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Structural and mechanical properties of (B 0.52xSix)N0.5 films synthesized
by dual-ion-beam deposition

C. W. Ong,a) X.-A. Zhao,b) Y. M. Ng, K. F. Chan, T. C. Tsang, C. L. Choy,
and P. W. Chan
Department of Applied Physics and Materials Research Center, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong

~Received 15 July 1996; accepted for publication 25 September 1996!

The structural and mechanical properties of ion-beam deposited~B0.52xSix)N0.5 films (0<x
<0.5) were characterized by x-ray photoelectron spectroscopy, infrared absorption experiments,
and nanoindentation tests. A single-layer BN film (x50) has 70 vol. % in cubic phase (c-BN), and
a hardness of 38 GPa. However, it peeled off very soon after deposition due to the high internal
stress. If a buffer layer was deposited first, followed by a~B0.52xSix)N0.5 film with x'0.013, the
whole configuration adhered very firmly to both quartz and silicon substrates. This improvement in
adhesion was probably due to the formation of Si–N bonds, which served to release partly the stress
inside the~B0.52xSix)N0.5 films. Since the Si content was low, the film structure remained highly
cubic, and there was no observable drop in hardness. For higherx, the cubic structure in
~B0.52xSix)N0.5 films disappeared rapidly and was replaced by a hexagonal structure. This structural
change led to a rapid drop in hardness from 38 to 12 GPa. Asx was further increased, more Si–N
bonds were formed in the~B0.52xSix)N0.5 layers. As a result, the hardness increased from the
minimum value to a value'24 GPa. ©1996 American Institute of Physics.
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Cubic boron nitride~c-BN! has a strong potential for
technical applications because it has the second highest h
ness after diamond.c-BN films have been successfully syn
thesized by ion assisted techniques.1,2 However,c-BN films
are affected by high intrinsic internal stress, such that th
are too brittle and difficult to grow to a thickness suitable fo
practical use.3,4 Moreover, poor adhesion ofc-BN films to
silicon substrate was reported.5 One approach to modify the
film structure is to incorporate a third element into BN films
For example, the addition of titanium into BN produces
stable superhard Ti–B–N ternary system.3,6 In this work, we
initiated the study on the structural and mechanical prop
ties of a new ternary system~B0.52xSix)N0.5 ~0<x<0.5!.
This study is proposed based on the intuitive conjecture t
the Si atoms incorporated may combine with some of the
atoms to form Si–N bonds so as to release partially the
ternal stress coming from the cubic structure. It is expect
that the adhesion of the deposits to the substrate may thu
improved. Another reason to add Si is that it is one of th
few elements which can generatesp3 ~s! bonds, such that it
is compatible with the zinc-blende structure ofc-BN. The
next purpose of this study is to see how the Si content affe
the structure and the hardness of~B0.52xSix)N0.5 films.

A series of~B0.52xSix)N0.5 films have been prepared us
ing a dual-ion-beam deposition system. The system cons
of two 3 cm-filament-type Kaufman sources~Ion Tech., Inc.
Model 3-1500-100!, denoted as gunI and II , respectively.
Gun I was used to preclean the substrate, and for surfa
assist during deposition. GunII was used to sputter B and S
from a target, which was a 100 mm diam boron disk~f 100
nm, purity'99.9%! partially covered by a Si strip with a

a!Electronic mail: apacwong@hkpucc.polyu-edu.hk
b!Permanent address: Shanghai Research Institute of Materials, Shan
People’s Republic of China.
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width L ~inset to Fig. 1!. By varyingL, the Si content in the
film can be adjusted. Quartz andp-type ~100! silicon sub-
strates were mounted on a resistively heated substrate h
at 500 °C, and were rotated at a rate of 2.7 rpm during de
sition to ensure uniform film thickness.

Before deposition, the system was evacuated to
31027 Torr, and the substrate was cleaned for ten minu
by an Ar1/N2

1 beam generated by gunI at a beam energy
and current of 600 eV and 53 mA, respectively. The flo
ratio Ar:N2 was controlled by two mass flow controller
~MKS Model 1259! to be 1.4:1. The incident angle of th
assist beam was 16° to the substrate’s normal. To impr
the adhesion of the~B0.52xSix)N0.5 layer, a buffer layer was

ghai,
FIG. 1. Relative contents of B, Si, and N in~B0.52xSix)N0.5 films as a
function of the width,L, of the silicon strip partially covering the boron
target.D B, 1 Si, d N.
3501)/3501/3/$10.00 © 1996 American Institute of Physics
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deposited on the substrate by sputtering the target with
Ar1 beam~1200 eV, 70 mA! generated by gunII , mean-
while, the energy of the assist beam from gunI was in-
creased from 200 to 360 eV~20 mA! in three equal steps~10
min each!. In fact, the improvement of the adherence o
c-BN films to Si by introduction of B and BNx (x from 0 to
0.6! buffer layers was reported.7 The thickness of the buffer
layers was found to vary from 60 to 400 nm with increasin
Si coverage on the target, due to the larger sputtering rate
Si. Finally, a ~B0.52xSix)N0.5 layer was deposited using the
same operating conditions for the sputtering beam, but
creasing the assist beam energy and current to 450 eV an
mA, respectively. The deposition time for this layer was 12
min. The thickness of the~B0.52xSix)N0.5 films varied from
200 to 720 nm. Attached to each sample, a single buf
layer on silicon was deposited separately using the same p
cedures for preparing the buffer layer in the sample, whi
was used as a reference in the IR absorption experiment

An x-ray photoelectron spectroscopy~XPS! ~Kratos
Analytical! was used to determine the composition of th
~B0.52xSix)N0.5 films. The spectra of B 1s, N 1s, Si 2p, and
O 1s electrons before and after surface cleaning were
corded. The background of the spectra was first removed
Shirley’s method.8 The elemental contents were calculate
from the areas under the spectrum lines and the sensiti
factors of B~0.13!, N ~0.42!, Si ~0.27!, and O~0.66!, respec-
tively. The oxygen content detected before surface clean
was high~10–40 at.%!, but it was reduced to below 2 at.%
after cleaning the surface by an Ar1 beam~4 keV, 20 mA!
for three minutes. It is seen from Fig. 1 that, asL increases
from 0 to 100 mm, the Si content in the films increases fro
0 to 50 at.%, whereas the boron content drops from 50 to
at.%, while the nitrogen content remains at about 50 at
over the whole experimental range ofL.

Figure 2 shows the infrared~IR! absorption spectra of
the films with various Si contents~Nicolet’s Magna-TR™
System 750!. Each curve represents the net IR absorption

FIG. 2. FTIR spectra of~B0.52xSix)N0.5 films with various silicon contents.
3502 Appl. Phys. Lett., Vol. 69, No. 23, 2 December 1996
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a ~B0.52xSix)N0.5 layer, obtained by subtracting the spectrum
of a reference buffer layer~with silicon substrate! from the
overall IR spectrum of the sample. As mentioned above, t
reference buffer layer was produced separately by followi
the same procedures for preparing the buffer layer in t
sample. First, the spectrum of the film withx50 comprises a
strong absorption band at 1090 cm21 associated with the
c-BN structure,9 along with two small absorption bands a
800 and 1400 cm21 related to theh-BN structure. This result
indicates that the film consists mainly of ac-BN phase and a
small fraction of h-BN phase. The volume fraction of
c-BN phase (FcBN) is estimated to be 70 vol. %, according
to the expression proposed by Luet al.:10

FcBN5
I c

I c1I h
3100,

where I c and I h are the peak heights at 1090 and 140
cm21, respectively. Second, whenx increased up to 0.013,
the intensity of the band at 1090 cm21 remained strong, in-
dicating that at this low Si level, the structure of th
~B0.52xSix)N0.5 films was still mainly cubic. However, asx
increased just slightly above 0.013, the intensity of the ba
at 1090 cm21 reduced rapidly, and the bands at 800 and 14
cm21 associated to a hexagonal structure grew instead. T
implies that the cubic structure in~B0.52xSix)N0.5 layers was
disrupted to become hexagonal, once the Si content in
films exceeded a threshold of about 0.013. Whenx was fur-
ther increased to above 0.067, two absorption bands at 4
and 900 cm21 associated with the vibrational modes of Si–N
bonds emerged and became stronger, showing t
~B0.52xSix)N0.5 layers contained more Si–N bonds if more S
atoms were added.11 On the other hand, the two bands asso
ciated to the hexagonal structure became smaller and fina
completely disappeared whenx50.5. Forx50, an x-ray~Cu
Ka) diffraction peak appeared at 2u542.7°, associated with
the ~111! planes ofc-BN. It shifted to 42.2° and then disap-
peared asx.0.067, consistent with a structural change from
c- to h-BN and the dissociation of theh-BN structure. An-
other peak at 2u'30° has become observable asx increased
to 0.013, showing that some Si–N domains have be
formed at such a low Si content. Detailed analyses of t
x-ray data will be reported elsewhere.

The hardness of the films was measured using a nano
denter~Nano Instruments, Inc., Model IIs!. For each sample,
indents with different depths ranging from 30 to 100 nm
were made, with each depth to be repeated for ten times
different positions on the film surface to give an averag
The results of shallow indents are not sensitive to the inde
tation depths, indicating that if there is substrate deform
tion, it’s influence must be negligibly small in the hardnes
measurements. Consequently, the results obtained at de
around 40 nm~<1/5 of the film thicknesses! are used to
represent the film hardness, which are shown as a function
Si content in Fig. 3. First, pure BN films withx50 have a
hardness of 38 GPa, which is comparable with that
c-BN as reported by some authors.12 Indeed, the films are
highly cubic as revealed by the results of IR experimen
Probably due to the high internal stress,c-BN films peeled
off completely about one or two days after deposition if n
Ong et al.
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buffer layers were added. Even after adding buffer laye
c-BN films still completely peeled off from silicon substrate
or partially peeled off from quartz substrates two weeks af
deposition. However, if small amount of Si (x'0.013) was
incorporated,~B0.52xSix)N0.5 films would adhere very firmly
to both quartz and silicon substrates. The most importa
point is that such a low level of Si incorporation does n
affect the cubic structure in~B0.52xSix)N0.5 films. As a result,
the hardness does not have an observable drop, and rem
the same as that ofc-BN films ~'38 GPa!. This can be
explained by assuming that the Si atoms incorporated m
form Si–N bonds, which serve to release partially the inte
nal stress associated with the cubic structure. F
~B0.52xSix)N0.5 films with x between 0.013 and 0.067, the
hardness dropped steeply to a minimum of 12 GPa, cons
tent with the rapid change from cubic structure to hexagon
structure as confirmed by the IR data. This feature can
understood if we accepted the suggestion that compress
stress is required in order to formc-BN structure,13 and
hence the addition of more Si content into th
~B0.52xSix)N0.5 films would eventually reduce the interna
stress to a level that the cubic structure cannot be sustain

FIG. 3. The plot of the hardness of~B0.52xSix)N0.5 films versus silicon
content.
Appl. Phys. Lett., Vol. 69, No. 23, 2 December 1996
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Finally, as x.0.067, the hardness increased progressive
from the minimum value towards 24 GPa, and can be attr
uted to the increase in the fraction of Si–N bonds in th
films.

In conclusion,~B0.52xSix)N0.5 films were synthesized by
ion beam deposition. Whenx50, the films have a predomi-
nantly c-BN structure and a hardness of 38 GPa. Howev
they peeled off very soon after deposition due to the hi
internal stress. Good adhesion was achieved if a small nu
ber of Si atoms (x'0.013) were incorporated into the films
thereby partially releasing the stress by the formation
Si–N bonds. For Si content<1.3 at. %, both cubic structure
and hardness were not affected. For higher Si content,
cubic structure in the~B0.52xSix)N0.5 films disappeared and a
hexagonal structure dominated, since the internal stress
further reduced to a level that the cubic structure cannot
sustained. Accompanied by this structural change, the ha
ness dropped to a minimum value of 12 GPa. For furth
increase in Si content, the hardness approaches that of sil
nitride ~24 GPa!, as a result of the formation of a large num
ber of Si–N bonds.

We acknowledge Dr. R. W. M. Kwok of the Chinese
University of Hong Kong for his assistance in XPS analyse
This work was financially supported by Hong Kong Re
search Grant Council, and by the Hong Kong Polytechn
University.
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