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Abstract

Experimental observation of cubic boron nitride(cBN) growth on most substrates showed that cBN nucleated and grew on
turbostratic boron nitride(tBN) layers. TEM study of BN films deposited by both PVD and CVD methods revealed three major
types of tBN environments in the tBN layerwtBN with its (0002)planes parallel to the growth direction(I), perpendicular to the
growth direction(II) and with its (0002) planes forming curvatures in random directions(III )x. In accord with these tBN
environments observed by TEM, the corresponding structural models were designed via theoretical studies. The theoretical studies
used frontier orbital theory based on ab initio Hartee–Fock calculations to compare the reactivity of the tBN environments serving
as further reaction sites for the cBN growth. Both B and N were chosen as reactants. The type I tBN showed the highest
reactivity, while the type II tBN exhibited the lowest reactivity. The type III tBN yielded different reactivity levels, which varied
upon the curvature of the tBN(0002)planes. In terms of analyzing the nucleation sites on tBN planes, possible cBN nucleation
mechanisms are also discussed. These results are consistent with the current experimental observations and data previously
published.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Boron nitride(BN) films can be synthesized using a
variety of physical vapor deposition(PVD) and chemi-
cal vapor deposition(CVD) methods, including ion-
assisted pulsed laser deposition, sputtering, direct
ion-beam deposition, and plasma assisted CVD deposi-
tions w1–6x. Most of the deposition methods can yield
some cubic phase in the BN film. However, the cubic
boron nitride(cBN) phase concentration and its purity
vary under different deposition conditions. BN films
grown on most substrates follow a layered growth
sequence, i.e. first an amorphous BN layer formed on
the substrates, followed by a layer of turbostratic boron
nitride (tBN) or hexagonal boron nitride(hBN), on top
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of which cBN starts to nucleate and groww1,2,7x. In
order to elucidate such cBN growth, several growth
mechanisms have been suggested, including the sputter
model w8x, quenching the thermal spikesw9x, stress
model w10,11x, and subplantation w12x. However,
detailed explanation of the cBN nucleation process
remains unsatisfactory.
Similar to hBN, tBN also has sp bonding structure.2

Its two-dimensional in-plane order of the hexagonal
basal planes is largely retained, but the basal planes are
stacked in a random sequence and with random rotation
around thec-axis w13x. There are several types of tBN
growths in the tBN layer within BN films. The tBN
growth with its (0002) type of planes perpendicular to
the substrate surface is the most commonly reported
(type I). McKenzie et al. w14,15x analyzed the tBN
formation from the thermodynamic point of view, and
found out that the preferential orientation of the tBN
with its (0002)planes arranged in the most compressive
way, have the lowest Gibbs free energy. Cardinale et al.
w16x claimed that the plastic deformation instead of the
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Fig. 1. (a) High-resolution TEM image of the type I tBN growth.(b)
Corresponding structural model of the tBN shown in(a).

minimum elastic strain energy, contribute to this type of
preferential orientation. Most likely, explanation for this
type of tBN growth usually relates to the stress built-up
in the films caused by the energetic particle bombard-
ment of the BN surface constituents during the deposi-
tion process.
Another type of tBN growth is the tBN oriented with

its (0002)planes parallel to the substrate surface(type
II). However, this type of tBN has never been observed
to serve as cBN nucleation sites. Collazo-Davila et al.
w17,18x discovered BN nanoarches of hBN under inten-
sive electron bombardment. This finding along with the
character of the tBN(disorder along thec-axis), indicate
another type of tBN growth prior to the cBN nucleation,
i.e. tBN grows with its(0002)planes forming curvatures
with different radius(type III).
In this study, cross-sectional transmission electron

microscopy(XTEM) was performed on samples depos-
ited by both PVD and CVD methods. Different tBN
growths were summarized based on the TEM observa-
tions, which also were employed in building structural
models of the tBN environments serving as further
reaction sites. The reactivity of the different tBN envi-
ronments were compared using frontier orbital theory
based on ab initio Hartree–Fock calculations. The indic-
atives following from the theoretical calculations are in
good agreement with the experimental observations.
Possible factors contributing to the cBN nucleation
process are also discussed.

2. Experimental

BN films deposited using different methods were
investigated by XTEM. Two deposition methods were
employed for BN film growth, i.e. r.f. magnetron sput-
tering and d.c. plasma jet. The detailed deposition
procedures were described elsewherew19,20x. Several
samples deposited with different deposition parameters
(mainly different substrate bias) were chosen for the
TEM study in order to obtain a complete understanding
of the films deposited by both methods. For the films
deposited using r.f. magnetron sputtering, the TEM
samples were chosen from the ones deposited withy
120 V,y100 V,y80 V,y50 V substrate bias, and 450
8C substrate temperature; and for the films deposited
using d.c. plasma jet, the TEM samples were chosen
from the ones deposited withy50 V and y70 V
substrate bias and;10008C substrate temperature. The
XTEM samples were prepared by the conventional way,
i.e. slicing, sandwich-gluing and mechanical polishing.
Ion-milling using argon was performed for further thin-
ning the samples down to electron transparency. The
TEM was performed using a Philips CM 200 microscope
(with a point resolution of 1.9 A) operating at 200 kV.˚

3. Modeling of tBN environments serving as further
reaction sites based on TEM studies

Although some of the tBN growths may be widely
reported previously, brief description is given here for
later comparison and discussion. Three typical tBN
growths were observed for all films examined. Fig. 1a
shows the type I tBN growth, i.e. tBN grows with its
(0002) planes perpendicular to the substrate surface.
The edges of its(0002) planes are exposed to the
growth direction. A structural model was built for this
type of tBN growth using a B N cluster. The edges18 18

of the tBN (0002)planes are not saturated by hydrogen
in order to serve as further reaction sites(Fig. 1b). In
fact, the tBN(0002)planes may not be perfectly normal
to the substrate surface; some of them are tilted at
certain angles. Type I tBN growth mode represents all
these possibilities as long as the edges of the tBN
(0002) planes are exposed along the growth direction,
they may serve as further reaction sites. The type II tBN
growth is shown in Fig. 2a. The tBN(0002)planes are
parallel to the substrate surface, and no edges of tBN
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Fig. 2. (a) High-resolution TEM image of the type II tBN growth.
(b) Corresponding structural model of the tBN shown in(a).

Fig. 3. (a) High-resolution TEM image of the type III tBN growth
with its (0002) planes forming large curvatures.(b) Corresponding
structural model of the tBN shown in(a).

(0002) planes are exposed to the growth environment
and in the film growth direction. The structural model
of this type of tBN growth, shown in Fig. 2b, used a
B N H cluster with the edges of the tBN(0002)18 18 16

planes saturated by hydrogen in order to maintain a
stable configuration. The type(III ) tBN growth differs
from the two previous tBN formations. The tBN(0002)
planes do not have fixed orientation, but randomized in
different directions. Fig. 3a and Fig. 4a illustrate the
curved tBN(0002) planes with large and small curva-
tures, respectively. The curved planes were exposed to
the growth environment in the growth direction. The
corresponding structural models are established on
B N H and B N H clusters as shown in Fig. 3b18 18 16 14 14 12

and Fig. 4b, respectively.

4. Theoretical approaches

It has been established that the overlap between the
highest occupied molecular orbital(HOMO) of one
molecule and the lowest unoccupied molecular orbital
(LUMO) of another one(also known as electron delo-

calization) would determine the nature of the chemical
reactions between the two moleculesw21x. The energy
difference between the HOMO of electron donors and
the LUMO of electron acceptors is referred as the
HOMO–LUMO difference of the reacting system. A
small HOMO–LUMO difference indicates a favorable
reaction. In this work, the frontier orbital of different
reactants were determined using Hartree–Fock(HF)
approach. An economic basis setw22x in which a
standard split–valence basis set with polarization func-
tion, 3–21G*, applies only to nitrogen atoms while the
standard split–valence basis set 3–21G to the rest of
the atoms in the system was used for calculations.
Atoms with high reactivity in a system can be deter-
mined by checking the coefficients of the atomic orbital
(AO) wave functions or populations of AO in the
HOMO or LUMO, or by projecting the total density of
states(TDOS) to the constituent atomsw23x. According-
ly, the reactive sites are where the PDOS of the frontier
orbitals shows the larger intensities while the reactivity



1419Q. Li et al. / Diamond and Related Materials 11 (2002) 1416–1421

Fig. 4. (a) High-resolution TEM image of type I tBN growth with its
(0002)planes forming small curvatures.(b) Corresponding structural
model of the tBN shown in(a).

Table 1
Variation of tBN geometryycBN nucleation upon altering the substrate
biasa

Substrate Percentage of Percentage of Fraction of
bias type I tBN in type III tBN in the type III
(V) the tBN layer the tBN layer tBNycBN

(%) (%) environment
(%)

Film (1) y120 ;100 ;0 -1
Film (2) y100 ;90 ;10 ;3
Film (3) y80 ;70 ;30 ;15
Film (4) y50 ;40 ;60 ;30

The amount of type II tBN is extremely small, thus not counteda

here.

is measured by the HOMO–LUMO difference in a
given system. Such an approach has been successfully
applied to the studies of silicon substrate pretreatment
for cBN depositionw24x, the selectivities of hydrogen
etching in diamond and boron nitride depositionsw25x,
the vapor–solid interactions in carbon nitride depositions
w26x, and the formation mechanism of silicon nanostruc-
turesw27x.

5. Results and discussions

A layered growth sequence was observed for all the
films examined, i.e. cBN always grows on top of a tBN
layer, although the tBN layer thickness may be different
w20x. The type I tBN growth is the most commonly
reported tBN environment prior to cBN nucleationw1x.
This type of tBN growth is dominant in BN films
deposited with intensive bombardment by energetic spe-
cies, thus associated with high internal stress, which can
easily induce film delamination. The layer thickness of

tBN in the type I growth is small, usually in a range of
5–40 nm. Most of the previous reported cBN nucleation
w1,2,7,28,29x is on the edges of the type I tBN(0002)
planes, which are exposed to the growth environment in
the films growth direction. Similar observations are
obtained in this study, i.e. all the samples examined
showed the type I tBN growth, however, the abundance
of this type of tBN growth decreases with the reduction
in kinetic energy of ions. Table 1 describes this trend
using a series of films deposited by r.f. magnetron
sputtering. Explanation of the cBN nucleation is usually
addressed to the geometrical similarities between the
cBN (111) and tBN (0002) planes. The type II tBN
growth has not been specifically discussed in literatures
devoted to cBN film deposition, and never been reported
to serve as cBN nucleation sites. Boron nitride films
prepared with high ion kinetic energies do not nearly
contain the type II tBN growth, while the occurrence of
this growth type can be found in samples deposited with
lower ion kinetic energies, as demonstrated in this study
(see Table 1). The type III tBN growth is observed for
samples deposited with medium and low ion kinetic
energy. The abundance of this type of tBN increases as
the kinetic energy of ions decreases(see Table 1). The
layer thickness associated with this type of tBN growth
is usually large(over 100 nm) compared to that of the
type I tBN dominant layer. Cubic BN is also observed
to nucleate and further grow on the curved tBN(0002)
planesw20x.
The reactivity of different tBN environments serving

as further reaction sites is obtained by comparing the
HOMO–LUMO difference of the tBN and the reactant
in the gas atmosphere(Fig. 5). For the same reactant,
the reactivity of the tBN environment is actually deter-
mined by its HOMO or LUMO energy levels, depending
on whether the tBN serves as electron acceptor or donor.
Generally, the type of tBN environments with the lowest
LUMO and the highest HOMO levels is the most
reactive site for further reactions. The calculations show
that the type I tBN is the most reactive, and the type
(II) tBN the least for further reactions during the BN
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Fig. 5. HOMO(horizontal solid lines) and LUMO(horizontal dashed
lines) energy levels of different tBN environments and the energy
levels of B and N atoms.

film growth. The reactivity of the type III tBN with
large curvatures of its(0002) planes is more reactive
than the ones with small curvatures, but still less reactive
than that of the type I tBN.
The calculations are in good accord with the experi-

mental observations. The type I tBN has been observed
widely to serve as cBN nucleation site in most of the
cBN film studies. The edges of the tBN(0002)planes
are always exposed to the growth environment in the
film growth direction. These edges are in extremely
unsaturated state, with dangling bonds sticking out, thus
most likely providing reactive sites for further reactions.
The type II tBN is the most inert site with accord to the
calculation. In fact, this type of tBN has never been
reported to serve as cBN nucleation sites. Possible
explanation is that the chemical bonds of this type of
tBN are fully saturated in the sp configuration, leaving2

very low probability for further reactions. In other words,
further chemical bonding formations on the flat tBN
(0002) planes require breaking the existed bonding,
which represents considerable energy barriers. The cur-
vature of the(0002) tBN planes makes the type III tBN
more reactive than the type II tBN. Collazo-Davila et
al. w17,18x found out that the bending of the B–N–B
bonds in BN nanoarches partially induced sp hybridized3

states of the constituents BN atoms, and suggested that
these nanoarches may serve as cBN nucleation sites. In
fact, the cBN nucleation on the curved tBN(0002)
planes has been reportedw20x recently during PVD
growth of the BN films. Intuitively, the bending of the
B–N–B or N–B–N bonds changes the electron distribu-

tion of the composition atoms by distorting the planar
triangle sp configuration, and thus deviates from the2

fully saturated bonding states.
The calculation also indicates that tBN(0002)planes

with larger curvature are more reactive than those with
smaller curvatures. According to Collazo-Davila et al.,
a 1-nm diameter tube consisting of B–N bonds would
give a B–N–B bending angle of approximately 128 as
projected along the tube axis, which is a significant
fraction of the corresponding value of 54.78 for the
projected angle for pure sp bondsw17x. Instinctively,3

the larger curvature of the(0002) tBN planes would
form the greater B–N bond bending angles, which result
in the stronger sp bond character which gives greater3

probability to serve as further cBN nucleation sites.
Many mechanisms have been proposed to explain the

cBN nucleation on the tBN structure in the previous
literatures. However, most of the mechanisms can only
explain some of the experimental resultsw8–12x. Indeed,
cBN nucleation is a complicated process. Several factors
in parallel contribute to the nucleation process. In
addition to the energy and momentum needed for the
cBN nucleationw2,30x, the availability of possible nucle-
ation sites with high reactivity can be an important
factor as suggested by the current study.
The reactivity calculation suggests that the type III

tBN is less reactive than the type I tBN. Experimentally,
in BN films deposited with low kinetic energy of ions,
although the amount of the type III tBN growth increases
to more than 50%, the observed cBN nucleation density
on the type III tBN remains low compared to those
nucleated on the type I tBNw20x (see Table 1), which
may be explained by the different reactivity of the two
representative environments. Nevertheless, the type III
tBN has great probability to serve as further reaction
sites, which is important for the nucleation and subse-
quent growth of cubic BN. As this type of tBN growth
associates with low stress levels, thus possibly lead to
the thicker cBN films produced without delamination.
The observation that the type III tBN growth, when

serving as the cBN nucleation environments, associates
with lower internal stress, but larger tBN layer thickness
is fairly consistent with the stress model. As the avail-
ability of the nucleation site in the tBN layer is the
same along the film growth direction, certain integral
stress built-up may be needed prior to the cBN nuclea-
tion. Nevertheless, this is not the same mechanism as
the conventional stress-induced adjustment of tBN and
cBN planar distancesw31x. We found that the spacing
of the tBN layers is 5–15% larger than that of crystalline
hBN in the current study, which indicates that the
preferential tBN alignment may be caused by preferen-
tial displacement rather than stressw20x
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6. Conclusions

Three types of tBN growth are observed in cBN film
growth. The tBN(0002)planes are perpendicular to the
substrate surface in the type I tBN growth, and parallel
to the substrate surface in the type II tBN growth. The
type III tBN is characterized with curved(0002)planes
with different curvature radii in random directions.
Theoretical study using frontier orbital theory based on
ab initio Hartree–Fock calculations shows that the type
I tBN is the most reactive environment for further
reactions, and the type II tBN the least reactive reaction
site. The reactivity of the type III tBN with the large
curvatures of its(0002) planes is more reactive than
those with the smaller curvatures. The theoretical cal-
culations together with the experimental observations
suggest that the availability of reactive tBN environment,
along with other factors such as the integral stress in
the films, contribute to the cBN nucleation process.
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