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Boron (B) films and B-rich BN films with different N contents (4.1-40.3 at.%.) were
deposited by dual ion-beam deposition. The films consist of a B-rich phase constructed
of icosahedral atomic clusters and a graphitelike boron nitride phase. The films with N
content<20.3 at.% is dominated by the B-rich phase. Their hardness rises with
increasing N content to reach a maximum value of 18.8 GPa. The hardness-to-elastic
modulus ratio KI/E) and the critical load of the films also increase, showing stronger
wear resistance of the films. These results can be explained if some N-B—N chains are
formed at the interstitial sites in the network of the B-rich phase, which cross-link
different icosahedral atomic clusters in the B-rich phase and strengthen the rigidity of
the structure. For the films with higher N contents, the volume fraction of the
graphitelike boron nitride phase becomes higher, and the hardness drops as a
consequence. However, the change inH#E ratio is rather mild. This implies that the
wear resistance of the films is not altered and explains why the critical load of the
films remains almost unchanged. In addition, the friction coefficjerf all the films
depends on the normal loddin the form ofw = al¥, wherea andy are numerical
parameters and are insensitive to the change in the N content. Furthermore,
compressive stress was found to increase from about 0.12 to 1.7 GPa when the N
content increased from 4.1 to 40.3 at.%.

[. INTRODUCTION However, the mechanical and tribological properties of

Boron (B)-rich solids generate a class of superharcﬁ'riCh boron ni'tride as functions of N content have not
materials constructed of a network of B-based icosahe?€en systematically reported.
dral atomic clusters. For instance, a rhombohedral unit [N this study, we investigated the correlation between
cell of a-rhombohedral B¢—B) comprises B icosahedral the structure and the mechanical properties of ion-beam-
clusters at its vertices. A boron icosahedral cluster igleposited B-rich boron nitride films with different N
constructed of 12 B atoms located at the vertices of afontents. X-ray photoelectron spectroscopy (XPS), x-ray
icosahedron (denoted as 3" Based on this framework, diffraction (XRD), and infrared absorption (IR) were
a number of binary B-rich solids are generated by adding'Sed to examine the film composition and chemical
a second type of atoms (e.g., C, N, or O) into bofof. ~ Structure, and nanoindentation and nanoscratc_h tech-
For example, BC contains C-B-C chains located at the Niques were used to observe the hardness, elastic modu-
interstitial sites surrounded by icosahedral atomic cluslus. friction coefficient, and critical load of the films. The
ters. The chains cross-link the clusters and result in §€@nning electron microscope (SEM) images of the
greater hardness. A similar cross-linking effect is pro-Scratch tracks were inspected to examine the damage
posed to occur in B-rich boron nitride by N-B—N Chains,mechanlsms of the films by scratching. The internal

so that the material is also expected to be very &, Stress in the films was evaluated by determining the ra-
dius of curvature of the film-on-substrate configuration.

The overall objective of the work is to verify whether the
hardness of the B-rich boron nitride films could be en-
@Address all correspondence to this author. hanced with incorporation of N due to possible formation
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of some atomic chains. Furthermore, the results mayABLE . Fractional flow rate of N admitted into the assist guff(,),
reveal information about the tribological properties and the N content, B content, thickness and coating rate of the B-rich

and internal stress of B-rich BNwith a systematic in- ohxms on Si
crease in the N content, which has not been widely Thickness Coating rate
investigated before. N content B content on Si on Si
Sample  fy, (at.%) (at.%) (nm) (nm min'?)
1 0 2.2 92.1 304 2.53
. SAMPLE PREPARATION 2 0.03 4.1 89.8 317 2.64
The dual ion-beam system used for preparing,BN 2 g:(l)g 1?'.; gg'g zgé gﬁ‘;
films is described in detail elsewhere (Fig. Ayhich has 5 0.24 20.2 75.9 402 3.35
two 3-cm Kaufman-type ion guns (lon Tech, Inc., model 6 0.48 28.9 66.9 496 413
3-1500-100). Before deposition the system was pumped 7 0.75 38.5 57.4 566 4.72
8 1.00 40.2 56.8 620 5.17

down to a background pressuré ® x 10°° torr. The
substrate (100) silicon or fused quartz, was heated up to

620 °C and rotated with a speed of 2.7 rotations per L . o

minute to ensure uniformity of the films. An Atbeam the assist ion beam was adjusted at 16° from the normal
(1200 eV, 70 mA) was then generated by one of the io f the substrate. The deposition time for all runs was
guns to sputter a 4-inch (10.16 cm) B target. Meanwhile!xed at 120 min. _ . .
an admixture of Ar and Nwas admitted into the other As listed in Table_ l, the _thlckness of the films (qn Si
ion gun to generate an assist ion beam containiriggad ~ SuPstrates) determined with anstep surface profiler
N,* ions (160 eV, 12 mA), which bombarded the sub-(Tencor 500) increases continuously from 304 to
strate for introducing N into the deposits. The total flow 820 NM. Results for the films on fused quartz are similar.
rate of the admixture was fixed to be 33.5 sccm by mean§Orrespondingly, the coating rate rises monotonically

of two mass flow controllers (MKS, model 1259). The <-23-5.17nm mif’. This is because the Aiions in the
relative fraction of N (denoted as N,) was varied assist beam induce more serious resputtering of the de-

from 0 to 1 (Table I). With a fixed total flow rate, the posits than the M ions, such that the film thickness rises
working pressure during deposition was kept constant ahen the fraction of the N ions in the assist beam
5 x 10°° torr for all runs, so that the change in the 'NCr€ases.

properties of the films could mainly be ascribed to the

compositional change in the films. The incident angle of;;; ~HARACTERIZATION

The relative contents of B, C, N, and O in the films as

functions off N, were determined with a VG Scientific
stepper XPS analyzer (Al K 1486.7 eV). Before the measure-
motor ments, the film surface was cleaned with*Abns at

4 keV and 20 mA for 5 min. The Shirley background of
each spectrum was removed before counting the peak
area and determining the peak positfon.

XRD was carried out with a Philips X’PERT x-ray
diffractometer (Cu K radiation) to inspect the crystal-
linity of the films. The x-ray optics for thin film geom-
etry was used, where the incident angle of the x-ray beam
fixed at a small angle of 0.75°, and the detector was
controlled to scan from@ = 15 to 60°.

The information on the chemical bonds between the
atoms with increasing N content was achieved by ob-
serving (i) the IR absorption spectra in the wavenumber
range 400—4000 cm using a Nicolet Magna-TR system
model 750 Fourier transform IR absorption spectrometer,
and (ii) the chemical shifts of the components deconvo-
luted from the B % photoelectron spectra.

The hardness and elastic modulus of the films as func-
tions of N content were measured with a nanoindenter
FIG. 1. Schematic diagram of the dual ion-beam system used fokNano Instruments Inc., model Is) equipped with a Berk-
preparing BN films. ovich diamond tip. For each maximum load, five repeti-

P

, heater

stainless steel
vacuum chamber
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tive indentations were made at different points on therom 15-23 at.% to 1.6—4.5 at.% (Fig. 3). This indicates

film surface to obtain an average result. The maximunthat the C and O atoms are located mainly at the film

loads of the indentations were set to vary in the rangesurface and will not affect the properties of the films

70 N to 80 mN. Data corresponding to indentation significantly. As shown in Table | and Fig. 3, whéN,

depths around 20 nm were assigned to represent the trigcreases from 0 to 1, the N content increases monotoni-

mechanical properties of the film, where the error due tacally from 2.2 to 40.2 at.%, whereas the B content drops

substrate deformation was negligible. from 92.1 to 56.8 at.%. This range of N-to-B ratio is
The nanoindenter was then operated in the scratchingppropriate for this study, as it covers the B-rich regime

mode with another Berkovich diamond tip to carry outand approaches that of the stoichiometry of the well

nanoscratch tests. The information on the friction coefknown hexagonal and cubic boron nitride phases.

ficient and critical load of the films with different N

contents were attained. In a nanoscratch test, the tip was

driven to scan across the film surface by a distance of

500 wm with a speed of wm s*. Meanwhile the normal

load is applied either (i) at a constant load, or (ii) with a

constant loading rate. These two methods are referred as AD

the constant load scheme and ramping load scheme in the

following discussions. 20 mW i
The SEM images of the scratch tracks were taken imy pe_Ne laser l\

50%

Position
sensor

mediately after scratching in order to inspect the damage

mechanism of the films. The images of the same scratch

tracks were taken 2 months later to examine whether they

would extend as time proceeded. The data were found to

be able to reveal indirectly some information on the in-

ternal stress in the films and how the stress affected the

stability of adhesion of the films on substrates. FIG. 2. Schematic diagram of the stress measurement system.
The internal stress in the films on Si substrates was

measured by determining the radius of curvature of the

film-on-substrate configuration with an optical system as

f=Im

beam-splitter

shown in Fig. 2 A He—Ne laser (20 mW) was focused 100
on the film with a lens of a focal length= 1 m. The :
laser beam reflected from the film surface was then di- 90 | -l\
rected to shine on a position sensor. When the film was - .
moved laterally byAx, the laser beam shining on the - \‘l
sensor was shifted baD. AD was converted from a X
voltage signal by a conversion factor determined through— 70 3 n B
some calibration procedures. The radius of curvature OB 60 s
the specimen is :&s; F " R -
R=2fAx/AD 8 50F
From the Stoney equatidfithe internal stress in the film E) :
is determined as g 40 N A A
_ Es t§ 1 o 30 :_ ’A«"
O'f_(l_vs)'G.R_tf ’ () g ) -
whereE, andvg are Young’'s modulus and Poisson’s ratio 20 - ,4"
of the substratet; andt, the thickness of the substrate i ¢
and film. Eg /(1 — vJ) is equal to 180.5 GPa for $t,and 10 F
= 0.5 mm. 0 g

IV. RESULTS AND DISCUSSIONS
A. Elemental composition

Results of XPS analyses show that after cleaning the
film surface with Af" ions, the measured C content dropsric. 3. Composition of Bl films as a function of , after surface
from 30-44 at.% to 0.3-2 at.%, and the O content dropsleaning.
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B. XRD

For the films with low N contents, a broad XRD halo
centered at around62= 30° is recorded as shown in
Fig. 4. The halo is still clearly seen even when the N
content in the films is increased to 20.2 at.%. The halo is
so broad that the film is considered to be in an amorphous
state. Its range roughly covers that of the two halos of
amorphous boron films produced by chemical vapor
deposition in the range oft2= 20 to 25° and 34 to 38°,
respectively? This leads one to infer that icosahedral
atomic clusters exist in the low N-containing BRIms
up to a N content of 20.2 at.%.

We note that the range of the halo also covers the peak
positions of four diffraction peaks of crystalline B-rich
boron nitride films at 8 = 23.26, 31.35, 34.73, and
37.43°° Saitohet al. proposed a structure for this mate-
rial as depicted in Fig. 5, in which a N-B-N chain is
formed inside a rhombohedral unit cell to cross-link the
icosahedral atomic clusters. A stronger rigidity of the
solid results. This further confirms that our low N-
containing BN films is constructed of a network of ico-
sahedral atomic clusters. However, because the pe

G. 5. Structural model of BN, showing the cross-linking effect by
e interstitial N-B—N chains.

positions of these diffraction peaks fall in the range of the
broad halos of amorphous boron, there is no direct evi-
402 at.% N dence to show the presence of interstitial N—-B—N chains
as conjectured by the structural model shown in Fig. 5.

For the films with N contents higher than 20.2 at.%,
38.5 the above broad halo diminishes, while another broad
halo centered around 42° emerges instead. According to
Friedmannet al.,** this spectrum can be assigned to the
28.9 (100) planes of a hexagonal boron nitride (h-BN) struc-
ture. It is thus suggested that the films with higher N
contents are mainly constructed of a graphitelike boron
nitride phase, which is structurally analogous to the hex-
agonal BN phase.

counts

C. IR absorption

As shown in Fig. 6, the IR absorption spectra of the
BN, films with low N contents have a broad absorption
ia band ranging from 600 to 1500 ¢t This range is ba-
9.7 sically consistent with the peak positions of some IR
absorption bands of crystalline boron at 485, 550, 614,
680, 768, 848, and 925 ch'* It also matches with that
4.1 of the broad band of chemical vapor deposited amor-
phous boron films, lying from 580 to 1300 ¢i™ This
result confirms again that the low N-containing BN
films are constructed of random networks of icosahedral
atomic clusters.

I IS T I T S S B

20' - 25 30 35 - ‘40‘ - '45' = 50 When t_he N content con_tinuously increases, the broad
20 (° band diminishes progressively, while other two absorp-
6(0) tion bands centered at 780 and 1400 tappear instead.

FIG. 4. XRD spectra of the BNfilms with various N contents. They are attributable to the out of plane B-N-B bending
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AL L L B L BB B L R o as a reference, the energy axis of the whole spectrum is
40.2 readjusted in order to correct for such an erroneous en-

ergy shift.

Figures 7(a)—-7(d) show some selectedsspectra of
the films with various N contents. Each spectrum is re-
solved into a B component and a Bcomponent. Each
component comprises 70% Lorentzian and 30% Gauss-
ian constituents. The peak energy of thed®mponent is
consistent with that of boron at 189.4 é¥showing that
the films contain some icosahedral atomic clusters. The
B2 component has the peak energy to be consistent with
that of the hexagonal BN at 191.2 é¥%Z°indicating the
appearance of the graphitelike boron nitride phase in the
films. With increasing N content from 4.1 to 40.2 at.%,
the fraction of the B component drops from 94 to 26 %,
while that of the B component correspondingly rises
from 6% to 74%. This trend agrees with that reflected by
XRD and IR absorption—that the random network of the
B-rich phase constructed of icosahedral clusters is disso-
ciated with increasing incorporation of N, whereas the
graphitelike boron nitride phase grows and finally domi-
nates the film structure. We also notice that the peak
energy of the N 4§ spectra (not shown here) shifts toward
that of the hexagonal BN structure at 398.3 eV, further
confirming the growth of the graphitelike boron nitride

22at%N x4 structure with the introduction of Rt
w E. Nanoindentation

e b b b b b e b e o L The hardness and elastic modulus of the boron films
2000 1800 1600 1400 1200 1000 800 600 are found to be 12.8 and 193.5 GPa, respectively (Fig. 8).
-1 These values are found to be smaller than those reported
Wavenumber (cm ) by Doughtyet al. for boron films prepared by plasma-
FIG. 6. IR absorption spectra of the BKIms with various N con- ~ assisted magnetron sputtering (28 and 240 GPaps-
tents. sibly because a much harder boron carbide phase is
formed in their samples.
mode and in-plane B-N stretching mode of the h-BN  Figure 8 shows that the hardness and elastic modulus
structure'®*” This indicates that the increasing incorpo- of the films increase with N content first and reach maxi-
ration of N will suppress the formation of icosahedral mum values of 18.8 and 222 GP4 a N content of
atomic clusters and at the same time force the graphite0.3 at.%. Because the films of this group are mainly
like boron nitride phase to form. It appears that the ban@onstructed of icosahedral atomic clusters, the hardening
at 1400 Cl'ﬁl starts to be observable when the N ContenRNith increasing N content is exp|ained if thed‘& struc-
is low. The features of the spectra change graduallysure proposed by Saitokt al. is formed (Fig. 5f in
indicating that no abrupt phase change occurs in thghich N—B—N chains cross-link the icosahedral clusters
course of ianeaSing N content in the films. More Ilkely, to enhance the hardness of the films.
the films are solid admixtures of a B-rich phase of ico- \When the N content exceeds 20.3 at.%, both the hard-
sahedrons and a phase of graphitelike boron nitridepness and elastic modulus of the films drop. This is at-
where their relative contents are altered progressivelyributed to the growth of the graphitelike boron nitride
with the increase in the N content. phase, which is expected to be softer. In particular, the
hardness of the film with 40.2 at.% N is 13.8 GPa, which
D. XPS analyses is very close to that of BN films in the hexagonal struc-
We first presume that the Gsphotoelectrons detected ture (13 GPa).
in the XPS analyses mainly come from the graphite struc- In Fig. 9, we plot theH/E ratio against the N content.
ture in the films. The peak energy of the € dpectra  This value is expected to reflect the wear resistance of a
mostly deviates slightly from that of graphite at 284.5 eVmaterial by scratching? A higher H/E ratio means that,
due to the effect of surface charging. With the €lihe  on the one hand the material has a higher hardness to

Transmittance (%)
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FIG. 7. B 1s spectra of the BNilms with (a) 4.1 at.% C, (b) 9.7 at.% C, (c) 20.2 at.% C, and (d) 40.2 at.% N.

resist plastic deformation in a contact event, and on th&. Friction coefficient and critical load
other hand it has a small elastic modulus to give a larger For measuring the friction coefficient of the films,
elastic deformation for spreading out the normal loadboth the constant load and ramping load schemes were
applied on it, so that less plastic wear is generated. used. In the constant load scheme, a constant load of 0.7
Results show that when the N content increases fromor 2.5 mN was maintained during scratching. In the
2.2 to 20.2 at.%H/E rises prominently from 0.066 to ramping load scheme, the load was increased with a con-
0.085, because the hardness rises more rapidly than tiséant rate of 0.15 mN$, so that a maximum load of
elastic modulus. For the films with higher N contents, thel5 mN was reached. Figure 10 shows the friction coef-
change inH/E is mild because both the hardness andficients between BN films and diamond couple. First,
elastic modulus drop concurrently. This trend leads to dhe profiles ofw. are smooth, indicating that, in this load
conjecture that the wear resistance of BH strength- range, catastrophic damage or delamination of the films
ened at first upd a N content of about 20.2 at.%, and does not happen, while only plastic wear can be gener-
then it is kept almost unchanged for more N incorpora-ated. Second, associated with such situations, Miyoshi
tion. This postulation appears to be supported by the@roposed that. would depend on the normal loddin
results of critical loads as presented in the next sectiorthe formp. = alY.?* By fitting the experimental data, the
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values ofa andy are determined to be 0.07 and 0.4,

Nanoscratch tests with a faster loading rate of

which are insensitive to the N content of the films. Third, 0.5 mN $* were also carried out for determining the
the results obtained by the constant load scheme, as ieritical load CL) the films. Figure 11 shows the depth
dicated by solid dots in the figure, obey the same trendprofiles of the scratch tracks made on three representative
The typical value ofw. of BN, against diamond at a film samples containing different N contents. First, the
normal load of 2.5 mN is about 0.1.

21 ¢ 1230
20 | § —3 220
19 _ f ______ ) 4210
<18k g L 3200
VR Wy O]
o Ik § E 4 190 g
wa - ,’I \“‘\\ E (o
2 / ] =k
£ 6k , @ 1180 £
Tosp o/ 3170 5
N ] £
F 1 160
14 I E 1
F 4150
13F E o ]
- 1 140
12 SRR EREE FETTE PET RS RN N ST St

FIG. 8. Hardness and elastic modulus of the Bilns with various N

contents.
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FIG. 9. H/E ratio as a function of the N content in the films.

3968

profile recorded during scratching always lies below that
recorded after scratching (postscan profile), because the
former includes both the plastic and elastic deformation
of film and the substrate. Second, the postscan profile
starts smoothly and then becomes zigzag at some point,
as denoted byA. The positions of pointA are most
conveniently identified by referring to the SEM images
of the scratch tracks as shown in Figs. 12 (a), 13(a), and
14(a). In each picture, three scratch tracks produced re-
petitively with the same conditions are seen, from which
the average position @& is determined. From these data
and the loading rate of the scratching, the critical load of
the films is calculated and is shown in Fig. 15. Error bars
are estimated from the scattering of the positionAof
One sees thatl first increases slightly with increasing

N content and then remains almost flat for the films with
higher N contents. It should be meaningful to correlate
the data ofH/E and CL, as the former is assigned con-
ceptually to reflect the wear resistance of a coating,
whereas the later is an experimental measure of a related
property of the film. Indeed;l/E andCL show an almost

0.3

0.2

0.1

0.0
0.3

u
R RALAE RARRS RARRE

0.2

0.1

0.0
0.3

0.2

LI LI L L LR L A B B

0.1

ENEY FEER U ENETE AW FEETY SR WA TETE Y EW FETe SEwe

0.0 1
0.5 1 10
Load (mN)

FIG. 10. Profiles ofw recorded by the ramping scheme and the con-
stant load schema]). Numbers represent penetration depths of the tip
for the constant load scratching. (a) 2.2 at.% N, (b) 20.2 at.% N, and
(c) 40.2 at.% N.
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linear correlation as indicated in Fig. 16, although scatlaminated from the substrate along the path where the
tering of the data is seen because of the difficulty indiamond scratched it. In addition, no buckling can be
accurately locating the position of poiAtin a scratch observed. This reflects that the films with higher N con-
track. We note that the data of the critical load of thetents are more brittle.

films do not show a maximum value concurrent with the
appearance of the maximum hardness & content of
20.2 at.%. Even the hardness of the films drops with a
further increase in the N contents, but the critical load
remains about the same. This verifies that HIE ratio

of a film is actually more effective than the hardness
alone in reflecting the wear resistance of a film.

G. Damage mechanism

Figures 12(b), 13(b), and 14(b) show the SEM images
of the scratch tracks on the films with increasing N con-
tents, from which the damage mechanism by scratching
can be inspected. First, the film with low N content
[Fig. 12 (b)] buckles around the scratch track, and there
is very little fragmentation. This indicates that the film
has compressive stress and is relatively ductile. With
increasing N content, the films show less buckling, but
more fragments are produced. In particular, the film with
the highest N content of 40.2 at.% was completely de-

Load (mN) (b)
FIG. 12. SEM images of scratch tracks on the films of 2.2 at.% N just

after scratching: (a) x149, (b) x274.

Profile (nm)
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FIG. 11. Profiles of the ramping segments and postscan segments féi1G. 13. SEM images of scratch tracks on the films of 20.2 at.% N
films with (a) 2.2 at.% N, (b) 20.2 at.% N, and (c) 40.2 at.% N. just after scratching: (a) x149, (b) x274.
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(b)

FIG. 14. SEM images of scratch tracks on the films of 40.2 at.% N
just after scratching: (a) x149, (b) x274.
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FIG. 15. Critical load of the BNfilms with various N contents.

To examine the adhesion stability of the films, we
examined the SEM pictures of the same scratch tracks
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FIG. 16. Correlation between thd/E ratio and critical load of the
BN, films.

same magnification, one sees that the films peel off along
the scratch tracks and the delamination propagates. In
particular, the film with lower N content peeled off in the
form of buckling, whereas that with high N content de-
laminated in the form of relatively rigid fragmentation.
These features further confirm that the films become
more brittle when more N is added. One may further
suggest that noticeable internal stress is established in the
films. Figure 18 shows the results of the internal stress
measurements. One can see that with increasing N con-
tent, the internal stress in the films rises prominently in a
linear manner from 0.12 to 1.6 GPa. The low internal
stress in the low N-containing film explains why it peels
off in the form of buckling once damage is produced on
the surface. On the other hand, the high internal stress in
the high N-containing film is responsible for the frag-
mental expansion of the scratch track.

V. CONCLUSION

In conclusion, a series of boron and B-rich Bfims
with a systematic increase in N content were prepared by
dual ion-beam deposition. According to IR absorption
and XPS analyses, we suggest that the films are solid
admixtures of a B-rich phase constructed of icosahedral
atomic clusters and a graphitelike boron nitride phase.
With the N content increasing from 2.2 to 20.2 at.%,

months later as shown in Figs. 17(a) to 17(c). Comparinghe film structure is dominated by the B-rich network of

Figs. 17(a) to 17(c) with Figs. 14(a) to 14(c) with the
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FIG. 18. Internal stress on the films with various N contents. Inset:
Typical plot of deflection of the laser beam against displacement of the
film sample.
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(b)

For films with higher N contents (>20.2 at.% ), the
hardness drops continuously to the lowest value of
13 GPa, attributable to growth of the relatively soft
graphitelike boron nitride phase. However, the elastic
modulus also drops synchronically, so that HY& ratio
is almost unchanged. As a consequence, the critical load
FIG. 17. SEM images (x149) of scratch tracks taken 2 months afteFemalns aImO.St un.Changed’ 'mp'y'”g that the Wear resis-
scratching for the films with (a) 2.2 at.% N, (b) 20.2 at.% N, and tance of the f'lm_s IS not p_romlnently altered W'_th the N
(c) 40.2 at.% N. content. In addition, the films become more brittle.

Two general trends are found for all the specimens.
12.8 GPa to reach the maximum value of 18.8 GPa. It iFirst, the friction coefficient. of the film against dia-
proposed that, in the course of incorporating more Nmond depends on the normal loaéh the formp = al?,
some N-B-N chains are generated at the interstitial sitegvherea andy are numerical parameters. It is found that
which cross-link the icosahedral clusters to enhance ofhe values of andy are not sensitive to the change in the
the rigidity of the solid. At the same time, th&/E ratio N content. Second, compressive stress is found to exist in
increases steadily and is accompanied by a rise in thgll the films, and it increases from about 0.12 to 1.7 GPa
critical load. This shows that the wear resistance of thyith the N content increasing in the range observed. Ow-
films is stronger with increasing N content. A simple ing to the presence of stress, the peeling off of the film
calculation illustrates that the N content in the films is notaround the scratch track is accelerated. Meanwhile, the
high enough for both the B-rich phase and the graphiteadhesion stability of the films can be reflected, at least
like boron nitride phase to have the stoichiometric comualitatively, by the speed of peeling off and the propa-
position of the BN and hexagonal BN structures, so thatgation of the scratch track.
the theoretically strongest cross-linking effect occurring
in the BN, structure has not been completely realized in
the film samples. Further work is needed to determind*CKNOWLEDGMENTS
what factors limit further incorporation of N and hinder The work described in this paper was supported by
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