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ABSTRACT

Boron nitride (BN) coatings are deposited by the reactive sputtering of fully dense, boron (B)
targets utilizing an argon-nitrogen (Ar-N2) reactive gas mixture.  Near-edge x-ray absorption fine
structure analysis reveals features of chemical bonding in the B 1s photoabsorption spectrum.
Hardness is measured at the film surface using nanoindentation.  The BN coatings prepared at
low, sputter gas pressure with substrate heating are found to have bonding characteristic of a
defected hexagonal phase.  The coatings are subjected to post-deposition nitrogen (N+ and N2

+)
implantation at different energies and current densities.  The changes in film hardness attributed
to the implantation can be correlated to changes observed in the B 1s NEXAFS spectra.

INTRODUCTION

Boron nitride (BN) is of interest for use in wear resistant coatings and hard surfaces.  The
hardness of crystalline films is directly related to the microstructure and chemical bonding within
the material.  Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy can be used to
identify the nature of chemical bonding in a material.  For boron and its nitride phases, chemical
bonding features are shown to correlate with the hardness of crystalline and nanocrystalline BN
as well as amorphous B films.[1-4]  Curve fitting the NEXAFS spectra beyond the s*-edge can be
used to determine the relative sp2 and sp3 intensities that in turn provides a quantification of the
BN phase content.[1,4]  An increase in hardness is found to be proportional with the increase in
the cubic boron-nitride (cBN) phase content for sputter deposited BN films.[4]

The variation of deposition conditions (i.e. sputter gas pressure, flow and composition along
with substrate temperature and applied bias) affect the formation of crystalline phases in BN
films deposited by rf sputtering pure boron targets using unbalanced planar magnetrons.[1,2]

Hardness can be influenced by post-deposition treatments as well.  A post deposition
implantation of boron and boron nitride can reveal the nature of formation and stabilization of
the cubic boron nitride (cBN) phase.  Ion implantation of hexagonal boron nitride (hBN) with
N2

+ was shown with NEXAFS to induce a significant proportion of sp3 bonding characteristic of
cBN.[3]  A 100-fold variation in hardness appears for BN films that can be characterized by sp2

bonding features alone.[2]  The presence of defects in the chemical bonding of hBN appear as
resonances found beyond the p*-edge.[3-4]  The present objective is to further evaluate the effects
of implantation energy and current density on boron and its nitride phases.  In particular, to use
post deposition implantation to harden B and hBN coatings.

EXPERIMENTALS

The BN (no. 417a, 417b and 814) and B (no. 819) samples are prepared using physical vapor
deposition.  The 0.4-0.8mm thick coatings are deposited by sputtering pure boron using planar
magnetrons operated at 200W power in the rf mode.[1-2,5]  The boron targets are unique in that
full (>99%) density is achieved with elemental purity (>0.998).  Synthesis of the boron sputter
targets is described in detail elsewhere.[6]  The deposition chamber is cryogenically pumped to a
5x10-6 Pa base pressure.  The B coatings are deposited using Ar as the working gas whereas the
BN coatings are deposited using a Ar-25%N2 reactive gas mixture.[5]  A 10-20nm thick Cr layer
is initially deposited to enhance coating adherence to the 1.2x1.2cm silicon substrates.  The



substrates are positioned laterally from the center of the 6.3cm diameter target.  A substrate
temperature of 300˚C is achieved using a BoralectricTM  heater.  A 0.23Pa sputter gas pressure is
maintained using a 28 cm3

 min-1 total flow rate.  Deposition rates of 0.019 nm s-1 and 0.025 nm s-1

are produced using the Ar and Ar-25%N2 sputter gases, respectively.  The as-deposited coating
thickness (to) is measured using a Dektak II contact profilometer.

The as-deposited samples are modified by nitrogen implantation.  A tantalum shadow mask
exposes the center of each coated wafer to the implanted species.  Two sets of implants are
performed that accentuate the effects of the per nitrogen implant energy and current density.  The
nitrogen implantations are achieved with a cryogenically pumped Varian 3000 system using a
Freeman source.  In the first set, the variable is implant energy.  A two-pocket shadow mask is
used for samples no. 417a and 417b.  The terminal potential is set at 90 or 180 keV.  A selection
at the analyzer magnet of 14 atomic mass units (amu) is used for N+ ions.  These conditions yield
90 or 180 keV per incident nitrogen atom.  A 24mA focused beam is rastered across a surface
area in excess of 100 cm2 that covers the hard-masked substrates.  This exposure condition
produces a 5.0x1014 cm-2 s-1 flux of nitrogen atoms, i.e. an equivalent “nitrogen atom” beam
current density (rN) of 81 mA cm-2.  The total dose of nitrogen atoms at either 90 or 180 keV is
1x1017 cm-2.  In the second implantation set, the variable is current density with respect to the
first implant set.  For this implant, a four-pocket shadow mask is used for samples no. 814 and
819.  The terminal potential is set at 200 keV.  A selection at the analyzer magnet of 28 amu is
used for N2

+ ions.  These conditions yield 100 keV per incident nitrogen atom.  A 15mA
defocused beam is rastered across a surface area in excess of 100 cm2 that covers the hard-
masked substrates.  This exposure condition produces a 1.9x1014 cm-2 s-1 flux of nitrogen atoms,
i.e. an equivalent rN of 31 mA cm-2.  The total dose of nitrogen atoms at 100 keV is 2x1017 cm-2.
Note that before this implant, the samples received a small 1.4x1016 cm-2 dose of 200 keV (N+)
nitrogen atoms as 14 amu was inadvertantly selected for the implant condition.  The change in
thickness (Dt) found in the implanted region is measured using a Dektak II contact profilometer.
A summary of the implant conditions is listed in Table 1 for each sample wherein a suffix is
added to each sample no. indicating the implantation energy per nitrogen atom.  For example, the
90 keV implanted BN sample no. 417a is designated as 417-90.

Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy provides information
about the elemental composition and bonding character of the B and BN samples.[7]  NEXAFS
spectroscopy is based on the availability of x-ray radiation of tunable wavelength that is
produced by a synchrotron.  Measurements are taken on beamline 8.0 at the Advanced Light
Source (ALS) in Berkeley.  This undulator beamline is equipped with a spherical grating
monochromator that delivers x-ray radiation in the range of 200-1500 eV with a resolving power
of E/DE = 104.  NEXAFS spectroscopy is very sensitive to variations in the local bonding
structure of boron nitride, and therefore is a suitable method to study the various phases of boron
nitride.[4]  Unique spectral features in the boron and nitrogen 1s photoabsorption cross sections
correspond with resonances that are specific to discrete BN phases.[8]  The photon energy of
monochromatic synchrotron radiation is scanned through the core-level edge while monitoring
the electron yield to measure the B 1s core-level photoabsorption cross-section.  The low-energy,
long mean-free-path electron emission dominates the signal.  The transition of 1s initial states
into p-like empty final states is associated with sp2 hybridized, planar bonding that is
characteristic of hBN and appears as the narrow, intense transition at 192 eV.  This p* resonance
is absent in s p3 tetrahedrally bonded materials such as cBN which uniquely evidence an
absorption maximum step into s* continuum states above 194 eV.  The resonance peak at 192
eV indicates B-(N3) bonding in hBN.  The presence of N-void defects in the hBN structure are
representative of B-(BN2) and B-(B2N) corresponding to the successive satellite peaks above 192
eV.[3]  The diffuse peak for elemental boron at 194 eV can be correlated with some degree of
planarization of sp3 tetrahedral bonding, similar in signature to the sub-surface boron layer that
forms in silicon.[9-10]  Local NEXAFS spectra of the implanted and unimplanted region are
acquired by averaging over a 50 mm diameter region from each sample.

The mechanical properties of the B and BN samples are characterized using nanoindentation.
Hardness measurements are performed on a Nano Instruments IIs nanoindenter.  A Berkovitz
diamond tip that has three-sides, each at 65.3˚ to the base, is used to indent the coatings.  Force



measurements at various depths up to 1 micron are repeated between 10 to 15 times, then



Table I.  Samples, Implant Conditions and Properties of B and BN Samples
                                                                                                                                                                                                                                          

Sample Deposit to  Ion  Energy rrrrN  DDDDt I 1 I 2 I 3 I 4 H
No. (mm)  (keVatom-1) (mAcm-2) (nm) (B-N

3
) (B-BN

2
) (B-B

2
N)  (B) (GPa)

                                                                                                                                                                                                                                          

 417a-0 BN 0.42 -  0  0 0 0.81 0.13 0.05  0.01  0.9
417a-90 BN 0.42 N+  90 81 -270 0.43 0.28 0.18  0.11  3.4
 417b-0 BN 0.42 -  0  0 0 0.81 0.13 0.05  0.01  0.9

417b-180 BN 0.42 N+ 180 81 -140 0.92 0.06 0.02  0.00  0.2
814-100 BN 0.80  N2

+ 100 31 +33 - - - -  0.7-4.0
ref.[2,10]  B 0.14 -  0  0 0 0.00 0.01 0.03  0.96 26.4
 ref.[5]  B  6.0 -  0  0 0 - - - - 28.3
819-100  B 0.48  N2

+ 100 31 +33 - - - - 40.1
                                                                                                                                                                                                                                          

averaged, and the standard deviations are used to derive the probable errors.  Hardness is defined
as the average pressure under the indenter tip.  Hardness can be calculated from the load divided
by the projected area of contact between the tip and the sample.  The projected area is
determined from the depth of penetration using the known profile of the tip.  Since indentation
depth is a combination of elastic and inelastic components, a proper derivation of hardness
requires the removal of the elastic portion.  The detailed computation of hardness from load-
displacement curves developed for bulk homogeneous materials has continued to evolve to better
define parameters such as true contact area that are useful for analyzing stiff materials as well as
inhomogeneous systems.[11-12]  Although there are limitations imposed by analyzing
inhomogeneous and hard materials, hardness is computed using the standard procedure
developed from Doerner and Nix.[13-15]  The elastic modulus is calculated from the initial linear
portion of the unloading curve and extrapolates to zero load.

RESULTS

The NEXAFS spectra for samples no. 417a-0 (Fig. 1) and 417b-0 compared with reference
data from Jiménez, et al.[4,10] show that the unimplanted area exhibits bonding typical of the
hexagonal structure with the boron p* resonance at 192 eV (peak 1).  The spectrum is very
similar to published spectra of BN films grown by either pulsed-laser or rf-sputter deposition.[4]

The small additional features (peaks 2-4) just above the boron p* resonance are correlated with
N-void defects in the hexagonal bonding, i.e. with the fact that boron atoms can be bound to
three (peak 1), two (peak 2), one (peak 3), or no (peak 4) nitrogen atoms leading to four different
peaks at the p* resonance.  The spectra for a B film is shown for reference.[10]  Whereas the
spectrum for the 180 keV implant region (sample no. 417b-180 not shown) evidences a very
small decrease in the N-void defect peak intensities relative to the unimplanted condition, the
spectrum for the 90 keV implant region (sample no. 417a-90) exhibits stronger defect features.
No clear formation of the cubic phase is found in the sample no. 417 set of films as is observed
when films are deposited by ion-assisted laser deposition at lower (10-70 mA cm-2) current
densities of nitrogen.[1,4]  The peak intensities (I ) of the B 1s spectra are quantified for each BN
bonding variant, i.e. peaks 1-4.  A fitting procedure is applied to deconvolute the p* resonance
peaks into a superposition of four Gaussian curves.[2-3]  The results using this fitting procedure
are listed in Table 1 for each sample.  NEXAFS spectra await for samples 814 and 819.

The hardness measured for each sample (Fig. 2) increases with the indenter depth.  The
hardness values converge to the 9-10 GPa value of the Si substrate beyond an indenter depth
equal to the film thickness.  To measure the film requires attention to the shallow (about 10% to)
indentation depths.[16]  The average hardness (H) values measured for all B and BN samples are
listed in Table 1.  The hardest as-deposited sample is the thin B coating.[2]  Similar 28±1 GPa
hardness values are measured for 6mm thick B films using a Vickers micro-indenter.[5]  The



softest sample is implanted BN no. 417b-180.  The hardness of an unimplanted region of BN
samples no. 417a-90 and 417b-180 are equal to the as-deposited value of 0.9 GPa for samples

Fig. 1. Electron yield intensity varies with
photon energy (eV) in these NEXAFS B 1s
spectra for B (ref.)[10], as-deposited BN (417a-
0) and 90keV N+ implanted BN (417a-90).

Fig. 2. Hardness (GPa) varies with indenter
depth (nm) for B (ref.)[2], as-deposited BN
(417a-0 and 417b-0), and N+ implanted BN at
90 keV (417a-90) and 180 keV (417b-180).

no. 417a-0 and 417b-0 as expected.  The 90 keV N+ implant hardens the BN coating surface
whereas the 180 keV N+ implant softens the BN coating surface.

The 200 keV N2
+ implant shows some unusual results for samples no. 814 and 819.  Most

interesting is the 12 GPa increase in hardness measured for B sample no. 819-100.  The hardness
values do not appear to signifcantly differ between the implanted and unimplanted regions of
sample no. 819-100.  Since the hardness of B is well-established[2,5] this raises concern to the
certainty of the as-deposited region associated with the sample no. 819 hardness measurement.
Also, a similar irregularity is found for the hardness measured in the unimplanted region of
sample no. 814.  A 0.7 to 4 GPa range in hardness is measured for sample no. 814-100.  This
broad range draws attention to the relative etching and spallation that occurs during implantation.
If the soft BN surfaces are hardened by the implant at a low current density, then there will be
little etching but perhaps some spallation of the hard surface off the softer base material.  Thus,
some areas of the implant region (i.e. sample no. 814-100) may appear hard and others soft as the
as-deposited BN.  If the nitrogen current density is high, thereby annealing the implanted
surface, then a significant etching rate may result (as for sample no. 417a-90).  Thus, it can be
postulated that a 0.7 GPa hardness is likely for sample no. 814-0 as is consistent with all prior
measurements for as-deposited BN.  The hardness of sample no. 814-100 is likely £4.0 GPa,
showing a several-fold increase from the as-deposited condition as is similarly found for the
implanted sample no. 417a-90.  Cubic BN does not form for any of the implanted BN samples.
However, the 200 keV N2

+ implant of B sample no. 819 may result in some sp3 bonding in the
BN surface.

DISCUSSION

The comparative hardness of BN samples no. 417a and 417b correspond with the relative
peak intensities of the p* resonances.  The hardest films have a strong B peak intensity whereas
the softest films have strong B-(N3) bonding.  An empirical model is recently developed to
directly relate the relative peak intensities to the film hardness.[17]  Stabilization of the cBN
phase in thin films can be achieved through the use of ion-assisted deposition techniques, e.g.



high voltage, bias sputtering or ion beam bombardment at the substrate.[18-21]  Mechanisms
proposed for cBN stabilization in BN films include both preferential sputtering effects[22], the
presence of large stresses[23-24] and subplantation[25-26] wherein low energy ions are implanted
below the surface to increase local density.  Post deposition treatments of hBN are also
revealing, as 180 keV N2

+ ion implantation at a 10 mA cm-2 current density induced a significant
proportion of sp3 bonding characteristic of cBN.[3]  Whereas N-void defect introduction to the
BN film is evident in the p*-resonances, there are no noticeable changes in the B 1s spectra
beyond the s*-edge indicative of sp3 bonding at the higher (31 or 81 mA cm-2) current densities
used in this study.  However, the 31mA cm-2 beam condition may harden the as-deposited BN
film more than the 81mA cm-2 beam condition.  The effect of current density is also seen in
preferential etching, perhaps similar to plasma-assisted chemical vapor deposition processes
wherein the growth of the cBN phase can occur competitively with the selective etching of the
sp2 (hBN) phase during film growth.[27]  Thus it appears an ion current threshold exists for cBN
formation.  A higher energy (180 keV N+) ion implant at the greater current density can
effectively anneal out the N-void defect structure hence decrease the film hardness.  Thus,
examination with core level photoabsorption to study BN defects and metastable bonding
configurations confirms that the presence of point defects support mechanisms involving defect
creation in cBN formation.[3-4]  Recently, similar findings requiring defect generation are found
in the mass and energy measurement of species responsible for cBN growth in rf bias sputter
conditions.[28-29]

SUMMARY

B and BN coatings sputter deposited from pure B targets at low gas pressure and temperature
are N ion implanted.  The coatings are characterized with NEXAFS and nanoindentation to
reveal chemical bonding and surface hardness, respectively.  The as-deposited BN coatings have
defected hBN bonding and a 0.7-0.9 GPa surface hardness.  A high energy, high current density,
N implant etches and softens the BN coatings to a relaxed state of hBN bonding with a 0.2 GPa
hardness.  A low energy implant hardens the BN coatings with an increase in (N-void) defect
structure and an increase in hardness to 3.4-4.0 GPa (where a lower current density enhances the
effect).  The as-deposited B coating is amorphous[5,10] and has a 26-28 GPa surface hardness.
The low energy, low current density, N implant hardens the B coating to 40 GPa.  Future
NEXAFS analysis will probe for the presence of sp3 bonding in this N implanted B coating.  The
post deposition, N implantation yields results similar to ion-beam assisted deposition and ion
implantation studies in which stabilization of cBN occurs during growth.[3-4,25-26]
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