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The surface stabilizing properties of different specike¢X=H, F, Cl, Br) on B111) and N111 c-BN
cluster surfaces, have been investigated theoretically within the density-functional theory method. Calculated
adsorption energies indicated that all species were found efficient in terminating the different cluster surfaces.
However, Br species induce large sterical hindrances and thus disable the stabilization of espeditlly) a N
surface. For comparison, the surface stabilization properties of H and F on crystalline surfaces were also
investigated. These species were, with one exception, even more efficient as surface stabilizing agents. How-
ever, there was hardly any effect for the adsorption of F on the crystallib&INcompared to the correspond-
ing smaller cluster surface. The adsorbed H and F species on the crystallihé®) Bnd N111) surfaces,
respectively, have been found, with one exception, to have a large possibility for surface migration and/or
gas-phase abstraction. The F species adsorbed to(1id)Burface will most probably block the growth sites
on that very surfacd.50163-182@09)14547-§

I. INTRODUCTION films.2*1° However, a high stress level is thought to be nec-
essary to form the cubic pha&&?°
Due to important industrial and technical applications, ~Several theoretical reports have been made as compara-
thin films of boron nitride(BN) have in recent years been tive studies betweea-BN and diamond depositict-* For
investigated both theoretically and experimentafiyCubic thermodynamic reasons, they role out the addition of hydro-

e ! e . : .~ gen as a surface stabilizer and etchantiBN deposition.
gi?rr](i)lgr Tgnddizear(rfoigl) eeghIbel;[(strenrqnaem;]zal?(;?]:éesset::r:)gn dpg)nﬁ)e/rifs This is also confirmed experimentally in different PVD

diamond, large k_)a_nd gap, Iqw dielectric_: const_ant, and highsmpit{:gﬁﬁgsuoihv?;fgr?gttg}gféa%er%&l? Sl-in;?}vg/(:[rr,] og:\;g;/zﬁlvmg
thermal conductivity. BN is isoelectronic to diamond and conradictory investigations have reported hydrogen in a
exists in four dlfferent'pha}sésThere are twmpz—hybrldlzed plasma, both as an etchant ®p*-hybridized BN and as a
phaseghexagonal; being isostructural to graphite, and rhomstabilizer of the cubic phag@-2®Furthermore, it is reported
bohedral and twos p*-hybridized phase&ubic with a zinc-  that sp?-hybridized BN is etched preferentially in compari-
blende structure and wurtzitic with a lonsdaleite structfire son tos p*>-hybridized material by a BFAr gas mixture in a
Only the hexagonal form occurs in nature. microwave plasma, and by a BJ(Z:INlez'/Ar gas mixture in
Cubic BN is generally grown in bulk crystal form from a rf plasmag as well as in a hot-filament,/H, gas
hexagonal BN under high pressure and high temperaturénvironment®*'whereas the stabilizing effects of hydrogen
(HPHT).%%5 Deposition techniques for growth of BN thin and halogens in diamond CVD have been investigated both
films include both chemical vapor depositig@VD) and  theoretically and experimentalf§—° Until now no similar
physical vapor depositiofPVD) methods. Using thermally studies have been made regarding the stabilizing effects of
activated or hot-filament assisted CVD, the films presentiy@/ogens onc-BN. The halogensespecially fluoring are
become a multiphase mixture of amorphdasBN), turbo- generally expect_ed to be _effluent as a surface stabilizing
stratic poorly crystallizeds p?-hybridized BN (t-BN) and agent due to their large ability to form strong bonds. How-
h-BN.236 In plasma-enhanced CVDPECVD), BN films ever, the halogens must not be too strongly bonded to the
have.been deposited with a high degree of th’e cubic phase surface, thereby blocking the available surface sites. They
Common for the different PECVD methods is the high COn;must be able to also undergo abstraction reactions with gas-

) . . eous species and, hence, leave room for an incoming growth
centration of electrons and radicals connected with th%pecies The mobility of the surface stabilizing agént

plasma, whether it be hydrogen-, halogen-, or any B- or Ny550ens may also be of importance for further growth of
containing radlca! species. Als_o the h_ot—ﬁlament method i BN The purpose of the present work is to investigate theo-
known for producing a radical-rich enwronmé’m)ther SUC-  retically (both structurally and energeticallyhe efficiency
cessful methods for obtaining films with a high percentage obf hydrogen(H) and specific halogeng, Cl, Br), respec-
ions on the growing filnjeither ion-beam-assisted deposition present work is one of the first in a series of theoretical

(IBAD), ion plating, rf sputtering, or PECVD with a biased inyestigations in which the underlying principles®BN vs
substraté™ " The ion-assisted PECVD or PVD films all n.BN nucleation and growth will be studied.

show the same growth pattern. First, there’'s a few nanometer

thick layer of amorphous BN, followed by a highly oriented Il. METHOD
layer (2—5 nm) of turbostratic BN. Then follows a nanocrys-
talline, almost single-phase, growth oBN.***"¥The in-
trinsic, biaxial compressive stress induced during formation Clusters of different shapes and sizes are often for(oed
of c-BN may lead to poor adhesion and cracking of themay be intentionally usedn the gas phase during CVD of

A. General
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thin films. They are also to some extent expected to occur on
the growing thin film surface. Either because of an adsorp-
tion of the gaseous cluster, or as local surface formations
obtained at different stages during film growth. These clus-
terlike particles will then include various numbers of atoms
with, hence, a large range of abilities to geometrically relax.
The very small clusters will relax totally, whilst the much
larger ones are expected to act more like a crystalline sur-
face. A cluster approach and the quantum-mechanical den-
sity functional theory(DFT) method, using the program sys-
tembmoL, % have been used in the present investigation. The
exchange-correlation functional B-LYFRefs. 37 and 38

(Becke and Lee, Yang, and Pawas then applied in the FIG. 1. A template modeling aiX-terminated B111) c-BN

DFThcafICILljlatl'onsf. | . lculati h cluster surfaceX=H, F, Cl, or Br). The same geometry is valid for
" The fo owing formufa was used in calculating the adsorp'N(ll:D cluster surfaces. However, B is then replaced by N and vice
ion energies:

versa.

Eadsx=Ext+Er—Er—x, @) the surface. They must be able to leave room for an incom-

whereEy, Er, andE;_y are the total energies for the dif- iNg growth species in order for the cubic phase to continue
ferent adsorbates, and for the templafewith and without ~ With its growth. Thus, the second part of the present study

an adsorbed specié§ respectively. This corresponds to the CONSISts of an investigation regarding surface processes such
adsorption process as adsorption, abstraction, and migration.

The templates used for describing two of the fauBN
T +X'=T-X, 2 clusters in the present work is;BgX,4 for the B(111) cluster
. ) ] surface and BN;X,, for the N(111) cluster surfacéFig. 1).
whereT " is the template modeling the differeaBN (111 These clusters are equivalent tg;8,, for the isoelectronic
cluster surfaces, and’ is the absorbed speciéd, F, Cl, or compound diamond, which was found, usial initio MO
Br). theory, to be optimal in describing a diamond1l)
surface®®“%In the present studyX is either H, F, CI, Br, or
B. Basis set a combination of H and one of the halogensNEHgX 5 and

DMOL uses exact numerical local-density functional BeN7HgX 13, respectively. The latter type of termination was

spherical atomic orbitals within the basis sets. The basis s&S€d for practical reasons when calculating the adsorption

used in this work is the double numeric basis set with polarEN€rgies. The geometrical region surrounding the adsorption

ization functiongdnp). The dnp basis set is equivalent to the SIt€ Was then terminated with halogexiswhile the outer B

very common analytical 6-3ff* basis sefa split-valence (or N) atoms were H terminated. .
basis set with polarization functionsadded to H and He, Two larger templates were also used in the present study.

andd added to heavier atorn® It is most suitable for polar These templates were designed to investigate the influence

compounds like BN, and, hence, it gives more accurat®" structural geometry of two neighboring radical surfac_e
resultss® sites. The templates were not allowed to be fully relaxed in

order to resemble a more rigidBN cluster. The different
atoms allowed to be geometrically optimized are marked
with an asterisk in Fig. 2. The templates wergNgH3F15.17
When modeling-BN cluster surfaces the atoms terminat- for a B(111) surface, and BN;gH13F;5.17 for a N(111) sur-
ing the template must then as perfectly as possible simulatiace. The number of fluorine atoms indicates a surface with
an artificial continuing of the real cluster. This must also betwo, one, or zero radical sit®, respectively. The latter type
the situation forc-BN crystal surfaces modeled as two- of surface is thus completely terminated.
dimensional slabs. Hence, the first part of the investigation The reconstruction mechanism of nonterminated, ho-
was to look for species that will obey this requirement, e.g.mopolar covalent semiconduct@r11) surfaces generally re-
yielding the correct geometry @fBN. For practical reasons, sults in delocalizedr-like bonding between dangling orbitals
only small clusters were then usésee below. Hence, the on surface atoms affecting the four topmost layers of a
atomic percentage of terminating species was also higterystal?! For heteropolar, partly covalent and partly ionic,
However, the results obtained with this type of cluster can besemiconductors likee-BN, the reconstruction is rather be-
regarded as a lower limit. Terminating species that will yieldlieved to occur via a charge transfer from the surface cations
more bulklike geometries, using this small cluster size, arg¢o the anions. The unoccupied cation states are raised in en-
also expected to lead to bulklike structural geometries foergy and the boron cations move into the bulk becoming
more real crystal-like surfaces. Moreover, all atoms in thequasiplanasp? bonded. The fully occupied anion states are
clusters were allowed to be fully relaxed. A second require-accordingly lowered in energy, moving the nitrogen anions
ment for the terminating species is that they must be suffioutward and are thus quasipyramigdp® bonded, giving a
ciently strongly bonded to the cluster surface to adequatelpuckled surfacé? A similar buckling effect in stabilizing the
function as terminators at elevated temperatures. On thieoron nitride nanotubes was found in a work by Blase
other hand, they are not allowed to be too strongly bonded tet al** Charge transfer from B to N in tubes of hexagonal

C. Template size and optimization
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roles of these adsorbates is to maintaingipé hybridization

of the surface atoms during growth BN, thereby hinder-

ing the surface to collapse from a cubic to a hexagonal phase.
Another role is to leave room for an incoming B- or
N-containing gaseous speci@sowth speciesfor a continu-
ousc-BN growth to occur. The F species is expected to be
efficient as a cubic BN surface-stabilizing agent due to its
large ability to form strong bonds. The Br species, on the
other hand, is expected to be non-efficient due to low elec-
tronegativity and large atomic radius.

One of the main questions is, however, if surface termi-
nation is necessary in order to be able to sustainsthe
hybridization of the surface atoms durieeBN growth. Is it

FIG. 2. A model of the larger cluster,BNgHysFy,. Although possible that the surfacesnltrog(_an atqms, ‘.N't.h their lone pair
here fully adsorbed, the two neighboring surface radical sites areIeCtrons’ Shqmd havqp hybridization similar to NH,

v ’ g g . ghereb inducing a cubic structure? As a test, a sm&N
marked with B1 and B2. Atoms marked with asterisks represent th y 9 . ’
B(111) surface layer and its adsorbed species. These atoms Wepéuster was not surface terminated, but allowed to be fully
allowed to relax, keeping the other atoms fixed. This simulates 5elaxed at the same level of theory compared to the other

more real-surface situation and the crystal character of the templafe?/culations in the present study. A totally collapsed geo-
is maintained as truly as possible. metrical structure was then obtained. T$® hybridization

of the original structure was completely convertedste?
BN (diameters ranging from 4 to 12)Aead to minimum hybridization. Hence, it is obvious that surface termination
energy structures where all the boron atoms are arranged Ry a suitable species is of highest importance for a continued

one cylinder and all the nitrogen atoms in a larger concentri@oWth of ¢-BN.
one. More complicated types of reconstruction can also oc-
cur, such as “vacancy buckling” or chemisorption of trim-

ers. Compared to the smaller clusters used in the present 1. Structural geometries

investigation, the larger clusters are somewhat more crystal .
surfacelike. The use of them is more a test of how neighbor- The geometry of the boron-rich(B11) surface of a small

ing radicals influence geometry and hybridization of one an—C'BN cluster is shown in Fig. 1. This geometry is also valid

other, than a true reconstruction study, although tendencief r the corresponding .rntrogen-nch(I\[Ll.) cluster .surf.ace.

for reconstruction may appear. ngles are presented in _Table I, and interatomic distances
from the central atom to its nearest neighbors are presented
below.

Ill. RESULTS AND DISCUSSION It was found that all terminating species investigated in
the present study would sufficiently sustain gy hybrid-
ization of the boron-rich BL1]) cluster surface. The angles

Single bonds that form between the radical species ang_.g.y are all ranging between 108.8° and 11{Table ).
the surface in the adsorption process result fleraverlap  Regarding interatomic distances, only the Br-terminated
between the surface dangling orbital and a correspondingluster will result in a significantly increased distance of 1.70
orbital of the adsorbatéH, F, Cl, or Bp. Fluorine has the A. This is to be compared with the bulk value of 1.57A.
highest electronegativity3.98 amongst the halogens, with The other terminating specig#$i,F,Cl) lead to interatomic
chlorine(3.16 and broming2.96) (Ref. 44 being less reac- distances between 1.60 and 1.62 A. Hence, the large species
tive towards other elements. Comparing the covalent radiu®r will most probably induce sterical hindrances on the
the situation is reversed with BICI>F ** Fluorine therefore B(111) surface due to large repulsion between the valence
forms the strongest bonds with other atoms, and bromine thelectrons in neighboring Br adsorbates. The repulsion is then
weakest. Hydrogen has both the smallest radius and the lovexpected to induce a lengthening of the distance between the
est electronegativity (2.2, giving it an intermediate surface and the adsorbate and, hence, a weakening of the
position?* corresponding bond strength less pronounced overlap be-

The differences in size and electronegativity of the differ-tween dangling bondsIn comparison to the corresponding
ent terminating species will not only yield diverse bond en-bond length in BBs an increase in the B-Br bond length of
ergies for the different adsorbates investigated, but mos0.12 A was observed in the present weflom 1.87 to 1.99
probably also structural differences. One of the desirablel).*®

B. Stability of B(111) ¢c-BN cluster surfaces

A. General

TABLE I. Angles (°) vg.cn.g @nd vy.cg.n - Values in parentheses are for templates with a central radical
atom.

H F Cl Br

B(111 109.2(118.6 108.8(118.6 110.1(118.2 111.3(119.9
N(111) 113.0(112.9 110.8(113.0 109.6(113.]) 109.9(115.9




16 068 B. M/&RLID, K. LARSSON, AND J.-O. CARLSSON PRB 60

TABLE Il. Adsorption energiegkJ/mo) for different species on  vacuum regions of 18 Ain th@01) direction, while keeping

B(111) and N111) cluster surfaces. the periodicity in the(100) and (010) directions. A number
of three layers of atoms were then allowed to relax, also

H F Cl Br including the surface terminating Fnd B atoms. As a re-
B(111) 106 273 244 109 sult, the calculated adsorption energies for H and F, on a

crystalline B-rich(111) surface, were found to be 482 and
690 kJ/mol, respectively. This is to be compared with corre-
sponding adsorption energies for the small clustgd X5,
(X=H or F) (106 vs 273 kJ/m9l Hence, the F species was
found to bind stronger than the H species to both types of
surfacegsmall cluster surface vs crystalline surfadelore-
Qver, the difference in adsorption energies between H and F
as numerically the largest one for the latter type of surface.
ence, a relatively smat-BN cluster will result in an order

of adsorption energie€or H and B that is identical to the

3 o A corresponding one for a more crystalline surface. The same
sp’ hybridization(109.49 to sp” hybridization(1209. The ¢ ger of adsorption energies is expected for clusterlike par-

radical surface site ?as then been stabilized by a hypercoes including various numbers of atoms, on the growing
jugation mteractloﬁ‘. This is a resonance interaction in c-BN surface. As already mentioned, these clusterlike par-

which the radical electron in p-type orbital on the central icjes will have a large range of abilities for geometrical re-
radical B(cB) atom interacts with an adjacent B-N bond that |5y ation, from a complete relaxation that occurs for very

is aligned with it. This gives partial double bond character togma)| clusters to a very low relaxation ability that will be the
thecB-N bonds and weakens the aligned B-N bonds. Several;y ation for a crystalline surface.

features in the present study support such resonance stabili- T,o present quantum-mechanical calculations are per-

zation. First, the interatomicB-N distance shortens from formed at zero Kelvin, while the real CVD process is dy-
1.70 A in the nonradical Br terminated template to about,omic and at a finite temperature. It is, hence, of a large

1.58 A in the monoradical template. The average Shorteginﬁhterest also to investigate the stabilities of the various ter-
for the different terminators, H, F, Cl, and Br is 0.10 A. ninated surfaces at an elevated temperature. Molecular-
Second, the aligned B-N bonds in the Br terminated templatgy namic calculations at 1200 K have been performed in or-

lengthen from 1.65 to 1.72 Athe average increase #80.06 g 1o study the effect of temperature on the bond strength of

N(111) 130 223 122 370

An abstraction of a central adsorbed specfeshus pro-
ducing a radical surface site, resulted in &lBl) radical
surface that almost totally collapsed at the radical site. Th
neighboring terminating atoms are thus not able to sustai
the sp® hybridization of the radical surface atom. The angles
VnegN INCreased from(109°-111% to about(118°-1197
(Table ). This difference gives evidence of a transition from

A), while the other B-N bond lengths do not change. the different terminating species. The force constants were
then obtained from quantum-mechanical calculatidpsT-
2. Adsorption energies basedl using the program casTtep from Molecular

Simulation/Biosym Technologies of San DieffoFurther-
more, a step length of 0.2 fs was used in the simulations. The
bond length between the adsorbate-binding surface atom and

the largest adsorption energi€a73 and 244 kJ/mol, respec- the terminating adsorbate was then regarded to be a measure

tively) for a B(111) surface. These species, being the twoOf the corresponding strength. As a result, the B-H and B-F
) B11D P g :bonds were slightly increasefthy about 10% and 2%, re-

most electronegative elements in this investigation, experi : e
ence a strengthening of the bonds by ionic-covalent resc,s_pectwely. Hence, the bond strengths of the terminating H

nance, either a double bond between two ions” (@d and F species on (B11) surfaces were found to be not af-
F-/CI") or a single bond between B and F/Cl atothThey fected much by an increase in temperature from 0 to 1200 K,

will also satisfactorily simulate the heteropolarity of BN. The especially when considering the relative bond lengths.
bromine atoms, being larger and less reactive, will give
lower adsorption energfl09 kJ/mo) and will, as discussed
above, show a tendency for induced sterical hindrances. The possibility of surface-terminating species to undergo
However, the numerical value of adsorption energy is someabstraction reactions has also been investigated in the present
what too low compared to what would be expected, espestudy. Both the H-and F-terminated B-ri¢h11) surfaces
cially in comparison with hydrogen and the other halogenswere then assumed to undergo abstraction reactions, includ-
Hydrogen is the only terminating species that will result ining gaseous H and F species. The template modeling a more
an almost nonpolar bon@ and H have similar electronega- realistic crystalline surface, one of the extremes in the
tivities). In comparison with the more poléB-N) bonds of  present investigation, was then used for the calculations. The
the bulk, this may weaken the B-H bond to some extentenergetically most favorable abstraction reaction ¢h1R)
Although H is capable to geometrically stabilize the surfaceinvolved surface-terminating H species. An abstraction of
geometry very well, the low adsorption ener@y06 kJ/moj adsorbed H species by gaseous H was found to be a weakly
makes H less suitable as a surface stabilizer. endothermic process at 0 K23 kJ/mo), which, however,

A six-layer-thick slab with periodic-boundary conditions will be possible to occur at elevated temperatures and at the
was also used in studying the adsorption of H and F, respesupersaturation condition of hydrogen in chemical vapor
tively, to a B-rich(111) surface, modeling a more realistic deposition ofc-BN thin films. This is to be compared with
crystalline surface o€-BN. A supercell approach was then the endothermic abstraction reaction of surface-terminating F
used. The six-layer slab was included in a unit cell withspecies with gaseous(b42 kJ/mo). Based on this energetic

The adsorption energies for the different terminating spe
cies were calculated using E@.). As can be seen in Table
I, the terminating fluorine and chlorine species will result in

3. Abstraction and migration of terminating species on B(111)
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investigation, it will be possible to draw the conclusion that In conclusion, the boron atoms are subjected to a hybrid-
an X-terminated B-richc-BN (111) surface will be energeti- ization transformation froms p® to sp? during the abstraction
cally favorable in abstraction reactions, including the gasof F atoms, and then converted backstg® upon F adsorp-
eousX species X=H). tion. Thus a restructuring of theBN surface from its recon-
The probability for surface migration of the various ter- structed(collapsed geometry has occurred.

minating species is also of large interest to study theoreti-
cally. An abstraction, or high mobility, of the terminating
species is heeded for a continuous growth ofdiBN phase.
The migration process investigated in the present study is 1. Structural geometries
assumed to involve two neighboring surface radical sites on
the template modeling the more realistic crystalline surface.
Migration of H and F, respectively, is then assumed to occuP
as a single jump between the two radical surface sites.
transition statgTS) has then in the present study been lo-
cated on the potential-energy surface, and the barrier of e
ergy has then been calculated as the difference in ener
between the TS and the adsorbed configuration. It was foun
that F is not only very strongly bonded to the crystalline

B(111) surface(690 kJ/mo), but also has a very high energy " 3 e

for abstraction with gaseous (540 kJ/ma). The calculated transition fromsp” to Sp_z hybrldlzathn was observed for H.
barrier of energy for the assumed migration path was calcu! '® @ngleve.cy.g for H increased with as much as 3.6/p
lated to also be very higk830 kd/mo). The F atoms thus to 113.09. This enlarged angle is consistent with the increas-

seem to block the possible growth sites on tha ) sur- ing double-bond character in the substrate with decreasing

face. Contrary to the results obtained for F-terminated suré\"H bond strength(increasing “surface-radical charac-
faces, the surface stabilizing H atoms are found to be mucff” )- Hence, hydrogen is not so likely to sustain the’
more mobile, either by a rather low abstraction enefg3 hybr|d|z_at|on on 'ghe !Ulll) surface of a smaller cluster. _
kJ/mo) or by a migration of H species on the surfdeaergy The interatomic distances faN-B [from the central ni-
barrier of 252 kJ/mal Both these energies are much lower 0gen(cN) to the nearest boron atof®)] are found to be

compared to the corresponding situation with a F-terminated->% 1.61, 1.67, and 1.71 A for H, F, Cl, and Br termination,
surface. respectively. These distances are all larger than the value of

1.57 A obtained for the corresponding bulk matefiiteri-
4. Radical neighbors cal hindrances induced by the terminating spe@specially

. . _ Cl and By are most probably responsible for these increases
It is generally of much interest to study the influence Ofcompared to the bulk situation.

the s_urface radical density on structural geometry and ad- The central terminating speci&swas also for this type of
sorption processes. In the present work the influence oftace removed from the surface, producing a monoradical
neighboring radicals on structural geometry and hybridizagjia This was found to yield a local partial transitionste?

tion of thec-BN surface atomsi.e., reconstructionhas also hybridization. The angle’g.o.g increased, with one excep-
been investigated. A larger template that includes two neighﬁon, only to about 113° f(')cr all terminatiﬁg species investi-
boring adsorption sites (@BNgH13F15_17) was constructed for - gaiaq | the case of bromine, the angley,.s increased to
this purpose. It can be described as fivgNgrings fused 715 4° |t we compare this with the(lBlcl)- radical sites
together in the chair formatiofFig. 2. Two neighboring here the angle..y.s Were within the range 118.2—119.,4"
terminating F species were then removed, leaving a diradic nd. hence. a coll_;p_se of the cubid 1) structure occurred
surface site. Consequently, a slight contraction of the threg\,e ’can cor;clude that radical sites oril1) are only par-,

B1-N and B2-N bonds, respectively, was observédi8— tially converted tosp?. It is thus likely that the cubic phase

1.51 A). Both vy.g1.y and vy.gz.y angles were calculated o o ¢ g\ will be sustained even in the situation of a not per-
be 117.0°. This is to be compared with the somewhat Iarge(ecﬂy terminated nitrogen surface

angle vy.cg.n Of 118.6° obtained for the small F-terminated
radical template. The existence of a radical git@noradical
or diradical sit¢ thus seems to result in a mixture s* and
sp® hybridization(a partial surface reconstructiprThe un- The calculated adsorption energies for thelNl) c-BN
derlying cause of this observation was discussed in Seclusters are demonstrated in Table Il. The largest numerical
[11 B 1. When adsorbing a fluorine atom on one of the radicalvalue was obtained for B870 kJ/mo), indicating an unex-
sites, the bonding surface bor¢B1 or B2 will adoptsp®  pected strong bond between the surface nitrogen and the ter-
hybridization since the angle,_g. Will decrease to 108.9°. minating bromine atom. The strong bond will most probably
For the still radical boron atom, the, g\ angle has instead originate from electron cloud repulsion induced by the
increased to 118.7°, which is almost identical to the valueneighboring adsorbed Br atoms on the central adsorbed one
obtained for a monoradical site on the small template(Fig. 1). Charge transfer was theoretically observed from the
(118.69. On the fully adsorbed template both boron atomsadsorbed surrounding bromine atoms to the central one, and
are completely converted tosp® hybridization staté108.4°  thereby a strengthening of theN-Br bond. The average
and 108.5°, respectivelynd all optimized B-N distances are Mulliken chargesQg, of the outer Br atoms were calculated
within the range 1.61 to 1.63 A. to be+0.10, compared te-0.02 for the central Br atom. For

C. Stability of N(111) c-BN cluster surfaces

As described in Fig. 1, the geometry of the nitrogen-rich
urface is equivalent to the boron-rich surface of ¢HBN
luster. The interatomic distances are presented below, and
the angles of the 11) surface can be seen in Table I. It is
shown in Fig. 1 and Table | that thsg® hybridization of the

(117 cluster surface was, with one exception, found to be

fficiently sustained. The angles .n.g increases slightly
rom 109.4° up to 110.8°, 109.6°, and 109.9° when using the
terminating species F, Cl, and Br, respectively. A partial

2. Adsorption energies
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comparison, the adsorption of Br to an otherwiseabstraction processes of adsorbed H and F species by gas-
H-terminated N111) was also studied. The adsorption en-eous H vs F were found to be markedly weak endothermic
ergy obtained for Br on this surface was then 207 kJ/moprocesses at 0 K45 vs 28 kJ/mol. The probability of these
compared with 370 kJ/mol for Br on the Br-terminated Species undergoing abstraction reactions are, hence, more
N(111) surface. The adsorption energy for Br thus decrease®ronounced for the {411 compared to the @11 one.
in contradiction with the more open adsorption site repre- The probability of surface migration of H and F, respec-
sented by the H-terminated(NL1) radical surface. The Mul- tively, on the crystalline KL11) surface has also been in-
liken charge transfer is for this type of surface compositioncluded in the present investigatidfor methodological de-
localized to the two central atoms alone, from the surface Nails, see Sec. IIB2. It was found that a very large
atom to its Br adsorbate. There is hardly any effect on eithefendency for F to undergo surface abstraction reactions with
the BN surface or the neighboring adsorbed atoms. The Igaseous K28 kJ/mo), together with the relatively weak ad-
atoms being smaller and “harder” most probably explainssorption energy, is strongly correlated with the relatively
this. The charge transfer to the central Br atom from thesmall barrier of energy for the assumed single jump migra-
neighboring H atoms is therefore negligible and owing totion path(182 kJ/mo). The migration barrier of H was, how-
that, the bond-strengthening charge-transfer effect is smallegver, found to be highe312 kJ/mo), and correlating well
However, guided by the geometrical results, bromine is notvith the high adsorption energ¢38 kJ/mo). However, the
likely to support the stabilization of the cubic phase in a rea@bstraction energy of adsorbed H by gaseous H was unex-
CVD process, neither for a cluster nor for a surface. For thdectedly low(45 kJ/mo), resulting in the main conclusion
latter situation, there is much less freedom for surface atoméat H is (compared to Fvery efficient as a terminating
to move, and hence, bond distances to be enlarged. The seiecies since it has a larger probability9fbeing bonded to
ond largest adsorption energy obtained in the present studdnd, hence, stabilizing the surface, diiglleaving room for
for the N(11) surface is for the F terminatiof223 kJ/mo). ~ an incoming growth species to thg1.1) surface.
Despite the reversed polarity of the adsorbate-surface bond
(compared to a N-B bondrelatively strong bonds with the
surface will be formed due to the large electronegativity of In accordance with the @11) cluster surface, one of the
fluorine. The terminating H and Cl species lead to smallaims in the present study is to investigate the effect of neigh-
adsorption energie€130 vs 122 kJ/moland will therefore  boring radicals on structural geometry and hybridization of
most probably not play an important role in the stabilizingthe ¢-BN atoms. For this purpose, a larger cluster
process ofc-BN clusters. (BgN4gH13F15.47 Was constructed that includes two neigh-
A more realistic crystalline NL.11) surface ofc-BN has  boring adsorption sites. The same methodology was thereaf-
also been used here in studying the adsorption processes tef applied, i.e., removal of two neighboring terminating F
H and F, respectivelyfor methodological details, see Sec. atoms resulting in a diradical sit@ig. 2). Similarly to the
1B 2). As a result, the calculated adsorption energies for HB(111) surface, a contraction of the three N1-B and N2-B
and F, respectively, were found to be 438 vs 251 kJ/molbonds, respectively, then occurred. These bond distances de-
This is to be compared with corresponding adsorption enercreased from 1.57 A to a value within the range 1.49-1.50
gies for the small cluster BlgX,; (X=H or F) (130 vs 223 A. This can be compared with the corresponding distances
kJ/mo). Interestingly, the order of adsorption energies wasfor the B(111) cluster, where the values ranged from 1.48 to
observed to be reversed when comparing the results obtaindd51 A (average distance of 1.495 AThe angles/g ;.5 and
for a crystalline surface with those obtained for the smallvg.n,.g Were both calculated to become 113.5°. Whereas the
cluster surface used in the present study. For the crystallinB(111) atoms totally collapseiygn=118.7°), thevg g
surface, besides an overall increase in binding capabilitieangles indicate only a partial transition $@? hybridization
for both types of speciedd and B there is now an extreme for the N(111) atoms. This partial transition is similar to the
capability for H (compared to Fto terminate the KL11) one observed for the small cluster with one radical site,
surface. Hence, the H species will be efficient as(@lM)  where the angle/g_.n.g Was 113.0°.
surface-terminating agent only for larger cluster sizes with a One fluorine atom was thereafter adsorbed on the N1 radi-
smaller range of abilities for geometrical relaxation. cal site, increasing the three N1-B distances to 1.54 A and
Molecular-dynamic calculations have also been perdecreasing the angles.yi.g t0 111.5°. The angleg_ g ON
formed for this type of surface,(111), in order to study the the still radical atom N2 decreased even more to 108.9°. For
effect of temperature on the bond strengths of the terminathe fully adsorbed template, the anglegy;.g and vg.no.g
ing H and F species, respectively. As a result, the N-H bondvere 111.2° and 112.1°, respectively. The N1-B and N2-B
was slightly increasedoy almost 15% However, the N-F  distances were in the range of 1.54 to 1.59 A. The recon-
bond was found to be more considerably prolondesi  structed radical KNL11) cluster was, hence, in the same man-
about 42%. Hence, it was found that an increase in temperaner as B111) restructured again upon the adsorption of F
ture from to 1200 K would only affect the N-F bond appre- atoms. There is one big difference, though. Epé hybrid-
ciably, in a negative way by weakening it. The other bondszation of N(111) surfaces are well sustained with a radical
(B-H, B-F, and N-H were found to be relatively unaffected. concentration of roughly 20%radical sites/occupied sites
This is not the case for the(B11) cluster surfaces.

4. Radical neighbors

3. Abstraction and migration of terminating species on N(111)

The possibility of crystalline surface-terminating species V. CONCLUSION

(H and B undergoing abstraction reactions on théliI) The surface stabilizing efficiency of hydrogen and halo-
surface has also been investigated in the present study. Tlyens(F, Cl, and By on both B111) and N[111) c-BN clus-
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ters has been structurally and energetically investigated, usvas found to both efficiently stabilize the surfaces as well as
ing the quantum-mechanical DFT method. The F species wasaving the capability to leave room for an incoming growth
found to be very strongly bonded to both types mBN species to the surface.

(111 cluster surface€273 [B(111)] vs 223 [N(111)] kJ/ When producing a monoradical site on thell\l) surface
mol). The H species, however, showed rather small adsorgy abstracting the central adsorbed species on the small tem-
tion energieg106 [B(111)] vs 130[N(111)] kJ/mo). It was  plates, a local partial transition &p? hybridization was ob-
observed that the very large species Br is able to inducéined. On the other hand, on the monoradic6l18) sur-
sterical hindrance on both types of surfaces. faces the transition tep? hybridization for the radical site

A more realistic crystalline surface a-BN was also was almost complete. It is therefore possible to draw the
modeled. Significant increases in adsorption energies for theonclusion that the cubic phase of BN will be sustained even
terminating H and F species, respectively, were then genein the situation of a not perfectly terminatedIN 1) surface.
ally obtained. Moreover, an identical order of adsorption en-The B(111) surfaces need, however, to be fully occupied.
ergies was obtained for the(BL1) surface. The F species As a conclusion from all results obtained in the present
was then found to be more strongly bonded to both thénvestigation, the best candidate for stabilization of both
smaller cluster surface, as well as to the crystalline counteB(111) and N111) surfaces is hydrogen, H. This is espe-
part. On the contrary, a reversed order of adsorption energgially expected to be valid during the growth of CVD thin
was obtained for the (411) surface. The H species was for films of c-BN where, e.g., the defects, microstructure, and
the crystalline surface foun@n comparison with FFto be  morphology of the surfaces are governed by the incorpora-
extremely effective as a surface stabilizing agent. The F speion and/or growth of clusterlike particles of different sizes
cies was slightly more effective on a much smaller clusterand, hence, abilities for various degrees of geometrical relax-
surface. Hence, the H species will be efficient as(@1)  ation.
surface-terminating agent only for larger cluster sizes with a
smaller range of abilities for geometrical relaxation.

The surface-terminating species must not be too strongly
bonded to the surface, thereby blocking the available growth This work was supported by the Swedigh Research Coun-
sites. Hence, the abstraction of terminating species with gasil for Engineering Science§TFR) and the Agstran Con-
eous ones, as well as the migration of the terminating speciesortium. Computational results were obtained using software
over the surface, have also been investigated in the preseptograms from Biosym Technologies of San Diego, first-
study. The calculations showed that the F species adsorbguiinciple DFT calculations from bmoL, DFT-based
on the B111) surface will most probably block the surface, molecular-dynamic simulations fromasTer, and graphical
and thereby hinder any furtherBN growth. The H species display USINgNSIGHT II.
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