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X-ray diffraction study of stress relaxation in cubic boron nitride films
grown with simultaneous medium-energy ion bombardment
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Relaxation of the intrinsic stress of cubic boron nitrid8N) thin films has been studied by x-ray
diffraction (XRD) using synchrotron light. The stress relaxation has been attained by simultaneous
medium-energy ion bombardmeii2—-10 ke\j during magnetron sputter deposition, and was
confirmed macroscopically by substrate curvature measurements. In order to investigate the stress—
release mechanisms, XRD measurements were performed in in-plane and out-of-plane geometry.
The analysis shows a pronounced biaxial state of compressive streseBi\Higms grown without
medium-energy ion bombardment. This stress is partially released during the medium-energy ion
bombardment. It is suggested that the main path for stress relaxation is the elimination of strain
within the cBN grains due to annealing of interstitials. 804 American Institute of Physics
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Cubic boron nitride(cBN) is, next to diamond, the sec- identified. One way to quantify the film stress evolution and
ond hardest material known. In contrast to diamoci8N to monitor the stress relaxation during the film growth is to
does not react with ferrous metals and is stable against oxineasuren situ the substrate curvature during deposition by
dation up to 1300 °C.Thus,cBN is a very promising mate- means of laser deflectidi. However, the measurement of
rial for tribological applications. The growth afBN films  the substrate curvature yields the film stress on a macro-
has been demonstrated using a variety of physical andcopic level (sum of intrinsic, interface, and thermal
chemical vapor deposition procesgés detailed review ar-  stresse which makes it difficult to discern between the con-
ticles, see Refs. 1 and.2n general, all deposition processes tribution of different relaxation mechanisms. The aim of this
have in common that a low-energy ion bombardmentwork was to study the stress relaxation induced by simulta-
(~100-500 eV is required for the nucleation and growth of neous medium-energy ion bombardment during the growth
thecBN.3 As a consequence of this low-energy ion bombard-by MS on an atomic scale by means of x-ray diffraction
ment, the films exhibit very high intrinsic compressive stresgXRD) using high-brilliance synchrotron radiation and, in
(exceeding—10 GPa, which limits the adhesion and the this way, identify possible mechanisms involved.
maximum film thickness. The cBN thin films were prepared by radio frequency

In order to reduce the stressdBN films, several relax- MS in Ar/N, (35% and 100% B) discharge. A negative dc
ation methods have been reporfefimong them, a promis- substrate biag—150 V) in combination with negative high
ing option is the use of ion implantation into regions well voltage (HV) pulses(2—-8 kV) were used to enableBN
below the film surfacg30 keV-1 MeVj.>® Following this  nucleation and growth and simultaneously achieve stress re-
approach, the combination of sequentialsitu ion implan-  laxation. Prior to the nucleation @BN, a ~50 nm hexago-
tation and film growth has been shown as a method to proral BN (hBN) buffer layer was deposited to improve the
duce thick films(>1 um).” This study has been extended to adhesion and the total film thickness was 150 nm. For com-
simultaneous medium-energy ion implantation during theparison, one sample was produced without medium-energy
growth by ion beam assisted deposiﬁarand magnetron ion bombardment. To prevent delamination, the total thick-
sputtering(MS).*° In these investigations, it was found that ness of this sample was limited t650 nm. The evolution of
the stress relaxation is controlled by the flux and energy othe stress during deposition was monitored vitittsitu sub-
the medium-energy ions implanted during the growth. Parstrate bending measurements by laser deflection. The details
ticularly, the amount of stress release correlates with thef sample preparation anith situ stress measurement are
number of atomic displacements generated by the mediungiven in Ref. 10.
energy ion impacts. The value of residual stress for the films considered in

Postdeposition annealing has also been demonstrated tiois work and the preparation parameters are shown in Table
reduce stress inBN thin films,""*?but is less efficient than |. The data show a clear correlation between the stress level
ion implantation‘?’lzAnnealing additional to medium-energy and the amount of ion damage induced by the medium-
ion implantation, however, was found to reduce efficientlyenergy ions. The dynamic ion damage that is produced dur-
the structural degradation, which accompanies the ion iming the HV pulses is expressed in terms of displacements per
plantation proces’:® atom (dpa. The number of dpa was calculated for each

Despite the effective stress release upon medium-energyample from the total number of displacements per incoming
ion bombardment, the relaxation mechanisms are not welbn as obtained b§5R|M15 (with the energy of N being one-

half of that of Ar), the ion flux, which depends on the HV
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TABLE I. Medium-energy ion bombardment parameters during MS deposition and the computed ion-induced
damage. The measured intrinsic stress values derived ifiositu cantilever bending are also included and
correlate with the degree of ion-induced damage.

Pulse voltage Pulse frequency Stationary damage

(kV) (kHz) (dpa Stress(GPag Comments
0 -9.0+£0.1 cBN with high stress
-8 2.8 0.5 -2.6+0.1 100% Ndischarge
-4 2.8 0.7 -1.7+0.1 Ar+Bldischarge
-8 2.8 1.2 -1.6+0.1 Ar+Bldischarge
-8 2.8 1.2 Ar+N, discharge annealing at 900 °C

dpa was annealed at 900 °C after deposition as a referenceut-of-plang[Fig. 1(b)] detector scans fa@BN samples pro-
sample with no or very low stress. duced with different medium-energy ion damage. The
XRD measurements were performed at the ROssendogample grown without HV pulsgsowest curve in Figs. (B)
Beam Line(ROBL)® at the European Synchrotron Radiation and Xb)] is used as a reference representing a nonrelaxed
Facility (ESRB. The experiments were done under grazingcBN film and, hence, with high compressive stress. In the
incidence to minimize the signal coming from the Si sub-in-plane geometry, the Bragg peaks related tohasl (002
strate. The wavelength of the incident x-ray was 1.218.3  and cBN (111) reflections are identified. TheBN signal
keV) and the angle of incidend@) was set to 0.2°, slightly originates mainly from théaBN buffer layer. In the out-of-
above the critical angle for total internal reflectiqa, plane geometry, théBN (002 peak vanishes due to the
=0.199 to enhance the intensity of the signal. For eachpreferential orientation of this buffer layer with tleaxis
sample, in-plang2w) and out-of-plang26) scans were per- parallel to the substrate, which is typical faBN grown
formed. In this way, lattice planes oriented perpendicular andinder low-energy ion bombardmefftThe cBN (111) dif-
parallel, respectively, to the surface can be detected and fgaction peak in all samples is more intense in the out-of-
biaxial stress in the Samp|es can be mapped_ plane than in-plane scan, indicating a prEferential orientation
Figure 1 shows the data recorded in-plgRig. 1(@)]and  ©of thecBN(111) planes parallel to the surface. This texture is
more pronounced in the sample grown without HV pulses
e (nonrelaxegl and it is attenuated with the addition of

12dpa+ 4 BN (002) (a) medium-energy ion bombardment.
. BN (111) Figure 2 shows theBN (111) lattice distancesd(111),
- obtained from the fitting of the diffraction patterns of Fig. 1.
2 | e Due to the high texture for the sample grown without HV
_; pulses and its low thickness, the error in the fitted in-plane
8 | ordpa cBN(111) peak position is larger than for the other samples.
z For comparison, the tabulatef{111) value of polycrystal-
é 05 dpa line cBN (Ref. 18 is also included. Even under compressive
E % stress, the in-plané(111) values from thecBN films are
larger than for th&BN powder reference. This is most likely
high srass % due to the nanocrystalline structure and incorporation of de-
f;j’iﬁ:j?’ed:;}n%*_ fects as a result of the deposition process. @tll) inter-
10 15 20 25 30 35 planar distance is larger in the out-of-plane than in the in-
q, (A" plane direction, indicating a pronounced biaxial state of
;fs:gfln:al. ¢BN (111) ()
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FIG. 2. ¢cBN (111 lattice spacing measured in the in-plai@®) and out-of-
FIG. 1. In-planga) and out-of-planéb) diffraction pattern of BN thin films  plane (O) geometries for samples with different degrees of ion-induced
with different ion-induced damage and stress relaxation. The in-plane spectamage and stress relaxation. For comparison, the values of polycrystalline
trum of the nonreleased sample shows a very low intensity due to the smatlBN, a nonrelaxe@BN thin film and acBN thin film that is stress free after

film thickness(50 nm. annealing at 900 °C are shown.
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compresive stress. For the additionally annealed sample, tleould be increased and the relaxation process be more effi-
isotropic lattice spacing, with equal in-plane and out-of-cient by enhancing the crystallinity of ttelBN phase during
plane values, indicates a complete relaxation of the structuré¢he growth.
Upon the thermal treatment, apart from annealing of defects, In conclusion, XRD analysis has shown that effective
the residual stress can also be partially accumulated at thetress relaxation incBN thin films upon simultaneous
interface due to the fact that above 600 °C plastic deformamedium-energy ion bombardment during the growth process
tion occurs in the Si substratIn any case, the results show takes place at an atomic scale. The crystaliB& phase is
that the combination of postannealing and medium-energyery stable under ion bombardment and the stress relaxation
ion bombardment can be efficiently used to produce stressccurs within thecBN grains. The main path of stress relax-
free cBN by MS. For the samples grown under medium-ation seems to be annihilation of interstitials and atomic re-
energy ion bombardment, the in-plane and out-of-planearrangements as a result of the thermal spikes induced by the
d(111) distances converge toward the value of the annealeghedium-energy bombardment. However, additional post-
sample with increasing ion-induced damage, in agreemenieposition annealing is required for complete relaxation of
with the macroscopic stress values displayed in Table |. Thishe structure. The stress relaxation process could be more
is a clear indication that the ion bombardment leads to &fficient by operation under conditions leading to a higher
strain relaxation at an atomic scale and within &N  crystallinity of thecBN phase.

rains.
g The size of theBN grains is~3 nm and~6 nm for the The authors would like to acknowledge the financial
out-of-plane and in-plane directions, respectively, as detesupport from the ESRF for the synchrotron experiments un-
mined from the full width at half maximum of theBN (111) der Project No. ME-706. The help of Dr. N. Schell as a local
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