J. Phys. Chem. A997,101,9445-9448 9445

Diamond Nucleation on Hexagonal Boron Nitride: A Theoretical Investigation of the
Influence of Nearest Substituents
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The effect of electronegative substituents on the diamond nucleation on hexagonal boron nitride (h-BN) was
investigated theoretically by using the DFT method. Fluorine and hydroxyl were used as substituents on
zigzag edge atoms of the basal plane. Outgrowths corresponding to diamond nuclei were calculated to be
energetically more stable than the corresponding growth of graphite nuclei for both types of substituents. A
comparison between the nucleation of diamond on H-terminated and substituted h-BN edges showed only
small energy differences. The effect of the larger electronegativities and radii of F and OH on the stabilization
energy of the diamond nucleation was found to be minimized by the lengthening of the substituent-ring
distance and by distortion of the geometry.

Introduction reported high nucleus densities of diamond on polycrystalline
substrates. A nucleus density of 4 10* nuclei/cn? was
fobtained afte a 3 hdeposition in the work by Johanss#n.
Lidlbauer et aP? reported a nucleus density of610° nuclei/
cn? after 5 h ofdiamond deposition. The hot filament technique
was used in both investigations.

The ab initio study by Johansson et2alconfirmed the

Diamond is a very good candidate material for use in both
electronic and wear resistant coating applications because o
its extreme hardness, high thermal conductivity and electric
resistivity, optical transparency, and chemical inertness. Fab-
rication of diamond electronic devices of particular interest

includes high-power/high-frequency devices and devices to be possibility of growing diamond on a graphite-like substrate such

used in high-temperature, high-radiation flux environments. as h-BN. Outarowths corresponding to diamond nuclei were
Recent developments in the gas-phase synthesis of thin (nm) : g P 9

diamond films, under conditions where graphite is the thermo- calculated to he energetlcally_more stgble (at .O K) than the
dynamically most stable form of carbon, have increased the corresponding growth of graphite nuclei for all different edges

interest in these types of diamond devices. Diamond films are of the h-BN (001) plane. A comparison between '_[he nuc!eanon
rarely epitaxial with the substrate except when grown on bulk of diamond on the;e three edges with the nucleation of dlamond
diamond. However, evidence of heteroepitaxial growth of on the corresponding _edges of the basal p!ane of g_raphlte was
diamond on substrates with similar cell parameters, e.g., BeO, also ”.‘ade- The relative energy f_or a Ch?‘" formation (corre-
SiZ* Ni,5 CuS ¢-BN,”12 and 8-SiC1415 has been obtained. sponding to a diamond nucleus) in j[he dlffergnt edges of the
By use of the experiences of heteroepitaxial growth of diamond basal plane of h'B.N was then numencglly similar to the results
on different substrates, complex composites could be producedOf the_ corresponding diamond nucleation on the edges of the
that may become more efficient than conventional tools for graphite basal plane. . .
various industrial applications. For instance, the possibility of In the present work, a comparative structural and energetic

creating a composite material consisting of the two hardest Q\éitsrtclngl?etlzntivs srgs(sjt(iatug]ntgrgea:n:jo—(sjtg()jyor:htiemc];li:?nnc?: d of
material phases now in existence, diamond arBN, is 9

obviously particularly attractive growth on h-BN. The nucleation of diamond on the zigzag
It is well established that graphite is a proper substrate for edge atoms of h-BN, using a cluster approach and the density

diamond growt$1® Hexagonal boron nitride (h-BN) is functional theory (DFT), is then especially investigated. The

another good candidate as substrate for the diamond growth. ISPECIes F and OH is assumed to terminate the edge atoms, then

has a structure that is almost identical with the graphite one to become the closest neighbors to the outgrowths. The effect

but where every other carbon atom has been replaced by a boro of these substituents on the stability of buckled outgrowths
and a nitrogen atom, respectively. The bond lengghy of rEdlamond nuclei) on the two zigzag edges of h-BN (100 and

h-BN is 1.45 A, which is quite close to the corresponding bond (;iggés\gcli"i'nTelg;ﬁ)nptrﬁﬁgt :gvﬁist?gaﬂggr ?oern?sti?‘eonl;[tedroalrt]g
length in graphite rc—c = 1.42 A). This structure provides grap P 9

two zigzag edges (boron atoms on the (100) edge and nitrogenamd o the H-terminated h-BN edges.

atoms on the £100) edge) and an armchair edge (alternate Method
boron and nitrogen atoms on the (110) edge).

Both experimentdf21 and theoretical investigatioffshave The nucleation of diamond on the different types and
been performed regarding nucleation of diamond on the configurations of edge atoms of the hexagonal BN (001) plane
hexagonal BN substrate. The experimental investigations was investigated within the framework of density functional
theory, using the program system CASTEP from Biosym/
€ Abstract published ilAdvance ACS Abstract$yovember 1, 1997. Molecular Simulation Technologies of San Diego. The ap-
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TABLE 1: Total and Relative Energies for the Growth of
Buckled and Planar Ring Systems on the (100) and<100)
Edges of the h-BN Basal Plane

substituent Epuckiea (V) Eplanar(€V) AE (kJ/mol)

B-Rich Edge

—H —3183.34 —3152.63 560

-F —4260.09 —4229.68 531

—OH —3960.60 —3930.10 541
N-Rich Edge

—H —3182.34 —3151.37 584

—-F —4256.52 —4225.96 545

—OH —3957.96 —3927.45 541

—OH (4k-points) ~ —3957.96  —3927.05 530

Figure 1. lllustration of the template used in the calculations of the ~ —OH (8 k-points) ~ —3956.88 ~ —3926.52 525

diamond nucleation stabilization energy. A diamond outgrowth from aCalculations are performed with 1 k-point and with different

the zigzag edges of the h-BN basal plane is sketched. Four h-BN rings g pstituents. In addition, calculations were also performed with 4 and
are then used. The two central ones carry the carbon outgrowth, while g y_noints, respectively, for the substituerOH.

the outer ones carry the substituent (H in the present illustration). The
composition of the diamond outgrowth igHs. . .
Results and Discussion
proximation method used is the gradient-corrected LDA version  A. General. The assumed mechanism for diamond nucle-
as developed by Perdew et?8l.The electronic relaxation is  ation on the zigzag edge of the basal plane of h-BN involves a
achieved by minimization of the total energy. The electronic combination of abstraction of terminating substituents and
wave functions are expanded using a plane wave basis set, anddsorption of hydrocarbon species. These individual steps will
the expansion coefficients are varied in order to minimize the result in a completion of a buckled six-membered ring contain-
total energy, with an independent optimization of each wave ing three sp-hybridized carbon atoms (Figure 1). The three
function. We employed a plane-waves basis set with kinetic other members of this partially saturated outgrowth from the
energy cutoff up to 10 Ry, corresponding to 35@Y00 plane zigzag edge atoms of h-BN are 2dpybridized boron and
waves in the unit cell. The electreiion interaction is described  nitrogen atoms. On the boron-rich (100) edge, two boron atoms
by using pseudopotentials generated using the scheme of Linare bonded to the carbon atoms and a nitrogen atom completes
et al.3%which ensures the transferability of the potentials. The the ring. Two nitrogen atoms are bonded to the carbon atoms
pseudopotentials are then used in the KleynrBylander on the nitrogen-rich edge. In the graphitic counterparts two of
separable, norm-conserving foéh. the three added carbon atoms arélsgbridized, while the third
The calculations are fully self-consistent with eigenvalues is sp-hybridized. An alternative approach would have been to
obtained using either 1, 4, or 8 k-points. The primary method choose an sphybridized carbon radical system instead of the
of k-points generation is the MonkhorsPack schem@& which sp*-hybridized carbon atom. However, the possibility for this
produces a uniform mesh of k-points in the reciprocal space. sp-hybridized carbon atom to undergo an H adsorption reaction,
The quality of the representation has been verified by increasingresulting in an sphybridized carbon atom, is very large in the
the density of k-points used in the mesh. A quantity of 1, 4, growth environment in a hot filament reactor.
and 8 k-points have been used for a specific system. However, B. Stabilization Energy. The relative total energies for the
the relative total energies for the different outgrowths became buckled and planar ring systems are given in Table 1. These
quite similar, and 1 k-point was used for the other calculations relative adsorption energies will hereafter be referred to as
in the present investigation. stabilization energies of diamond nucleation. The effect of a
The presence of substituents on both sides of the carbondifferent number of k-points on the stabilization energy has been
outgrowths implies a template consisting of four aligned tested for the system withOH substituents on the N-rich edge.
aromatic rings. The two central rings carry the carbon The results reported in Table 1 show an energy difference of
outgrowth, while the outer rings carry the substituents (Figure about 10 and 15 kJ/mol for a scheme with 1 k-point compared
1). A supercell approach is used in the calculations. The four- to 4 and 8 k-points, respectively. These differences are, hence,
ring template is included in a unit cell with vacuum regions of less than 3% of the total stabilization energies. A quantity of
7 A in the (001) and (100) directions while keeping the 1 k-point was chosen to be used for all investigated systems.
periodicity in the (110) direction. To be able to investigate the effect of electronegative
The total energy of two different types of outgrowths from substituents on the stabilization energy of diamond nucleation,
the two edges of the h-BN basal plane was calculated for a calculations have been carried out on corresponding H-termi-
saturated carbon ring system and the graphitic counterpart. Thenated templates. Similar to the results in a previous p#per,
aim of these calculations was to obtain relative total energies outgrowths corresponding to diamond nuclei are calculated in
for these two types of outgrowths. The relative energies are the present work to be more stable than the graphitic counter-
balanced by the total energy of two hydrogen atoms, since theparts. Furthermore, a comparison of stabilization energies for
buckled form of the outgrowth contains two more atoms than the two zigzag edges (B- and N-rich, respectively) does not
the graphitic one (the composition of the diamond and graphitic show any significant differences.
outgrowth is GHg and GHyg, respectively). The energy of the In addition to the large differences in electronegativities of
two hydrogen atoms has been calculated by including them in F/O (in OH) and H, there is a rather large variation in the radii.
a unit cell of the same size as for the template and at a distanceThe covalent radii of F and OH are larger than for H (0.72,
similar to the one they have in the diamond outgrowth. All 0.96, and 0.20 A, respectively). Both these factors (electro-
geometrical parameters of the different types of outgrowths from negativities and radii) may influence the diamond nucleation.
the edge atoms of the hexagonal BN (001) plane were allowed The latter will influence by introducing steric hindrances. The
to be fully relaxed, as well as the substituents and the two atomsinfluence of electronegative differences on, for example, adsorp-
bonded to the carbon outgrowths. tion and nucleation on H- and F-terminated diamond surfaces
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TABLE 2: Bond Distances between the Edge N Atoms and TABLE 3: Total Atomic Charges Obtained from Mulliken

the Substituents and Carbon Outgrowths, Respectively Population Analysis, Based on the MP2/6-31g** Theory
B-Rich Edge X A B C
substituent B subsituendA) rg-c1(A) rs-cz2 (A) H (graphite} —0.08 050 —0.76 0.74
F (graphite) —-0.51 0.86 -0.79 0.78
~Heucked) 1.236 1.700 1701 OH (graphite} ~ —0.76 (O) 0.84 —0.79 0.77
—F(ouckied) 0.31 (H)
~OHuckied) 1.629 1.715 1.702 H (diamond} -0.11 048 —0.75 0.75
—Ewanan i-gig i-‘;gi i-gig F (diamond) ~0.49 0.84 —0.76 0.75
~ (planar) : : : OH (diamond —0.74 (O 0.79 —0.75 0.74
—OHplanan 1.660 1.702 1.635 (diamon 0.0 gH))
N-Rich Edge H (graphite} 0.17 —0.64 076  —0.68
: g F (graphite) ~032 ~035 080 —0.76
substituent  I'n—supstiuend(A) rn—c1 (A) rn—c2 (A) OH (graphite) ~ —0.43(0)  —0.48 0.76 —0.73
—Hbuckied) 1.129 1.910 1.939 . 0.38 (H)
—Foukiod 5004 1939 1939 H (diamondy 0.26 -0.76 0.80 —0.75
—OHpuckied) 2.000 1.941 1.913 F (dlar_nondB —0.38 —0.32 0.78 —-0.74
_H(planar) 1.131 1.910 1.897 OH (dlamondB —0.49 (O) —0.48 0.79 —-0.72
—Fptanan) 1.967 1.970 1.897 0.35(H)
~OHptanan) 1.965 1.985 1.913 aB-rich edge? N-rich edge * X is the substituent. A is the nitrogen
aThe carbon atoms C1 and C2 (bonded to the edge atoms) are two€dge atom _bonded to the substituent X. C is one of the surface atoms
of three atoms in the carbon outgrowth. that are being bonded to the carbon outgrowth (the closest one with

respect to the X substituent). B is the edge boron atom between the A

has earlier been investigated theoretic&ly> Charge transfer ~ and C atoms.
from the surface, and specific adsorbates, to the electronegativeb . .
terminating F species was then also discussed. No correspondPOth type of edges (B- and N-rich zigzag edges). The
ing withdrawing effect was observed when terminating the deformation density is the dlfferencg petween the mole_cular and
surface with H atoms. the unrelaxed atomic charge densities. No change in charge

As can be seen in Table 1, the influence of the substituentsdiStribUtion within the h-BN ring formation was observed for
on the stabilization energies is very similar despite large the different types of outgrowths and for the different substit-
differences in electronegativites and/or covalent radii. The uents. The Iarge§t electron den5|t!es are Iocahzgd within the
stabilization energies are all included within a range of 40 kJ/ N—B bonds, polarized toward the nitrogen atoms, independent
mol. Structural geometries of the region close to the outgrowth, ©f tyPe of edge. Large electron densities are also localized
as well-as electron densities, may give further information, ~ Petween the shybridized carbon atoms in the graphitic

C. Structural Geometries. The different edges involved outgrowth, as.\./vell as on the SUbSt,'tueﬂfé and—QH. In the. .
in the present investigation include two zigzag edges (boron €@S€ Of graphitic outgrowths, the six-membered ring (containing
atoms on the (100) edge and nitrogen atom on +HE00) edge). C, B, and N) are well m_cluded in the_ aromatic system with
These edges are assumed to be terminated with H, F, or OH..eIectr(.)ns equal!y delocalized over aII.flve rings. Hence, edges
The two edges, including diamond outgrowths, are illustrated including graphitic outgrowths will gain the energy of an extra

in Figure 1. Information about the geometrical structures (e.g., 2r0mMatic ring, with a stalibization of the graphitic outgrowth

bond lengths) of the different substituents on both edges arecompared to _the diamond one. .
shown in Table 2. The BH and N—H distances are rather Total atomic charges were furthermore calculated in order
similar (1.24 vs 1.13 A). This is not the situation for the to study the influences of different substituents more in detail.

substituents-F and—OH. The N-F and N-O distances are  Mulliken population analysis was then used, based on the MP2/
about 2.0 A, while the corresponding- and B-O distances 6-31g** level of theory3” The total charges of the substituent
are about 1.6 A. In contrast, the distances between N and thesé@nd for three of .its closest edge atoms are pr.esented in Table 3.
electronegative substituents are expected to be smaller that thé'S ¢an be seenin Table 3, the effects of the different substituents
corresponding distances for®.Furthermore, the ring structure  ©N the total charge of the atom N/B bonded to the outgrowth
of h-BN was found to be rather distorted by the presence of &€ a_ll_most identical. The variation in c_harges obtained 'for a
—F or —OH. Although the overall geometry is rather flat for speqlflc edge decreases quickly when going from the substltggnt-
a H-terminated edge, the ring atoms attached to the carbonPinding édge atom to the atoms bonded to the carbon-containing
outgrowths as well as the substituents or —OH are buckled,  outgrowth. This s to be compared with an earlier stéftiyhere

The —F and—OH substitutents are then bent out of the h-BN dla_mond growth on dlamo_nd (111) surfaces were investiagted.
plane by about 40 The —OH substituents are also bent away Neighboring surface-terminating F atoms were then found to

from the outgrowth by about 109 The presence of differently influence the charges _of the ad_sorbant-binding surface atoms
hybridized carbon atoms in the graphitic outgrowths results in MOre than corresponding H neighbors do. These differences

a structural asymmetry with different-€ bond lengths1.4 in total atomic charges were found to correlate with differences
and 1.7 A). in adsorption energies. One of the major differences between

It is then possible to draw the conclusion that the effect of € Present investigation and the former one is the aromaticity
the electronegativities and radii of the substituents on the ©f hexagonal BN. This aromaticity may play a certain role in
stabilization energies of diamond nucleation may be minimized MN'MZINg the_effect of an electronegative subsitutent.
by lengthening of the ring-substituent distance and by distortion 1N results in Table 3 strongly support the results of the
of the structural geometry close to the outgrowth. When the Calculated adsorption energies in Table 1.

N—F and N-O bonds are forced to a shorter distance of 1.6 A,
a decrease in stabilization energy of about 100 kJ/mol was
obtained. The effect of different electronegative substituents on the

D. Electron Densities Electron deformation densities were  stabilization energy of diamond nucleation on the zigzag edges
calculated for all three substituent$d, —F, and—OH and for of h-BN has structurally and energetically been investigated

Summary
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using a cluster approach and the DFT method. The investigation  (5) Yang, P. C.; Zhu, W.; Glass, J. 7. Mater. Res1993 8, 1773.
has been carried out on the (100) ard.00) edges of the basal (6) Prins, J. F. IrProceedings of the 2nd International Conference on
| . = d OH ( )b tit 0 )t gTh leati New Diamond Science and Technolpliessier, R., Glass, J. T., Butler. J.
plane, using F an as substtuents. €se nuclealiong  Rroy R., Eds; Material Research Society: Pittsburgh, 1991; p 386.

processeses have been compared with corresponding processes (7) Haubner, RRefract. Met. Hard Mater199Q 9, 70.
involving hydrogen. In addition to large differences in elec- (8) Koizumi, S.; Murakami, T.; Inuzuka, T.; Suzuki, Kppl. Phys.
tronegativities of F, O (in OH), and H, there are large variations L-€tt. 1990 57, 563.

: e (9) Yoshikawa, M.; Ishida, H.; Ishitani, A.; Murakami, T.; Koizumi,
in covalent radii. Both of these factors are generally assumed s . j,uzuka, T Appi. Phys Lett 1990 57, 428.

to influence the diamond nucleation. (10) Yoshikawa, M.; Ishida, H.; Ishitani, A.; Koizumi, S.; Inuzuka, T.
The calculations in the present investigation show that the Appl. Phys. Lett1991 58, 1387.

presence of H, or the electronegative species F and OH, does (11) Koizumi, S.; Inuzuka, T.; Suzuki, ®iamond Relat. Mater1992

not substantially alter the diamond stabilization energy (or the ™ (12)' Grot, S. A.: Hartfield, C. W.: Goldenblat, G. S: Bdzian, A. R.:

atomic charges). This is in contrast to earlier investigations Badzian, T.Appl. Phys Lett. 1991, 58, 1542.

where growth processes on diamond surfaces were stéftiiéd. (13) Argoitia, A.; Angus, J. C.; Ma, J. S.; Wang, L.; Pirouz, P.;
For instance, the adsorption of a growth speciesgCbeing Lambrecht, W. R. LJ. Mater. Reﬂﬁg“ 9, 1849 i

the first step in a nucleation process, was found to be influenced 823 gg‘gg;\’\é_’ 'F‘Q'_"’_‘%g's’f ﬁ?ﬁp}fsﬁ,ﬁ;ast_ufe?tolgéfgg legff K83.
differently by neighboring surface-bonded F vs H spe¢i&oth (16) Johanéson, E Norékrans, A.-S.; Carlsson, Diamond Relat.
the adsorption energy and the total atomic charges close to theMater. 1993 2, 383.

structural region of adsorption varied. (17) Angus, J. C.; et alElectrochemical Society interfageThe

. . Electrochemical Society: Pennington, NJ, 1991; Vol. 91-8, p 125.
Different factors are assumed to be responsible for the (18) Dubray, J. J.: Pantano, C. G.: Yarbrough, W.JAAppl. Phys.

minimization of the effects of electronegativity and induced 1992 72, 313s.
steric hindrances, respectively. One is the observed lengthening (19) Larsson, K.; Carlsson, J.-O.; Lunell, .Phys. Chem1994 98,
of the substituentsring distance and distortion of structural 5019

. . (20) Johansson, E. Unpublished results.
geometry close to the outgrowth. An electrostatic interaction (21) Lindlbauer, A.- Haubner, R.: Lux, B\ear 1992 159, 67.

betwe_en the SL_Jbstit_uthOH and the diamond outgrowth is (22) Johansson, E.: Larsson, K.; Carlsson, J3(Rhys. Chem1995
then included in this type of factor. Another factor is the 99, 12781.
aromaticity of the hexagonal BN substrate. (23) Rudder, R.; Posthill, J.; Markunas, Rectron. Lett1989 25, 1220.

(24) (a) Patterson, D.; et dbiamond Relat. Mater1992 1, 768. (b)
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