to be as large as 132.7°. This is close to the angle

Epr?eogeossf Ziﬁmg grﬁSI'Neg{:lel?s(Stﬁgtstglecral di:r;? Kll (s:pzeciesObtained for an unterminated N atom (135.1°) and corre-
does not correspond to the largest adsorption energy. Conglponds well with the observation that no Nedlsorption will
pared to the cubic B site, the adsorption energy OfBW‘S notlr:algﬁngﬁgg’ adsorption of the gaseous N species was
(rennuccehs ??desg?gtié;leﬁélr r;gé ';g;vczgnBtr?:?\le, ILT_T" gfgry-\] Hfound to be similar tqor stronger thanthe N sites compared
species were not large<(63 kd/mol) and the, bond lengths  (© the B sites of eithec-BN(111) orh-BN(1010). In order
of the N and NH species were found to be identida#3 A; for an ideal BN growth to occur, the_ N-_contnbutmg precur-
Table IIl). For the remaining adsorbates, increased with ~ SO'S should have preferences for binding to B sites. The N
the number of H atoms in the adsorbate. The observation th&dical species does, hence, not seem to be a good precursor.
the N species did not form a shorter bofidan NH to the ~ NH was found to bind strongly t&-BN-B(1010) and to
surface agrees with the fact that it did not correspond to th€ither of the cubic surface sites, but weaker to
largest adsorption enerdpf the four adsorbates studied h-BN-N(1010). Moreover, NH was found to bind stronger
The vn.g(edge)-n @Ngle for the adsorbate-binding B atom (by 122-156 kJ/molto the B sites compared to the N sites
was 120.3°-122.9° after adsorption of N, NH, and JNH of c-BN andh-BN, respectively. Hence, NHis promising
respectively(Table ). Upon adsorption of Nkl, vN.gedge)-n  fOr @ continued growth of either cubic or hexagonal BN, but

(124.5°) was similar to that of an unterminated B atomit does not seem to discriminate growth of either of the two
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phases. Nk was found to bind relatively strongly to the N*-B
B(111) surface ofc-BN but weakly or not at all to the re- distance
maining sites investigated. Hence, among the N-containing
species included in this study, only Nkt a promising pre-
cursor for growth ofc-BN rather tharh-BN.

1.35A

D. Adsorption of B, BBr, BBr,, and BBr;
1. Adsorption to eBN-B(111)

Adsorption of BBg as well as its fragmented components
was studied in the present investigation. The order of ener-

gies obtained to the @11) surface ofc-BN was 1.40 A

B(368 >BBr,(338 ~BBr(331)>BBr;(—96). (6)

The adsorption reactions of B, BBr, and BBwrere exo-
thermic and the corresponding energies were found to be

numerically very similar. The adsorption of BBwas found

to be endothermic. Moreover, the binding distance) (of

BBr was as short as 1.73 A, while the bond lengths of B and » 1.41 A
BBr, to the surface were calculated to be 1.76 and 1.86 A,

respectively(Table Ill). As expected, the BBrnonbinding

distance was longer (=1.96 A).
Steric hindrances are generally expected to lead to length- /0
ened bonds as well as to decreased adsorption energies. The

binding surface atom can also become uplifted with a de-

creased angley.g(surface)-naS @ result. For all of the adsor-

bates presently studied, tis@® hybridization of the binding <

surface B atoms was fairly well maintained. Moreover, as a

result of steric hindrances, th&_g(surface)-nangle decreased

with an increasing number of Br atoms in the RBdsorbate FIG. 3. The binding situation of BRr (X=0-3) on the
(from 108.7° forX=0 to 103.6° forX=3; Table Ill). Ad- c-BN-N(111) surface is illustrated by the optimized geometrical
sorption of B, BBr, and BBy to the c-BN-B(111) surface Structures. The corresponding bond length between the surface

was found to be favorable while BBradsorption can be N-atom (with an asteriskand the B atom of the adsorbate, is writ-
excluded. ten next to each of the figures.

1.61 A

2. Adsorption to 6BN-N(111) B-contai_ning adsorbate_s on the N-rich surface, the optimized
] geometries are shown in Fig. 3. Compared{Qs(surface)-nOf
The _adsorptlon processes of BBIBBr,, BBr, and B t0  the B(11)) plane, thevg.y(suace) s angles of N111) were
the N-rich surface ot-BN(111) were all found to be ener- smaller (by 3.7°-4.3°). Generally, BB, bonds are
geticglly favora}ble. The numerical order of the obtained ad1onger than N,,+Bagsbonds, since the covalent radii of B and
sorption energies was N are 0.88 and 0.73 A, respectivéfyThe bromine atoms of
the BB adsorbate will, hence, be closer to the N-rich sur-
B(531)>BBr,(484>BBr(307)>BBrs(241).  (7)  f5ce (compared to the B-rich surfacevith somewhat less
The adsorption reactions of B, BBrand BBg on this pronounced steric hindrances as a result

. In summary, B, BBj, and BBg were found to adsorb
surface were, compared to the B-rich surface, more favorable .
(by 110-337 kJ/n?OI However BBr was found to form Tore strongly to N111) compared to BL11). The adsorption

equally strong bonds to either of the two surfaces. Large nergies of E_SB_rto the t.WO surfaces were quite similar. Of the
our B-containing species, BBrorresponded to the smallest

adsorption energies could be correlated to shorter bond dia'dsor tion eneraies. However it was found to bind much
tances  [AE.q{BBrs) =241 kd/mol,r,(BBrs)=1.61 A; P gles. '

_ _ stronger (by 337 kJ/mo) to N(111) compared to BL11),
AE_4{B)=531 kJ/molr,(B)=1.35 A, Tables II, III. . T S ;
The vg.n(suracer- @Ngle of the binding surface N atom something which is promising for an ideal growth @BN.

decreased with an increasing number of Br atoms in the ao@incg BBg is assumed to be_ abundant in a deposition reactor
sorbate(from 104.4° for B to 100.2° for BBy, Tables ). and it may, hence, be very important foiBN growth.

This is probably due to increased steric hindrances for larger
adsorbates, similar to the situation found for the B-rich sur-
face (Sec. Il D 1). However, vg.y(surface)-g iNCreased some- For chemisorption of_the B-containing precursors to B
what(to 101.9°) with a considerably longer binding distancesites of the hexagonal (10) edge, the following order of
for BBr;. In order to illustrate the steric situation of the adsorption energies was obtained:

3. Adsorption b a B edge atom of HBN(1010)
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BBr,(480) > B(367) ~ BBr(358> BBr;(96). (8) In summary, the gaseous B species was found to bind
much stronger to the N sites than to the B sites studied. The

As can be seen, all of the adsorption reactions were exotheLjsomytion of BBr was energetically similar for all the inves-

mic. Moreover, the order of the energies obtained for B andjgaeq sites, except for the more favorable adsorption reac-

BBr, was inverted compared to the cubic surfaces. The ad- —
sorption energies for B and BBr were numerically close toion to h-BN-N(1010). Moreover, BBj bound strongly to

the ones obtained for the B-rich plane ®BN(111) (Sec. X
somewhat weaker to-BN-B(111). The adsorption of BBr
[11 D 1). On the contrary, BBrwas found to adsorb stronger was found to be weak to the B sites. However, BBras

72 gglst eh?;;ar%al;ﬁl E r;g? gt]earri]cg)l ilitr?de rra(r)::(teze fhuebgég:g Cespredicted to adsorb to either of the N-rich sites investigated

was only slightly longet1.74 A) than the corresponding one and to form a relatively stronger bond to the cubic surface.
for the B specie$1.70 A; Table I1).

The sp? hybridization of the adsorbate-binding B edge
atom was maintained after adsorption of each of the
B-containing precursors. Specificallyy.g(eqge)-n d€Creased The growth of BN thin films has been theoretically inves-
with an increasing number of Br atoms in the RBadsor-  tigated, using DFT calculations under periodic boundary
bate, from 122.99for X=0) to 116.0°(for X=3; Table ). conditions. This has been done by studying the adsorption of
This resembles the behavior observed for the cubi¢IRY NH; and BBg, and their decomposed fragments, onto

surfacesSecs 11D 1 and 11 D 2. c-BN(111) surfaces and-BN(1010) edges.

In summary, the radical B precursor was found to form As a result, almost all of the adsorption reactions were
energetically similar bonds to either of the B sites studiedfound to be exothermic. The endothermic reactions include
but it bound much stronger to the cubic N site. The adsorpadsorption of NH to the N sites of eithec-BN or h-BN, as
tion energies of BBr were numerically very similar for all of well as BBK, adsorption toc-BN-B(111). For the cubic sur-
these three sites. Moreover, BBras found to bind stronger face, NH, and BBE corresponded to the smallest adsorption
to c¢-BN-N(111) and h-BN-B(1010) compared to energies of the investigated precursor species. Nevertheless,
c-BN-B(111). The adsorption reaction of BBwas more they were predicted to constitute the most promising combi-
strongly exothermic for the cubic N-rich site than for either nation for gentle growth ot-BN(111) surfaces by vapor
of the B-rich sites studied. Hence, according to the resultsleposition involving mixed precursor gasemder the as-
presented so far either B or BBwould be favorable for an sumption that the gaseous reactions between the precursors

c-BN-N(111), as well as to either of the hexagonal sites, but

IV. CONCLUSIONS

ideal growth ofc-BN. are negligiblg. Gaseous N, NH, and BBr species were on the
o other hand found to be unfavorable under such conditions.
4. Adsorption to an N edge atom of-BN(1010) The reason was the risk of N-N and B-B bond formation.

(l):urthermore, chemisorption of NHB, or BBr, were pre-

Fmglly, ?dsgptlon of_the gjseous B-cc()jhtzlnlr;]g SpZmesftdlcted to preferably form B-N bonds to-BN(111), but to
an N site of then-BN(1010) edge was studied. The order of 54 yith 3 certain probability result in N-N or B-B bonds.

the adsorption energies was identical to the ones obtained for For the hexagonal edge, the adsorption of NH,,NB

the c-BN(111) surfaces and BBr was predicted to preferably lead to a continued
B(589) > BBr,(496) > BBr(442)> BBry( 147). 9) h-BN growth (involving B-N bonds. However, these species
were also found capable of forming strong B-B or N-N
The adsorption reactions of B and BBr were more favor-bonds and the present results cannot reveal which adsorption
able for this hexagonal N edge compared to the B edgeeaction will be favored at elevated temperatures. The N,
Furthermore, adsorption of either B and BBr was strongeBBr,, and BBg species were found to bind to both sites of
(by 58 and 135 kJ/moito the hexagonal N site compared to the h-BN(1010) edges with almost similar adsorption ener-
the corresponding site on theBN surface. BBy formed  gies.
bonds of similar strength to either of the hexagonal sites and The present results suggest that there is a large probability
to the N-rich cubic site, but it bound somewhat weaker to theto obtain a mixture of B-N, N-N, and B-B bonds, as a result
B-rich cubic site. The adsorption energy of BBvas smaller  of NHy and BBy precursor adsorption to-BN and h-BN
by 39% for the hexagonal compared to the cubic N sitgqX=0-3). Separate precursor introduction, could prevent
(Table 1I). such a situation. Because of larger adsorption energies of the
For the hexagonal N site, the BBbinding distance in- dissociated species, dissociation of the precursors was also
creased from 1.35 to 1.49 A fof going from 0 to 3(Table  found to favor for an ideal ALD process. However, only the
). The range of bond lengths was, hence, smaller than thendissociated Nkl and BBy molecules were predicted to
corresponding one obtained for tleeBN-N(111) surface exclusively lead to an ideat-BN CVD growth involving
(Sec. Il D 2. This can partially be explained by the smaller mixed precursors.
sterical hindrances present for BBadsorbed td-BN com- The mechanisms for BN growth are very complex. One of
pared toc-BN (Figs. 1 and 2 Moreover, the angle the most important elementary steps is the adsorption of a
Vg-N(edge)-80f the binding N edge atom decreased, as a resulprecursor species on the growing surface. Strongly exother-
of BBry adsorption, from 121.2° to 116.2° asincreased mic adsorption reactions are more likely to occur than
from 0 to 3(Table ). slightly exothermic ones. Moreover, endothermic adsorption
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reactions will with certainty not occur. The focus of the studied adsorption processes, under investigation by the
present study was to investigate adsorption on ideal BN sumpresent authors.

faces and edges as elementary steps in growth of the mate-

rial. Another important factor to study is the presence of ACKNOWLEDGMENT
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