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Abstract

The mechanism and the crystallography of the nucleation and growth of cubic boron nitride (c-BN) films deposited on (100)-oriented
silicon substrate by RF bias sputtering have been studied by means of cross-sectional high-resolution transmission electron microscopy and
X-ray photoelectron spectroscopy. Both methods provide experimental information showing no sp’bonded BN layer formation in the
subsurface region of c-BN phase. This is clear evidence for layer-by-layer homoepitaxial growth of cubic boron nitride without graphitic
monolayers in the near-surface region of the film. The turbostratic boron nitride (t-BN) consists of thin sub-layers, 0.5-2 nm thick, growing
in such a way that a sub-layer normal is almost parallel to the growth direction. t-BN also comprises a large volume fraction of the grain
boundaries with high interface energies. The present result and the finding by Shtansky et al. [Acta Mater. 48, 3745 (2000)], who showed that
an individual sub-layer consists of parallel lamellae in both the hexagonal (h-BN) and rhombohedral (r-BN) configurations, demonstrate that
high intrinsic stress in the films is due to the complex structure of sp>-bonded BN. The crystallography of c-BN films indicates heteroepitaxial
nucleation of cubic phase on the graphitic BN structural precursor. The present results are consistent with stress-induced c-BN formation.
© 2001 Published by Elsevier Science Ltd.
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1. Introduction

The mechanism of growth of cubic boron nitride (c-BN)
films has been studied quite intensively because of the
importance of c-BN in view of its outstanding chemical,
thermal and mechanical properties. In an attempt to provide
a quantitative description of the c-BN growth mechanism,
six different growth models have been proposed (compres-
sive stress model [1,2], dynamic stress (momentum transfer)
model [3-6], preferential (selective) sputter model [7,8],
subplantation model [9-12], cylindrical thermal spike
model [13-15], and nanoarches model [16], neither of
them account for all the experimental results available.
There are several excellent review papers surveying current
theories of c-BN nucleation and growth [16—18]. The c-BN
growth occurs by a mechanism in which the structural
changes are accomplished by several features such as high
compressive stress of several GPa; growth of a layered
structure consisting of an amorphous (a-BN) interface
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layer, followed by textured sp>-bonded BN, and a final
layer of c-BN; existence of a window of bias voltage values
and sharp threshold values for ion energy. Recently,
attempts have been made to revise some basic principles
of c-BN growth on the basis of new experimental results.
Cardinale et al. [19] argued that the observed textures of
sp’-bonded layer are not those that minimize elastic strain
energy as was proposed by McKenzie et al. [1]. The results
by Feldermann et al. [14] and Schwarz et al. [20] revealed
that the growth of c-BN is less affected by substrate
temperature than those accepted previously. McCarty et
al. [21] also suggested that the thresholds for c-BN
nucleation and growth are different as far as both the
substrate temperature and ion energy are concerned, and
the c-BN growth requires softer process parameters. Several
works [22-24] indicated that the near-surface region of the
growing c-BN film exhibits sp>-bonded monolayers that
were taken as indications of either the ion-induced
compressive stress [22,24] or the subplantation [23]
model. The importance of crystallography in the c-BN
film growth leads to a remarkable rationalization of the
observed interface planes and orientation relationships
between the c-BN, hexagonal (h-BN) and rhombohedral
(r-BN ) constituents. Shtansky et al. [25] demonstrated
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that crystallography operates from the earliest stage of the
c-BN film growth and specific orientation relationships were
fulfilled between the h-BN and r-BN phases in the turbo-
stratic BN (t-BN) layer and between the cubic phase and its
structural precursors during the c-BN nucleation.

The purpose of this paper is to present some new
observations of structural evolution of ¢c-BN films, which
allow the mechanism of c-BN nucleation and growth to be
further discussed.

2. Experimental procedure

Cubic BN films were deposited on (100)-oriented silicon
wafers by RF bias sputtering in argon using a sintered hexa-
gonal BN target (KD-3S, ShinEtsu Kagaku). The total gas
pressure was maintained at 16 mTorr. The target input RF
power was 600 W and the applied substrate bias voltage
was kept to —300 V. Prior to deposition, the target was
presputtered for 15 min, the shutters between the electrodes
being close. The deposition time ranged from 3 to 5 min that
resulted in the film thickness of about 40—100 nm.

In order to examine the bonding state of the film surface,
angle resolved X-ray photoelectron spectroscopy (XPS) was
carried out. An X-ray photoelectron spectrometer (XPS-
7000, Rigaku Denki) with an X-ray source of non-
monochromatized MgKa radiation (1253.6 eV) was used.
The hemispherical analyzer was operated at 25 eV path
energy. The electron take-off angle (6) relative to the
sample surface normal was gradually changed from O to
70°. The depth d, which produces majority of the total
signal, equals inelastic mean free path (A) when 6 =0,
whereas the depth d = A cos 8 becomes smaller as 6 is
increased.

Thin foils for cross-sectional high-resolution TEM
studies were prepared using a standard technique involving
sticking of two film/substrate pieces together by epoxy with
the films facing each other, cutting slices normal to the
interface plane, and then mechanical grinding and dimpling.
The specimens were attached by epoxy to stainless steel
rings for reinforcement. Subsequently, they were subjected

to ion-milling to perforation at a voltage of 4 kV and finally
using a cold stage (liquid Ny) at 2.5 kV in order to minimize
damage to the specimen. The structure of the films was
examined in a Hitachi-9000NAR transmission electron
microscope with the point resolution of 0.19 nm operating
at 300 kV.

3. Experimental results
3.1. Imperfections in sp*-bonded layer

It is usually believed that intensive ion irradiation creates
a high density of point defects in the near-surface region of
the films. The accumulation of defects and the atomic
rearrangement in the topmost surface layer of a few
nanometers results in high levels of ion-induced residual
compressive stress and local dynamic strain which are
considered to promote the formation of cubic phase [2,4].
It has been shown that the compressive stress in sp>-bonded
BN layer increased gradually with increasing film thickness
[26,27]. Fig. 1 shows a cross-sectional HRTEM image of a
typical area of sp>-bonded BN. This area exhibited the well-
developed parallel fringes with the d spacing consistent with
the value of about 0.33 nm, which is characteristic of basal
planes of the h-BN and r-BN phases those are oriented edge
on. The image revealed a number of layer boundaries as
shown by arrows. It can be seen that the sp>-bonded BN
grew in a layered fashion in such a way that a sub-layer
normal made relatively small angle with the film-growth
direction. The thickness of individual sub-layer was esti-
mated to be approximately 0.45-2 nm. This is extremely
small thickness, being only a few unit cells in dimension.
Across the interfaces, atomic basal planes were not perfectly
matched, since extra half planes were frequently visible on
either side of the interface. Recently, it has been demon-
strated [25] that each sp>-bonded sub-layer consists of
parallel lamellae in both the h-BN and r-BN configurations.
Thus, rather than the concentration of point defects [4], the
structural features described above appeared to produce
high volumetric stress in the turbostratic layer of the c-BN

Fig. 1. Cross-sectional HRTEM image showing that the sp>-bonded BN region consists of thin sub-layers, 0.5—2 nm thick, with a sub-layer normal almost
parallel to the film growth direction. Arrows indicate the positions of layer boundaries.
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films. Moreover, if we assume the origin of intrinsic film
stress by a high concentration of point defects, one would
expect that c-BN nucleation show temperature dependence,
since high temperature deposition should lead to defect
relaxation, but such a trend is not observed experimentally.
In contrast, intrinsic compressive stress due to the small
grain size and large volume fraction of grain boundaries
with high strain energies appear to be rather insensitive to
substrate temperature.

3.2. Near-surface structure of sp>-bonded layer

The near-surface region of the c-BN films has been
reported to comprise several sp>-bonded BN monolayers
[22-24], providing further credence for the subplantation
model. This result has been taken as an indication that the
transformation to c-BN occurs at the sub-surface region of
the growing film [4], whereas the mechanism of sp” surface
reconstruction, predicted by the sputter model [7], is
brought in question [23]. Fig. 2(a) and (b) show B 1s XPS
spectra for the c-BN film and sp*-bonded pyrolitic BN,
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Fig. 2. B 1s XPS spectra from: (a) c-BN film; and (b) sp>-bonded pyrolitic
BN.

respectively. The spectra were normalized by setting the
core level peaks to unity. The sp>-bonded BN exhibited
one distinct major peak, positioned at about 190 eV, and a
T plasmon loss feature at about 9 eV higher binding energy
than the core level peak. In contrast, no evidence for the
existence of h-BN was observed for c-BN film spectra. In
order to evaluate inelastic mean free path (A) of photoelec-
tron with an energy of 1000 eV, Tanuma, Powell and Penn’s
[28] formula using bulk properties of c-BN (density 3.5 g/
cm’, band gap 6-8 eV) and h-BN (density 2.3 g/cm?®, band
gap 3—6 eV) was applied and the values of about 2.1-2.2
and 1.9-2.0 nm were obtained, respectively. The density
and the band gap energy of the deposited films are con-
sidered to be different from those of the bulk materials,
but even if the density of sp>-bonded BN phase was as
low as 1.5 g/lem®, A and d at § = 70° are equal to 1.9-2.0
and 0.65-0.70 nm, respectively. This result indicates that
even if the superficial layer of sp’-bonded BN existed on
the growing surface of the c-BN layer, its thickness should
be considerably smaller in comparison with the actual
escape depth of photoelectrons of 0.7 nm.

High-resolution transmission electron microscopy
(HRTEM) is another powerful tool to reveal the atomic
structure of near-surface region of the c-BN film. Fig. 3
shows a c-BN crystallite with a lateral grain size of 20 nm
located 40 nm away from the film/substrate interface and
oriented along a (110) zone axis. Therefore, both sets of
{111} planes are visible as indicated in the HRTEM micro-
graph. The HRTEM characterization confirmed that the top
layer of the film, 20 nm thick, consisted of almost pure cubic
phase. The surface of the film adjoined the area of epoxy
displaying an image of randomly scattered intensities at the
atomic scale, which is characteristic of an amorphous struc-
ture. The interface between the c-BN film and epoxy was
observed almost at the edge-on condition, since the thick-
ness fringes due to the boundaries were not visible. Thus, in
agreement with the XPS results, the presence of a topmost
layer of sp>-bonded graphitic BN can hardly be recognized.
This is clear evidence for layer-by-layer homoepitaxial
growth of cubic phase without intermediate layer. Note

Fig. 3. Cross-sectional HRTEM image of a single c-BN crystallite showing
that there is no sp’-bonded BN monolayers in the near-surface region of the
film. The incident beam direction is [110].py.
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that this result does not imply that once c-BN is nucleated, it
continues to grow without further transformation. Shtansky
et al. [25] showed that a thin layer, 1-2 nm, of spz-bonded
BN could form between the c-BN grains to reduce the grain
boundary energy.

3.3. Crystallography of c-BN nucleation

It has been shown that the c-BN phase nucleates on the
oriented graphitic BN layer in a semicoherent manner and
obeys specific orientation relationships with the hexagonal
and rhombohedral phases [25]. Thus, part of the total
driving free energy for nucleation must be spent on the
creation of a new interface between the c-BN crystallite
and its structural precursor. It is also evident that the nuclea-
tion of c-BN is easy to achieve if a specific orientation
relationship can be fulfilled. Fig. 4 is a cross-sectional
HRTEM micrograph showing the layered structure of the
c-BN film where the atomic structure of each layer could be
recognized. It can be seen that the c-BN film consisted of an

Fig. 4. Cross-sectional HRTEM image showing the layered structure of
¢-BN film, where the crystallography of the sp> — sp® transformation can
be seen. The incident beam direction is [110]g;//{110), gn//[2110], px-

amorphous layer, 6 nm, at the film/substrate interface,
followed by preferentially oriented sp>-bonded BN, 6 nm,
and a final layer of c-BN. The specimen was sufficiently
well aligned with the [110]g//{110), gn//[2110], gx direc-
tion. The observed periodicities within the basal planes
and the angles between sets of fringes in sp>-bonded region
were consistent with those for the r-BN structure. The basal
planes of r-BN formed parallel with the c-BN twin planes in
agreement with previous results [25]. Thus, the following
orientation relationships between the c-BN and r-BN were
fulfilled:

[2110], pn/IT10] pn (2110, gu//[110] 5y
O D), /(1T Depn (O112), pn//(T11)ey
(0001), /(11D gn (0001), /(1T 1)y

It can also be seen that the c-BN crystallite transformed to
the sp>-bonded BN during subsequent growth in such a way
that the {111}y close packed planes were parallel to the
basal planes of graphitic BN. Some would suggest that this
was just a part of the sp>-bonded BN growing beside the
c-BN crystallite, but the different orientation of the basal
planes indicated that these were different t-BN crystallites.
Note that the atomic matching between the {111}.px planes
of c-BN and the basal planes of t-BN consisted of both the
plane-on-plane and edge-on-edge matching. This result
demonstrates that during the growth of boron nitride films,
c-BN and t-BN crystallites maintained good atomic match-
ing, resulting in minimization of strain energy at the
interfaces.

4. Discussion

The results presented here are qualitatively consistent
with the model of stress-induced c-BN formation. The
various types of stress during the growth of the c-BN film
are shown in Fig. 5. The main criteria, which may play a key
role for the nucleation of c-BN, are summarized below.

1. High compressive stress of several GPa seems to
be necessary for the deposition of c-BN films
[26,27,29,30]. Some recent results are also consistent
with the model of stress-induced c-BN formation, such
as the highest c-BN percentage in films grown on hard
substrates [31], nucleation of cubic phase on (-SiC/Si
substrate without intermediate sp*-bonded BN layer [32],
and consecutive growth of c-BN on a previously nucleated
c-BN film [14].

2. The complex structure of the sp>-bonded BN is highly
strained. The t-BN consists of thin sub-layers, 0.5-2 nm
thick, consisting of parallel lamellae in both the h-BN and
r-BN configurations. It also comprises a large volume frac-
tion of the grain boundaries with high interface energies. All
these observations agree well with the results by Fitz et al.
[27] that the stress in t-BN layer increases with the film
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Fig. 5. Growth of ¢-BN film (schematic) with the various types of stress indicated.

thickness. In view of these arguments the existence of a
critical thickness of the intermediate layer required for
c-BN nucleation, which also depends significantly upon
the bombarding ion energy, can easily be understood.
Several models assume that the volumetric strains due
to atomic displacements result in the film stress. It is
not clear whether relaxation or accumulation of struc-
tural defects takes place behind the growing film
surface. In all these cases, however, atomic displace-
ments were calculated from theory and not experimental
determinations, and therefore may be questionable.
Although HRTEM is not a perfect method to reveal
point defects, only twinning about the close-packed
planes in c-BN crystallites was observed, as far as
imperfections are concerned. As was pointed out by
Collazo-Davila [16] the major shortfall of the compres-
sive stress model is their inability to explain the effect
of the substrate temperature since higher temperatures
should allow for more defect relaxation process to
occur, thus decreasing the dynamic stress. In contrast,
from the present results, one may conclude that a high
compressive stress in the film is due to the complex
structure of the spz—bonded BN, which is not affected
by temperature to a great extent, although the contribu-
tion of ion-induced atomic rearrangement cannot
completely be excluded. It should be noted that the
internal stress in the films have been measured both
in situ [27,30] and after deposition by bending method
[26,29] or using the sin’ ¢ method of XRD [33] and the
results obtained agree fairly well. Thus, the structure of
t-BN observed here is expected to reflect the intrinsic
strained state of the film.

3. No evidence for the existence of sp>-bonded BN in the
near-surface region of cubic layer was seen under the
deposition conditions used in the present study. This result
suggests that layer-by-layer homoepitaxial growth of c-BN
occurred. Thus, both the subplantation and dynamic stress
models, predicting the formation of c-BN at a depth corre-

sponding the high concentration of point defects, come into
question. Note that the sp>-bonded BN observed in the
near-surface region by either XPS [22,24] or REELS [23]
analysis can be attributed to the existence of graphitic layers
formed between the c-BN grains [25,34].

4. It is worth to mention that the growth of c-BN
films proceeds under similar ion-bombardment condi-
tions during one series, all process parameters being
kept constant. Thus, the question arises as to why
does a thick intermediate sp’-bonded BN layer, 40—
50 nm, develops frequently before the cubic phase starts
to grow. This result cannot be explained only by a
dynamic atomic-scale lattice strain in the near-surface
region of the film caused by ion bombardment. It seems
reasonable to conclude that various kinds of stress, such
as high macroscopic, microscopic dynamic and static
film stress are essential factors for the nucleation of
c-BN from t-BN. In view of similar arguments, the
quenching of thermal spikes caused by atomic rearrange-
ment in the ion impact near-surface region, cannot account
for the formation of cubic phase.

5. It is well known that the stress is a function of ion
energy and ion-to-atom arrival ratio, which can be described
in terms of the momentum transferred to the film by ions
[4,35]. The present results support this conclusion. It was
observed that the concentration of imperfections in t-BN
layer, such as high-energy grain boundaries, twin bound-
aries and extra half planes, decreased under less intensive
ion bombardment.

6. It has been shown that c-BN films can be grown at low
deposition temperatures down to 120°C [20] or even at room
temperature [14]. In the last case the c-BN film was
deposited on the c-BN layer previously nucleated on Si
substrate. Thus the substrate temperature is not a key factor
controlling the growth of cubic phase.

7. The present and previous [25] results reveal the great
role of crystallography during the development of c-BN
films. The c-BN phase nucleates on the oriented graphitic
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BN layer in a semicoherent manner and obeys specific
orientation relationships. Thus the oriented t-BN acts as a
structural precursor for c-BN formation. The critical free
energy for nucleation is a consequence of the free energy/
area of the interface between the nucleus and precursor
phase. It is well known that the specific orientation relation-
ship yields low interface energy. Thus the formation of
intermediate sp>-bonded BN layer provides the favorable
boundary conditions for c-BN nucleation. The growth of
highly twinned c-BN crystallites with twinning occurring
about a single type of {111} planes is understood in terms
of good atomic matching between the {111} close-packed
plane of c-BN parallel to either the (0112), gy or (0111), gy
plane of r-BN most parallel to the grain boundary, yielding a
low interface energy. Further away from the sp”>-bonded BN
layer, twinning about more than one of the sets of {111}, pn
planes has been observed [25]. These crystallographic
features for the c-BN nucleation and growth are consistent
with the stress-induced solid-state sp> — sp transformation.

8. Some of the supporters of the stress model suppose that
the high pressure from the local instantaneous and residual
compressive stress pushes the system into a region of the
phase diagram where the cubic phase is stable. Recent
results [36], however, showed that cubic boron nitride is a
thermodynamically stable modification at atmospheric pres-
sure and temperatures up to 1600 K. Note that there are still
disagreements concerning whether the phase composition of
the films deposited under non-equilibrium conditions can be
predicted from the equilibrium phase diagram as was
proposed by Gissler and co-workers [37,38] in Ti-B-N
system but was not confirmed by Shtansky et al. [39],
who reported that the equilibrium phase diagram fails to
predict correctly the phase composition of the Ti—Al-B—
N films. In any case, the metastable phase may nucleate in
favor of a stable one. Such kinetic barriers to precipitation of
equilibrium phase are well known [40].

5. Conclusions

1. HRTEM and XPS provided clear experimental evidence
for layer-by-layer homoepitaxial growth of c-BN thin
films without formation of sp’*-bonded BN monolayers
in the sub-surface region of the film.

2. It was suggested that high intrinsic stress in the sp’-
bonded BN was due to its complex structure, comprising
thin sub-layers, 0.5-2 nm thick, consisting of parallel
lamellae in both the h-BN and r-BN configurations, and
a large volume fraction of the grain boundaries with high
interface energies.

3. Great role of crystallography in the c-BN nucleation
mechanism was demonstrated. The formation of an
initial sp*-bonded BN layer provided the favorable
boundary conditions for the heteroepitaxial nucleation
of cubic phase.

4. The data obtained were compared with those reported

previously, and were discussed in terms of a mechanism
operating the c-BN nucleation. The stress-induced c-BN
formation has received further credence.
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