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Study of the surface layer in cBN growth by PVD techniques
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Abstract

A sp2 bonded boron nitride (sp2 BN) surface layer is sometimes observed on top of cubic boron nitride (cBN) grains for BN films deposited
using ion-assisted PVD techniques. Understanding the formation of such surface layer gives a clue to the cBN growth mechanisms. In the current
study, the microstructure and phase composition near the top surface of several BN films were investigated in order to clarify the formation
mechanism of such a surface layer. All the films investigated were synthesized using ion-assisted PVD techniques, but with different deposition
parameters. It was found that such a surface layer is not necessarily present in some of the cBN growth, and its presence depends on the
bombardment of ion energy during deposition. The cBN growth mechanisms are discussed based on these observations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is generally understood that the growth of cubic boron
nitride (cBN) films follows a layered sequence, i.e. an amor-
phous layer is first deposited on the substrate, followed by a
layer of turbostratic BN (tBN), after which the cBN starts to
nucleate and grow [1–3]. It has been noticed that in some
samples, a fourth layer is present on top of the cubic phase, and
is characterized to be sp2 bonded BN (sp2 BN) [3,4]. For the
physical vapor deposition (PVD) process, where ion bombard-
ment is usually incorporated to ensure cBN nucleation and
growth, this observation becomes direct evidence supporting
the subsurface growth mechanisms of the cubic phase [5]. It is
also argued that the chemical vapor deposition of cBN may be
ascribed to other mechanisms due to the absence of this specific
surface layer. Nevertheless, the formation mechanism of the sp2

BN surface layer is not clear, which directly affects the inter-
pretation of the cBN growth mechanism. Moreover, many TEM
observations of the surface layer itself are susceptible. As most
of the TEM sample preparation processes require ion milling at
the last stage to achieve electron transparency, and Ar ions (with
a voltage of ∼4 kV, typically used in ion-mill thinning) are
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known to induce irradiation damage to the cubic phase, which
could transform to sp2 BN. It is sometimes arguable whether the
sp2 BN surface layer results from the deposition process or the
TEM sample preparation process (in those cases where the
epoxy glue is not present on the sample's top surface).

Surface layers in several cBN films deposited by different
PVD methods including bias-assisted magnetron sputtering and
dual-ion beam deposition (DIBD) [6,7] were studied. Using the
latter method, a sp2 BN surface layer is observed in BN films
deposited with a nitrogen ion energy of 450 eV, such a surface
layer can be eliminated by post-deposition nitrogen ion bom-
bardment at 100 eV. No surface layer is present in the case of
magnetron sputtering, where the bombarding ion energy is
∼100 eV. These experimental observations suggest that thick-
ening of the cBN layer is governed by certain subsurface growth
mechanisms. The cBN growth is a dynamic process with ion
penetration-grain growth, ion irradiation damage and sputter-
etching operating at the same time.

2. Experimental methods

Sample Awas deposited using rf-magnetron sputtering using
a hexagonal BN target. The substrate temperature (Ts) was
maintained at 450 °C, and the substrate bias at −100 V. The
detailed deposition parameters can be found elsewhere [6].
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Sample B1 was deposited by using DIBD at Ts=680 °C. In this
process, an argon ion (Ar+) beam was generated by one ion gun
to sputter a 4-inch boron target. Meanwhile, the substrate was
bombarded simultaneously by an assist Ar+/N2

+ ion beam
produced by another ion gun for the growth of the cBN layer,
with the beam energy and current set at 450 eV and 30 mA
respectively [7]. Sample B2 was deposited at exactly the same
condition as Sample B1. The only difference is that N ions at
10 mA and 100 eV were introduced to bombard the film surface
for 10 min after deposition. Silicon (100) wafers were used as
the substrates for all the samples. The microstructure and the
local chemical bonding information of the BN films were
investigated using transmission electron microscopy (TEM). A
JEOL 3000 FEG-TEM was used for TEM imaging. The
electron energy loss spectroscopy (EELS) of the films was
performed using a Gatan imaging filtering (GIF) system at-
tached to the same microscope.

3. Results and discussion

A layered growth sequence is observed for all three samples.
The film starts with a thin amorphous layer, followed by a layer
of turbostratic BN (tBN). This layer can be either oriented tBN
with its (0002) planes preferably parallel to the growth di-
rection, or randomly oriented, depending on different depo-
sition parameters. The BN phases in this layer can be identified
to both hexagonal and rhombohedral, respectively (details will
be discussed in separate publications), after which the cubic
phase starts to nucleate and grow.

The top surface structures of these three samples appear to be
different. Fig. 1 shows the microstructure of Sample A
(magnetron sputtering, with −100 V substrate bias) in the
near surface region. The measured d-spacing of the fringes is
0.209 nm, matching with the theoretical value of cBN (111) d-
spacing [8]. EEL spectrum taken from the same region also
confirms the sp3 bonded BN (sp3 BN) content. The phase
composition in the transition region across the sp3 BN and
Fig. 1. High-resolution TEM image taken from Sample A, showing the structure
of BN film close to the film top surface. Only the cBN phase is observed directly
underneath the amorphous epoxy glue.
epoxy regions was carefully observed with EELS. Result shows
that the characteristic features of the sp3 BN phase disrupt
sharply across the boundary, indicating that there is no other
phase, like the sp2 bonded BN (sp2 BN) phase, in-between.

As a comparison, high-resolution TEM image taken from the
near surface region of Sample B1 is shown in Fig. 2(a). A
surface layer of ∼3 nm is observed between the top of the cBN
grain and the epoxy glue. The fringes in this layer appear to be
randomly oriented with a relatively large spacing, distinguish-
ing itself from the cubic phase and the epoxy layer. The spacing
of these fringes is measured to be 0.366 nm, which agrees with
the d-spacing of the tBN (0002) planes. The EEL spectrum
[Fig. 2(b)] was taken from this surface layer by focusing the
electron beam on it (EELS operated in the diffraction mode).
The probe size of the electron beam is ∼2 nm. The two edges at
191 eVand 401 eV correspond to the energy loss (K-edge loss)
characteristics of boron and nitrogen, respectively. The near-
edge structure of the B K-edge spectra [Fig. 2(b)] consists of a
sharp π⁎ peak, a broad σ⁎ peak, and an additional sharp peak
[9]. The appearance of the π⁎ peak at 191 eV indicates that the
surface layer consists of sp2 BN. It is interesting to note that the
preferential orientation of the fringes appears in some part of the
top layer. These sp2 BN lie with its (0002) planes parallel to the
film surface.

When the surface of the as-deposited Sample B1 is sputter-
cleaned by ∼100 eV nitrogen ions after deposition, this sp2 BN
disappears. Fig. 3 shows a high-resolution TEM image taken
from the near surface region in Sample B2. The microstructure
is similar to that in Sample A, i.e., cBN is observed to be
directly in contact with the epoxy glue, while no other layer
exists in-between. This assertion was confirmed by investigat-
ing the EEL spectra across the sp3 BN and epoxy regions, where
no sign of sp2 BN was observed.

Based on the above experimental results and literatures, we
now address the cBN growth process, i.e., the expansion of cBN
grains once nucleated. Generally speaking, ion bombardment
contributes to the BN film growth in the following three aspects:
(1) momentum transfer to the constitutional atoms (ions)
through collision; (2) creating defects in the existing cBN
grains; and (3) re-sputtering of the materials on the top surface.
Process (1) makes it possible for the constitutional B and N ions
to penetrate into the subsurface layer, and contribute to the cBN
grain growth. Process (2) is the so-called ion irradiation dam-
age. For ions penetrating into the subsurface layer, their energies
decrease with the penetration depth. We note that the pene-
tration range of a particle with 100–500 eV is about 1–2 nm
according to the simulation by TRIM, which is fairly close to
the dimension of the surface layer observed [10,11]. While the
deeper-penetrated ions may contribute to the cBN grain growth,
the shallow penetrated ions are expected to create a larger
amount of defects than those can be repaired by the self-
recovering process. The accumulation of these defects eventu-
ally leads to lattice damage and phase transformation from cBN
to tBN. This argument was supported by the result of a recent
study, which showed that argon ion irradiation with energy and
fluency of 500 eV and 5×1016 ions cm−2 on a cBN crystal can
drive a substantial portion of the cBN phase within the ion



Fig. 2. (a) High-resolution TEM image taken from Sample B1. A non-cBN layer
is observed at the film's top surface, covering the cBN grains underneath. (b)
Electron energy loss spectroscopy (EELS) taken from the surface layer shown in
(a), with electron beam focused to ∼1 nm size. The EEL spectrum suggests that
the surface layer is composed of sp2 BN.
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penetration depth of 1.1 nm to transform into the hexagonal BN
and amorphous BN phases [12]. Process (3) is mainly an
etching process. Obviously the sputter yield depends on both
the nature of the materials and the bombarding ion energy [11].

Therefore, the cBN growth is a dynamic process with the
above mechanisms operating simultaneously. The existence of
Fig. 3. High-resolution TEM image taken from Sample B2, showing the
structure of the BN film close to the film top surface. Only cBN is observed.
ion energy threshold for cBN growth [13], the sp2 BN surface
layer observed in samples deposited with high ion energy [14],
and the theoretical TRIM calculation [11] supports the sub-
surface growth model for cBN. The absence of the sp2 BN
surface layer in Sample A does not contradict with such model.
At low ion energies (above the cBN growth threshold, but
relatively low), little cubic phase would be irradiation damaged
(transform to sp2 BN) at the top surface region, and it will be
easily sputter-etched if formed (sp2 BN have a higher sputter
yield than sp3 BN [15]). In fact, this is consistent with our
previous study of ion irradiation damage of cBN single crystal
using Ar ions [12]. Little phase transformation (b5% cBN to
tBN) is induced by the ion bombardment when the ion energy is
less than 200 eV. Theoretical simulation indicates that at this ion
energy range, the B and N atoms in the cBN lattice may be
displaced by the penetrating ions (defects formation), consid-
ering that the knock-on displacement energy of a B or N atom is
in the order of a few tens of eV [13]. However, they im-
mediately undergo a self-recovery process and retain the cubic
lattice. This argument is further strengthened by the difference
observed in Samples B1 and B2. The 100 eV nitrogen ions only
sputter-clean the film surface region without further introducing
any sp2 BN on top of cBN. As the tBN surface layer is highly
defected, and thus a loose structure, it is easy to be sputtered off
by low energy ion bombardment.

It is also indicated by a previous study [12] that severe
irradiation damage will be caused (N82% cBN transformed into
tBN considering ion penetration depth of 1.1 nm), when the ion
energy is increased above 500 eV. Again, this is consistent with
the presented experimental data of Sample B1 (deposited using
450 eV nitrogen ion).

Although the current experimental setting does not allow us to
explore even higher ion energy regions, we may speculate that a
similar effect can be observed. In fact, Hofsäss et al. have
observed a sp2 BN surface layer covering the cBN grains under-
neath in a film deposited using 5 keVion beam [14]. The existence
of such surface layer results from the equilibrium between the ion
irradiation damage (layer creating) and sputter-etching (layer
eliminating). Intuitively, controlled conditions have to be
achieved, so that the sp2 BN surface layer can be within a certain
thickness, which allows the deep-penetrated B and N species to
reach the cubic phase and contribute to further growth.

We refer to some other published data in literature [14,16–
18], and find that the arguments proposed in this study are
further supported. As summarized in Fig. 4, for cBN films
deposited with low energy species, such as chemical vapor
deposition (CVD) with negative bias voltages below −40 V
Fig. 4. A schematic summary showing how the energy of the species involved in
a deposition process influences the appearance of sp2 BN phase on the top
surface of cBN film.
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[16–18], the films do not have sp2 BN on top. This is consistent
with the result of Samples A and B2, which involved the use of
100 eV species in deposition such that ion-induced sp3-to-sp2

transition was not significant and any sp2 residue on the film
surface would be sputtered clean readily. With the use of species
with higher energies, such as CVD process with negative bias
voltages beyond −100 eV [18], ion-induced sp3-to-sp2 tran-
sition becomes more severe. Hence, like Sample B1, the sp2 BN
phase was formed and left on the film surface.

We finally point out an interesting fact that orientation of
(0002) planes in the surface sp2 BN layer varies among different
cases. The (0002) planes appear to be either relatively randomly
oriented or approximately parallel to the film surface in the
current study, but are parallel to the film growth direction in the
work of Hofsäss et al. [14]. Intuitively, the surface tBN with its
(0002) planes parallel to the film surface will minimize the
dangling bonds, and thus have the lowest surface energy. How-
ever, this is not consistent with the experimental observations.
Whether such orientation will affect the cBN growth process is
not clear.

4. Conclusions

cBN growth is a dynamic process with ion penetration-grain
growth, ion irradiation damage and sputter-etching operating
simultaneously. At high ion energy levels, a sp2 BN surface
layer can be continuously created due to the ion irradiation
damage, which is explained by the shallow ion penetration
induced defects accumulation. cBN can be grown at low energy
ion bombardment (b100 eV) [19–21], in which range little
irradiation damage occurs. Although the ions at this energy
level are capable of displacing the B and N atoms in the cBN
lattice, such displacement can be repaired by the self-recovering
process. On the other hand, these ions can sputter the loose tBN
phase without much affecting the cubic phase. Therefore, the
absence of sp2 BN surface layer does not necessarily indicated a
non-subsurface growth mechanism.
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