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Nucleation of c-BN on hexagonal boron nitride
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The nucleation of cubic boron nitridec{BN) on the zigzag edge&l00) and (100), as well as on the
armchair edgg110 of the basal(001) plane of hexagonal BNH-BN) has been theoretically investigated,
using a cluster approach and the density-functional theory. The total energy of the different tjookiedand
wurtzitic) outgrowths from the edge atoms has then been related to the total energy of the corresponding planar
(hexagonal counterparts. The different outgrowths, as well as the various types of edge atoms, were all
terminated with H or F atoms. For the zigzag edges it was shown that the nucleatioBNis the energeti-
cally most favorable one in an H- or F-rich environment. On the armchair edge, however, the nucleation of
wurtzitic BN (w-BN) was even more energetically preferred. Furthermore, it was shown that the F atoms
possess a significantly larger ability to stabilize th@®N nuclei than do the H atoms.
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. INTRODUCTION the growth ofc-BN directly onto a silicon substrate has not
been reported, well-adhered and highly orientedBN or
Deposition techniques for growth of boron nitrid8N)  ¢-BN films on Si have been observed, with only turbostratic
thin films can roughly be divided into either of two routes, BN as a conversion layér* It is, thus, for two reasons im-
the “physical” or the “chemical” route’ The physical route portant to carefully study the nucleation stageciBN thin-
involves mainly physical vapor depositidPVD) methods  film formation, first, to gain a deeper knowledge of the
with surface bombardment of highly energetic nitrogennucleation process of-BN on h-BN, and second, to im-
and/or argon ion&-% BN films deposited by these methods prove the control of the nucleation process.
often suffer from poor adhesion and cracking due to large It has been observed in a recent paper by the present
compressive stresses caused by the ion bombardment. P\édithors that surface Bor N) atoms on the basal plane of
films usually consist of a layer of amorphous BN next to theh-BN will becomes p*-hybridized upon adsorption of H or
substrate, followed by a hexagonal BA-BN) layer, and F.'>As a result, the adsorbed atdtogether with the surface
finally followed by a very thin top layer of-BN.® In addi- B (or N) atom] will become somewhat uplifted from the
tion, sp?-hybridized BN has, with ion plating and ion-beam- Surface, hence forming an “embryonic=BN nucleus. As a
assisted deposition, been found in the grain boundaries dfatural continuation of this previous study, the possibility for
polycrystallinec-BN,®” as well as on top ot-BN grains nucleatlo_n ofc-BN on also _the edge atoms bfBN (001) is
(with a thickness of about 3 ML The chemical route on the of grgat interest to investigate. The purpose of the present
other hand, comprises thermally activated, hot-filamentWOrk is therefore to make a comparative structural and ener-

?tic theoretical investigation of-BN nucleation on the

assisted, and hydrogen plasma-enhanced chemical vap%1 : .
" t diff ted f the BN (001) plane, lust
depositionTACVD), (HFCVD), and(PECVD), respectiully. aprgfoalcf?r;r?d ethgegecasity—func(tiongd %ggg@g%r?g&%c_%seer

Using TACVD (or HFCVD) the films presently become a three edges include two zigzag eddésron atoms on the

multiphase mixture of the following phases: amorphous 100 ed d nit i tht00) ed d th
(a-BN), turbostratic, poorly crystallizeds p?-hybridized (100 edge and nitrogen atoms on tEY0) edgg an ©

or1 X armchair edggéa combination of boron and nitrogen atoms
BN (t-BN), andh-BN.”"*"In hydrogen PECVD, BN films 4, the (110 edgg (Fig. 1). The stability ofsps-hybridized

have been deposited with a large fraction of the cubic phaseyy outgrowths(H or F terminatedl will then be presented
The cubic BN is then formed as crystallites codeposited with, 4 giscussed in relation to a continued growtheBN.
a mixture ofa-BN and/orh-BN.>?Based on results from a

rf-sputtering proces$PVD), it has been observed that the

cubic BN crystallites are nucleating on the edges of the (100) edge
h-BN planes in such a way that tlteBN [111] is normal to

the h-BN[002] (c axig).** Common for the “physical” and

“chemical” routes is, hence, the involvement of @B

sp?-hybridized BN. As presented above, it either functions ON

as a “substrate” forc-BN growth (in PVD and PECVD or

as the actual resulting filnfin TACVD and HFCVD. In

order to produce films with good adhesion, the growth of a (100) edge
heteroepitaxialor textured c-BN film directly on the sub-

strate or via a highly oriented-BN conversion layefwith- FIG. 1. A model of a nonterminated-BN (001) basal plane,
out the amorphous layeis of great importance. Although demonstrating the (@0), (100, and(110 edges, respectively.

(110) edge
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IIl. METHOD

The nucleation of cubic boron nitride on the zigzag and
armchair edge atoms of the BN (001) plane has been in-
vestigated within density-functional thedl’ using the
program systenbmoL (from Accelrys, Inc., San Diegaand
a cluster approach. The local-density approximatioDA )
is one of the earliest approximations in DFT. It includes cor-
rection for electron correlation effects. However, one of the (b)
most important deficiencies with the LDA exchange, the in-
correct asymptotic behavior, leads numerically to an overes-
timated chemical bond energy for the system. This can be
solved by using various types of generalized gradient ap-
proximations(GGA's); Becke-Lee, Yang, and Pa(B-LYP),
Beck and Perdew-WangBP), Perdew and Wang, 1991
(PW91), and Vosko, Wilk, and Nusair-Becke and Perdew-

Wang (VWN'BP)' etc. The B,'LYP functlo.nal contains the a template modeling thél00) edge of theh-BN (001) plane. The
local Dirac LDAx plus Becke's 1988 gradient-corrected ex- 5oy atoms are either terminating H or F species. The terminating
change functional (B8§ (Ref. 18 in combination with the  gpecies X (neighboring the outgrowihare either H or F.
gradient-corrected correlation functional by Lee, Yang and
Parr (LYR).* The BP functional is a combination of the whereE zandEp,qeqare the calculated total energies for
B88x functional and the Perdew and Wang correlation functhe planar and buckled outgrowths, respectively, Egdis
tional (PWt).?° Instead of using the LY® functional, the  the total energy for an H or F atofdepending on the type of
Dirac LDAXx plus Becke’s B88x correction has here beentermination of the outgrowih The relative energies have to
connected with the Perdew and Wang 1991 correlation funche balanced by the difference in the number of terminating
tional, which is based on a slowly varying electron dern®ity. speciegn) for the planar and buckled outgrowths.
The PW9L1 functional consists of the Dirac LRAunctional A necessary condition for obtaining a good description of
and the gradient-corrected PW91 correlation functional anghe electronic state of the systems of interest is to choose a
is entirely free of empirical paramete¥sAnd, finally, in the  highly flexible basis set and a model cluster adequately de-
VWN-BP functional(which is similar to the BP functiongl  scribing theh-BN surface plane. Geometry optimizations are
the local correlation functional PWc is replaced by the localalso of great importance. A double numeric basis set with
correlation functional VWN. polarization (DNP) functions has been used in the present

For comparison purposes, the atomization energy ofvestigation. The DNP basis set is corresponding to the
c-BN has been calculated using the four different GGA func-commonly used Gaussian analytical basis set, 6—81.%
tionals presented above. These numerical values were thérhis basis set is suitable for polar compounds like BN since
compared with an experimentally obtained one for 8¥he it is improved, compared to the minimal basis set, in the
average error obtained when using the LDA functionals waslescription of expansions and contractions of the valence
89 kJ/mol. The introduction of gradient corrections dramati-shell in response to different molecular environments. It also
cally improved the situation. The corresponding average eradequately describes charge rearrangements around the at-
ror for the GGA methods was 14 kJ/m@-LYP (384, BP  oms.
(383, PW91 (410, VWN-BP (415, and experimental A previous study of diamond nucleation brBN showed
(392)]. Hence, the best accuracy compared to experimerthat a template of the size;B,Hg was sufficient in modeling
was obtained by using the functionals BP and B-LYP. Totalnucleation on th€110) edge of the(001) plane ofh-BN.?®
energies and geometrical structures were therefore in th@&/hen including the effect of neighboring terminating species
present investigation calculated using the first-principlegto the outgrowthy it was later shown to be more adequate
local-density approximation in combination with the nonlo- to use a slightly larger template §BgH,o).282” The presence
cal gradient-corrected functional B-LYP. The present workof substituents on both sides of the outgrowth implies a tem-
includes calculations of the total electronic energies for twoplate consisting of at least four aligned aromatigNBrings,
different types of outgrowths on the three edges:with the two central rings carrying the outgrowth and the two
sp*-hybridized BN systems(representing the cubic and outer rings with the terminated edge atof&g. 2). In mod-
wurtzitic phasg and thesp’-hybridized planar hexagonal eling theh-BN (001) plane edges in the present investiga-
counterpart. The outgrowths are then either H or F termition, the larger template size §BqH;o) will be used for the
nated. two (100) and(100) edges and the smaller oneA{BHjg) for

To calculate the stabilization of the buckléd-BN or  the (110 edge. The edge atoms are H terminated through
w-BN) outgrowth in relation to the planah{BN) counter-  adsorption of atomic hydrogen from the gaseous phase,

FIG. 2. An illustration of(a) c-BN and(b) h-BN nucleation on

part, the following formula was used: which has been shown to be energetically favored for graph-
ite sheetg®
To adequately simulate the bulk material BN, the
AE=Epjanar Epucktedt NEx s (1)  experimental B-N bond lengtii.446 A (Ref. 29 is chosen.
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FIG. 4. An illustration of the(a) large two-dimensional slab
model, (b) small two-dimensional slab model, and) cluster
model, used for the test calculations. Only the asterisk-marked at-
oms are allowed to relax.

mensions of am-BN model. The total energies for the dif-

FIG. 3. A model representing BN nucleation on 140 edge ferent templatgs were obtained.using. the program system
of the basal plane di-BN. The (a) chair configuration corresponds CASTEPfrom Biosym/Molecular Simulation Technologies of
to cubic BN nucleation, while théb) boat conformation corre- San Diego. The levels of theory used were the gradient-
sponds to nucleation of wurtzitic BN. The) planar configuration ~ corrected GGA for closed-shell systems, and the GGS for
corresponds to a continued growth IoBN. The gray atoms are radical systemgboth developed by Perdew and wari
either terminating H or F species. The calculations were fully self-consistent with eigenvalues

obtained using twok points, generated according to the

Monkhorst-Pack schen&,which produces a uniform mesh

of k points in the reciprocal space. This specific numbek of
Moreover, the buckled outgrowths-BN or w-BN nucle) points has, in an earlier work by two of the authors, been
on the(100) and (100) edges consist of three saturated at-found to be adequate in studying the nucleation of diamond
oms, and the planar counterpafts BN nuclej consist of on edge atoms dfi-BN (001) *°
three nonsaturated atoniBig. 2). On the (110 edge, the Three different models were used. The largest one is a
buckled outgrowth is composed of two saturated atoms anfvo-dimensional slab, which is extended infinitesimally in
the planar of twosp?hybridized atoms(Fig. 3. All geo-  ©one direction(x axis). It is here modeled by a unit cell that is
metrical parameters for the different BN outgrowths, as welltranslated in thex, y, andz directions during the calculation.
as the two edge atoms bonded to these outgrowths, wefeach unit cell contains one layer of eightNg rings fused
allowed to be fully relaxed. All other atoms were kept fixed together and terminated with hydrogen atoms in the third

in order to hold the characteristics of the crystal. direction(z axis) [Fig. 4@]. The medium-sized model is also
a two-dimensional slab extended infinitesimally in one direc-

tion. The only difference is that this unit cell contains one
layer of four (instead of eight BsN5 rings fused together
When modeling a realistic crystalline surface, a two-[Fig. 4b)]. The smallest model in the test calculations is a
dimensional slab or cluster template is often used. Upon rethree-dimensional cluster, identical to the model used in the
ducing dimensionality and/or size of the template, quantunpresent investigation, i.e., four alignedNg; rings terminated
(size) effects may appear for some types of materials. Inwith H atoms[Fig. 4(c)]. It must also be stressed that the
order to check for possible quantum effects feBN, as  three models do not only represent different sizes, they also
modeled in the present investigation, test calculations wereepresent a successively increased terminating species over
performed involving adsorption of gaseous H to various di-BN ratio when going from the larger to the smaller model.

Ill. MODEL CLUSTER SIZE EFFECTS
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The adsorbed hydrogen atom and the edge atom bonding to TABLE I. Relative energies obtained for the nucleation of buck-
it were, for all models used, allowed to fully relax during the led ring systems and their planar counterparts on(1®9) zigzag

geometry optimization. edge of theh-BN basal plane.
The resulting energies for adsorption of H to the B-rich
(100 edge were 462, 466, and 460 kJ/mol for the large,  Planar outgrowth Buckled outgrowth AE (kJ/mo)
r_nedlum, gnd small_models, respectively. Thous, the adsorp- BN,H, H substituted BMHs H substituted 399
Lon snerges cnly ifer by s hen about 06 pon S0 paumiies | Faubsiuaed 0
. ) L BN,F; H substituted BNFs H substituted 466
as changing the H/BN ratioOn the N-rich(100) edge, the F substituted F substituted 520

adsorption energies were 493, 488, and 504 kJ/mol for the
large, medium, and small models, respectively. On this edge,

the difference in adsorption energy is thus somewhat larger ) .

than on the(100) edge, however, very small and less than(@ B-N=B skeleton, with hydrogen atoms omitted for clar-
about 2%—3%. It can therefore be concluded that the smalfty)- All three atoms of the outgrowth are in this caspz
cluster model is computationally valid in the present inves-YPridized. On the B-rictt100) edge, however, there will be
tigation. This conclusion is also strongly supported by earlie® SUrPlUs of two electrons resulting in a lone pair of electrons
investigations and test calculations by the present authodtuated on the K1) atom in the N%)'B:N(Z) outgrowth.
regarding H and F adsorption anBN(111) surfaced23®  The hybridization will therefore bep?, sp?, andsp? for the
Furthermore, quantum effects are generally only expected (1), B, and N2) atoms, respectively. Moreover, the two
be important for semiconducting materials with a sufficientlyt€minating specie¢H and F WEre, In the present investiga-
small band gap, e.g., for Géls, with a band gap of 0.13 tion, chosen to re_present two “extremes. Fluorl_ne is the
eV3* For CdS with a band gap of 2.42 eV, on the other handmost electronegative of the elemer(eectronegative (F)

the quantum effects are appreciably smatfddexagonal BN _=3.98)_,_ which, hence, possesses a higher electron withdraw-
has an optical band gap of about 5.2 %\and, hence, no N9 ability gom-pared to-hydrogen. Thg latter is a r;’éore mod-
larger size effects on the band gap can be expected. erate terminating specigglectronegative (Hy2.2).>° Fur-

thermore, both species are commonly used in many CVD
processes of BN.

IV. RESULTS AND DISCUSSION

2. B-rich (100) edge

As can be seen in Table I, the growth of partially saturated
(buckled ring systems on the B-terminatéd00) edge are

In a previous paper by the present authors, theor all different outgrowths investigated, energetically favor-
h-BN (001) plane was investigated as a provider of nucle-able compared to the planar counterparts. For the
ation sites forc-BN growth!® The investigation is now con- H-terminated(100) edge, the NBN planar H-terminated out-
tinued with the nucleation on theBN (001) plane edges. It growth is less stable than the saturated buckled counterpart
is then of special interest to investigate the possibility to beby 329 kJ/mol. The same order of stability is observed for an
able to control the growth of-BN by nucleating orh-BN. F-terminated 100 edge. There is then a favoring of the satu-
As was discussed in the Introductiosp?-hybridized BN  rated outgrowth by as much as 520 kJ/mol. In an earlier
will be produced in both the chemical and physical routes ofnvestigation concerning diamond nucleation on terminated
BN thin-film deposition. The mechanism of tkeBN nucle-  h-BN (001) zigzag edges, it was concluded that neither elec-
ation is assumed to involve adsorption of B- or N-containingtronegative(F or OH), electropositiveNa), nor bulky (CH)
speciese.g., BR, NH3), as well as abstraction of terminat- neighboring terminating species had a large effect on the
ing H or F species. The individual steps are then also asdifference in energy between a buckled and a planar
sumed to result in the completion of a six-member ringoutgrowth?®’In contrast to diamond, boron nitride is a po-
(buckled or planarof alternating boron and nitrogen atoms. lar compound. The question is now, how is the nucleation of
The details in the various mechanisms are not explicitly stude-BN affected by different neighboring terminating species
ied within the present investigation. What has been of mostwith varying electronegativiti¢® From here on in the text,
interest is instead the difference in total energy for the corthere will for simplicity be a different terminology for spe-
responding buckled and planar outgrowths. cies terminating outgrowths, compared to species terminat-

For the situation with a partly buckled ring, the ing the neighboring edge atoms. They will be called termi-
sp?-hybridized atoms in the ring originate from the edgenators vs substituents. In order to investigate the eventual
atoms and the saturated atoms constitute the actual ouhfluence of edge substitution, a mixture of type of substitu-
growth[Fig. 2(a)]. The corresponding planar outgrowep-  tion and termination has been studied in the present paper.
resenting a continuous growth ¢fBN) can also be de- When using the combination of H termination and F substi-
scribed as a three atomic part, which, together with the thretution, the relative energy for the buckled outgrowth was 339
sp?-hybridized edge atoms, leads to the completion of a nevkJ/mol. The corresponding result for the combination of F
planar BN ring [Fig. 2(b)]. The outgrowth representing a termination and H substitution was 520 kJ/mol. These results
continuedh-BN growth will on the N-rich(100 edge fitinto  are very similar to the situation with identical terminating
an aromatic system with alternating single and double bondand substituting species. The differences are for H termina-

A. Nucleation on the zigzag edges of the basal plane

1. General
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FIG. 5. Terminating F species move from an “N” to a “B” position as a result of the geometry optimizatirand (b) The N-rich

(100) edge and(c) and(d) the B-rich(100) edge.(e) represents the H-terminated outgrowth on theéq)Ledge and shows the two-electron-
three-center B H B bond. The angleBHB is 90.1°.

tion 10 kJ/mol(329 vs 339 kJ/moland for F termination 54 too small and has reversed ordd<339 vs 333.9
kJ/mol (466 vs 520 kJ/m9l It can thus be seen that the kJ/mo)).37:%°
stability of the cubic nucle{by using H or F substituentss The angles between the atoms constituting the buckled
not significantly altered for either of the two differently ter- outgrowths were measured and averaged. The deviation from
minated outgrowth$H or F). Hence, the atoms neighboring a tetrahedron angl€109.59 was used as an indication of
the outgrowth do not significantly affect the stability of the how close tosp® the resulting hybridization of the atoms
nucleation ofc-BN. were. The absolute value of the deviation did not, with one
The large difference in stability observed for the exception, exceed four degrees for any of the different out-
F-terminated outgrowths compared to the correspondingrowths(F or H terminatedl on the different edges investi-
H-terminated one$~490 vs ~330 kJ/mo) is found to be gated. The F-terminated cubic outgrowth on t{h&0 edge
strongly correlated to differences in the geometrical strucshowed a deviation of5.7°. A plausible explanation for this
ture. As a result of the geometry relaxation, the axial F atoms the strong interaction of the F atorisn the outgrowth
originally bonded to the K) atom in the buckled N)BN(2) with the B and N atoms situated on the edge. This may then
outgrowth was found to bend backwards to form a bond withinduce geometrical constraints in the outgrowth representing
the (100 B edge[Fig. 5(@)]. As can be seen in Fig(B), the the chair(cubic) conformation(see Sec. IV R
resulting B-F and K2)-F bond lengths are 1.44 and 2.41 A,
respeqtively. Since the N-F bond is weaker than th_e_ corre- 3. N-rich (100) edge
sponding B-F bond343 vs 757 kJ/moJ*”* the transition _ . .
relatively more stable. The H-terminated outgrowths, forN-rich (100) edge are shown in Table Il. In analogy to the
which there are no such geometrical rearrangements, do n8trich (100 edge, the growth of the partially saturated
have the driving force to invoke a transition from N-H to (buckled ring system is energetically favored versus the
B-H. The difference in bond energy between N-H and B-H iscontinuous growth oh-BN.
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TABLE Il. Relative energies obtained for the nucleation of = TABLE lll. Relative energies obtained for the nucleation of
buckled ring systems and their planar counterparts on(10€) buckled ring systems and their planar counterparts on(14€)
zigzag edge of th&-BN basal plane. armchair edge of the-BN basal plane.

Planar outgrowth Buckled outgrowth AE (kJ/mol) Planar outgrowth Buckled outgrowth  AE (kJ/mol)

B,NH; H substituted BNHg H substituted 336 BNH, BNH, c-BN 576

F substituted F substituted 414 w-BN 725

B,NF; H substituted BNF5 H substituted 630 BNF, BNF, ¢c-BN 820

F substituted F substituted 476 w-BN 858

For the H-terminated and H-substituted type of out-nucleus, whereas the boat configuration corresponds to a
growth, the relative energy for the buckled outgrowth is 336wurtzitic (w-BN) nucleus. Figure @) illustrates the contin-
kJ/mol. For the F-terminated and F-substituted outgrowthued growth ofh-BN and consists of onlys p?-hybridized
there is a relative energy of 476 kJ/mol. The difference beatoms.
tween the two types of termination is somewhat smaller on The process of BN nucleation on the armchair edge of the
this edge than it is on the B-rich edg®40 vs 191 kJ/mol, h-BN basal plane is thought to occur with a similar process
respectively. In conformity with the B-rich(100) edge, the as on the zigzag edgésee Sec. IV AL However, the two
situation with a mixture of termination and substitution wasedge atomgone B and one Nthat are bonding to the out-
calculated. The relative energy for a buckled H-terminatedgrowth must also bep® hybridized in order to achieve the
outgrowth on an F-substituted edge is 414 kJ/mol, and is thugght geometrical structure for the buckled outgrowigs.
higher by ~80 kJ/mol compared to the situation with H as 3(a) and 3b), respectively. In the relative energy calculation
both terminator and substitue(836 kJ/mol. For the other for the armchair edge, Eql) must, hence, be balanced by
situation, with F termination and H substitution, there is a+2E,, (E,=total energy of an H atojrin addition to the
relative energy of 630 kJ/mol, which is150-kJ/mol higher total energy of two terminating atoms-@Ey). All atoms in
than the situation with F termination and F substitutidiié  the outgrowth, as well as the two extra hydrogen atoms on
kJ/mo). In contrast to th€100) edge, it can thus be seen that the edge, are allowed to fully relax during the geometry op-
different substitution on the @) edge alters the relative timization.
stabilization energy for both H- and F-terminated out- The difference in total energy between the planar and the
growths. For the H-terminated and F-substituted case, th&vo buckled types of outgrowth&hair or boat conforma-
increased stability correlates to the geometry. In Fig),5t  tion) from the armchair edge is presented in Table Ill. The
can be seen that a three-center-two-electra 28) bond is  results show that the buckled outgrowths are in all cases
formed as a result of the geometry optimization. The anglenergetically preferred over the planar counterpart, which
£/ BHB is 90.1°(the value forg-diborang*® and the bridging represents a continued growth of hexagonal boron nitride.
B-H bond distances are 1.37 and 1.38 A, respectiytlg ~ The relative energy obtained for the H-terminated out-
value for gaseous diborane (187 A)].4 growths in the chair¢-BN) and boat (v-BN) conformations

As for the (100) edge, changes in the geometry of theis 576 and 725 kJ/mol, respectively. The numerical values of
F-terminated outgrowths occur on the_Oﬂ) edge, albeit the relative energy for the corresponding F-terminated out-

only for the H-substituted situation. This strongly correlatesd™oWths are 820 and 858 kJ/mol, respectively. Hence, the

to differences in stability between the H- and F-substituted!U°rin€ atoms contribute also for this type of edge to the
outgrowths (~480 vs 630 kJ/mol The equatorial F atom higher stability for the buckled outgrowths. Noticeably, the

bonded to the N atom in the(BINB(2) outgrowth migrates difference in stability between the differently terminated out-
to the B1) atom as a result of the structural optimization 9"0Wths(H or F) is almost twice as large for the chair con-
procedure[Fig. 5c)]. The numerical values of ®)-F and formation[246 kJ/mol(576 vs 820 kJ/mg] than for the boat

N-F bond lengthg1.42 vs 2.40 Aillustrate this[Fig. 5(d)]. ~ conformation[133 kJ/mol (725 vs 858 kJ/mal. As pre-
A symmetric outgrowth is consequently formed sented above, boat nuclei are more stable than the corre-
[B(1)F-NF-B(2)F,]. In analogy to the B-rich100 edge, sponding chair nuclei. The difference in relative energy is

the transition from N-F to B-F leads to a more stable buckledl#9 kJ/mol for the H-terminated outgrowths and 38 kJ/mol
system due to the different B-F and N-F bond strengfri. for the F-terminated ones. However, the energy difference of
On the H-terminated outgrowths, no such transitibiaH to 38 kJ/mol between the two different nucleus conformations

B-H) occurs. is not large enough to be able to draw any conclusions re-
garding phase stability. The somewhat larger difference of
149 kJ/mol suggests that the wurtzitic nuclei are more stable
than the cubic ones.

There are two possible conformations of the The order of stability is generally regarded to be very
sp-hybridized(buckled outgrowth from the(110) armchair  interesting. A qualitative comparison of our theoretical ob-
edge of then-BN basal plane. One is the chair conformation servations with calculations of total energy for the two types
[Fig. 3(@] and the other is the boat conformatifdfig. 3(b)].  of bulk structures will reveal the more established stability
The chair configuration corresponds to a cubic-BN) order:c-BN is more stable tham-BN. A direct quantitative

B. Nucleation on the armchair edge of the basal plane
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TABLE IV. Relative energies obtained for the nucleation in ex-
tremely reactive environments of buckled ring systems and their
planar counterparts on th&00) edge ofh-BN (001).

Planar outgrowth Buckled outgrowth AE (kJ/mo)
BN,H, H substituted BNHg H substituted 439
F substituted F substituted 448
BN,F, H substituted BNFg H substituted 434
F substituted F substituted 552

(b)

radical [N(X;)-B(X5)-N(X5)] or [N(X)-B(X)-N(X5)]
type of outgrowth. The relative energy for these radical out-
growths will, in the present study, be compared to tioa-
radical situation. If the adsorption does occur, it is thought to
be of an extremely short-lived character. The ionic cubic and
hexagonal outgrowths are shown in Figéa)éand Gb), re-
spectively.

The relative energies for the radical buckled outgrowths

FIG. 6. An illustration of(a) c-BN and(b) h-BN nucleation on  on the B-rich(100 edge are presented in Table IV. They are
the (T_OO) edge in an extremely radica|_rich environment. The grayto be Compared W|th the relat've enel’gles fOI’ the nonrad|ca|

atoms are either terminating H or F species. The terminating specidduckled —outgrowths in  Table | H-terminated and
“X” (neighboring the outgrowirare either H or F. H-substituted as well as F-terminated and F-substituted out-

growths have then been investigated. Moreover, in confor-
comparison between our results and the results obtained byity with Secs. IV A1-3, the method of mixed termination
other research groups would, however, be misleading sincand substitution was also employed. The difference in rela-
the values presented here are calculated as an energy per ntiwke energy for a radical and a nonradical situation is for the
template(including all of its atoms If the values are instead H-terminated outgrowths-110 kJ/mol in favor of the radical
recalculated as energy per mol atotbyg dividing by the 30  situation[439 vs 329 H substitutecand 448 vs 33%F sub-
atoms of the templajeinteresting results will be obtained. stituted kJ/mol]. For the F-terminated outgrowths, the cor-
For the H-terminated outgrowths, the energy difference beresponding difference is-30 kJ/mol(434 vs 466 and 552 vs
tweenc-BN andw-BN will then become 5.0 k@imol atomg 520 kJ/mol. This implies a weak tendency for the
and for the F-terminated case, it will be 1.3 (kdbl atoms H-terminated nonradical outgrowthiboth H and F substi-
(both in favor ofw-BN). Earlier theoretical investigations, tuted to adsorb an extra radical H species and, hence, be-
using either pseudopotentials with plane-wave basis sets @ome a radical outgrowth. On the other hand, there is hardly
an ab initio orthogonalized linear combination of atomic or- any tendency for F-terminated nonradical outgrowths to un-
bitals method, have shown that the cubic phase is favoredergo any further adsorption of radical F species.
over the wurtzitic by 1.9 and 0.5 Kdiol atoms, The relative energies for the ionic buckled outgrowths
respectively>*3A qualitative comparison of energies shows from the N-rich(100) edge are presented in Table V. These
that our results, concerning phase stability within the nuclevalues will be compared with the numerical values for the
ation stage, are numerically very similar to the results obheutral outgrowths in Table II. It can then be seen that all
tained from the bulk-structure stability investigations. How- differences in relative energy between ionic and neutral
ever, since the absolute numerical values of the energies akeickled outgrowths lie within the range78——59 kJ/mol.
very small, our obtaine¢and reversedorder of stability for  Interestingly, it is only the two situations with identical spe-
c-BN andw-BN will most probably be the effect of using cies for termination and substitutiqil/H and F/B that are
different theoretical methods and approximations therein. energetically in favor for the adsorption of radical H or F

species to a neutral outgrowth78 vs +40 kJ/mo). How-

C. Nucleation in extremely reactive environments

TABLE V. Relative energies obtained for the nucleation in ex-
tremely reactive environments of buckled ring systems and their
planar counterparts on th&00) edge ofh-BN (001).

As a test of the behavior of BN growth in an extremely
reactive and radical-rich environment, the hypothesis of ex
tra adsorption of H or F to the various outgrowths is inves-
tigated. In the BNB case, this will lead to the production of

an ionic [B(X,)-N(X,)-B(X,)] and [B(X)-N(X)-B(X,)] Planar outgrowth Buckled outgrowth AE (kJ/mol)
type of outgrowth for the buckled and planar outgrowths,  B,NH, H substituted BNHg H substituted 414
respectively. The relative energy for the ionic case will here F substituted F substituted 385
be compared to the relative energy for the more likedy- B,NF, H substituted BNF, H substituted 571
tral situation. For the NBN outgrowth, on the other hand, the E substituted F substituted 516

adsorption of an extra species leads to the formation of a
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ever, these differences in relative energy are numericallghe corresponding H-terminated ones for all edges investi-
very small. Moreover, they are expected to become evegated. The differences in stability(in relation to
smaller at the temperatures used in chemical vapor deposH-terminated outgrowthsare ~160, ~180, and~190 kJ/

tion of ¢-BN thin films. _ o _ mol for the edge€100), (100), and(110), respectively.
As a result of these calculations, it will be possible to Moreover, the following order of cubic stability was ob-

types of outgrowths will thermodynamically have the samzjserVEd for the various edgéfor both H and F termination

probability to form on the edges of thie BN basal plane in (110)>(100)>_(100)' The differences in stability between
an extremely radical-rich environment. Hence, this will fur- the (110 and (100) edges are 200 and 270 kJ/mol for H- and
ther support the idea of nucleation and growthceBN on  F-terminated outgrowths, respectively. The corresponding
h-BN. differences between the Q0) and(100) edges are 40 and 60
kJ/mol, respectively. It should be stressed that only the nu-
V. CONCLUSION merical difference in total energy between cubic and hexago-
) ) i nal nuclei is presented here. The results in the present study,
—The nucleation of cubic BN on the zigzag edge80 and  hence, predict the phase that will be the thermodynamically
(100) as well as on the armchair edg@l0 of the basal most plausible if any nucleation may occur. In order to study
plane of hexagonal BN has been theoretically investigateéhe possibility for any nucleation to forrtboth thermody-
using a cluster approach and density-functional theoryamically and kinetically one has to look for specific reac-
(DFT). The total energy of the different bucklédubic and  tion mechanisms with accompanying transition states. This is
wurtzitic) outgrowths from the edge atoms has been related|anned to be our next step within this area of research.
to the total energy of the corresponding placiaexagonal In the situation with an extremely radical-rich environ-
counterpart. _ _ ment, a second type of both buckled and planar outgrowths
The outgrowths on the different edges were either H or Fhas heen modeled. It was then observed that, with one ex-
terminated. The result of the calculations show that in an Heeption, there is an equal probability to obtain either a neu-
or F-rich environment, the nucleation ofBN along the zig-  tra or a radicalfionic outgrowth in the CVD growth of
zag edges as well as along the armchair edge-BN(001)  ¢.BN. The nonradical H-terminated outgrowths on the
is energetically more favorable than a corresponding nucles.rich (100) edge showed a weak tendency for adsorbing an
ation of h-BN. On the armchair edge, the nucleation of extra radical H species and, hence, become radical out-
w-BN is even more energetically preferred than the nuclegrowths. This result strongly supports a favoe@N nucle-
ation of c-BN. The hybridization of the atoms constituting ation onh-BN.
the cubic and wurtzitic outgrowths was closegp? in all
cases but one, since the deviations from the tetrahedron
angle were less than four degrees. The species H or F, termi- ACKNOWLEDGMENTS
nating the edge atoms closest to the different outgrowths,
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