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Core-level photoabsorption study of defects and metastable bonding configurations
in boron nitride
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A comprehensive study of different local bonding environments in boron nitride bulk and thin films has been
performed by core-level photoabsorption. Several features not present in crystalline reference samples are
found in the absorption spectra of the thin films. These are identified as nitrogen vacancies in the hexagonal
bonding of BN, nitrogen interstitials, boron clustering,sp3-like metastable phases, andsp3 phases. Quantita-
tive information on the concentration and distribution of point defects is easily extracted from the photoab-
sorption data and is discussed with regard to the formation of additional phases, the B:N ratio in the films, and
compared with a random model of defect formation. Information on the stability of the bonding environments
is gained by annealing the thin films. Modification of the orientation of thesp2 hexagonal planes is attained by
ion bombardment and annealing, and is monitored by angle-resolved photoabsorption.
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I. INTRODUCTION

Boron nitride is an interesting material for technologic
applications and for fundamental solid-state physics inve
gations. It is a compound isoelectronic with carbon and, l
carbon can possesssp2- andsp3-bonded phases resemblin
graphite and diamond. BN crystallizes in thesp2-bonded
hexagonal (h-BN), rhombohedral (r -BN), and turbostratic
phases, and in thesp3-bonded cubic (c-BN) and wurtzite
(w-BN) phases.1 As in the case of carbon, fullerene cag
and nanotube BN structures have been predic
theoretically,2 and actually synthesized and characterized3,4

A different family of materials is obtained when replacin
C-C pairs in graphite with isoelectronic B-N pairs, resulti
in C2BN compounds.5,6 Regarding other boron compound
BN is exceptional in the sense that it has standard two-ce
bonds with conventional coordination numbers, while oth
boron compounds~e.g., B4C! are based on the boron icos
hedron unit with three-center bonds and high coordinat
numbers.7,8

From an applied standpoint, there is a strong interes
growing BN thin films due to the desirable properties of t
material. Hexagonal BN is a good insulator commonly us
in vacuum technology, which has also been tried in the th
film form for microelectronic devices.9 It is a very inert,
refractory material and hence it is commonly used for c
cibles in vacuum evaporation techniques. Because of
weak interlayer bonding,h-BN is a soft material which can
be used as a lubricant. Cubic BN also has interesting ph
550163-1829/97/55~18!/12025~13!/$10.00
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cal properties, very different from the hexagonal phase. It
after diamond, the second hardest material known, with
advantage over the former that it does not react with ferr
materials making it a preferred hard coating for many ind
trial applications. Electrically, it is a wide gap semiconduc
which can be doped with acceptors and donors more ea
than diamond, attracting interest for high-temperature f
microelectronic devices and in visible and ultraviolet op
electronics. Like diamond, it is also a very good therm
conductor.

The existence of several allotropic forms and fullere
like structures for BN suggests a rich variety of local bon
ing and poses the questions of how this affects the lo
electronic structure and how the material accommodates
stress induced in the transition regions between differ
phases. One would expect point defects to play a crucial
in stress accommodation, but these must also have a st
influence in the electronic structure, since the B—N bond is
polar and a point defect will thus be a charged structure. T
study of point defects in relationship to the electronic stru
ture is of fundamental interest in these materials. It has b
studied theoretically for bothh-BN,10,11 and c-BN,12 and
has attracted experimental spectroscopic work on the var
of color centers that are formed. Techniques sensitive to
sharp electronic levels of the trapped electrons l
cathodoluminescence,13 thermoluminescence,14 and electron
paramagnetic resonance15,16 have been most widely used
Positron annihilation, a technique commonly used to stu
vacancies has not shown to be very informative.17 The draw-
12 025 © 1997 The American Physical Society
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12 026 55I. JIMÉNEZ et al.
back of these techniques is the difficulty in performing
quantitative analysis. Recently, we have shown that n
edge x-ray-absorption fine structure~NEXAFS! is sensitive
to point defects inh-BN, and to the formation of metastab
phases even in amorphous materials.18 This is significant
since other phase identification techniques like vibratio
spectroscopies or x-ray diffraction yield ambiguous resu
for nanocrystalline19 and amorphous samples.20 Serendipi-
tously, NEXAFS also combines chemical selectivity wi
point-defect sensitivity. In this work we will further demon
strate the use of NEXAFS to study point defects, a fi
relatively unexplored with this technique.

Point defects in BN are also important with regard to t
growth of c-BN thin films. Bulk cubic phase samples a
attained by simultaneous annealing and application of h
pressures~typically T;2000 K, P;5 GPa!,21 but can be
grown in thin-film form by using deposition techniques a
sisted by ion bombardment, i.e., with a beam of ions strik
the substrate while atomic boron or molecular boron nitr
is evaporated. This includes growth methods like plasm
enhanced chemical vapor deposition,22 radio-frequency
sputtering,23 ion-assisted pulsed-laser deposition,24 ion-
assisted boron evaporation,25 and simultaneous nitrogen an
boron ion bombardment.26 There is a narrow window of ex
perimental conditions that lead toc-BN formation,27–29 and
previous work has suggested a mechanism mediated by
fect formation because the amount of the cubic phase
tained depends on the square root of the ion energy
mass—when different mixtures of N2 and noble gases ar
used—whereas a simple momentum transfer mechan
would yield a linear dependence.30With regard to the type of
defects that are expected, some simulations have been
formed indicating a high concentration of vacancies in
surface layers followed by a large number of interstitials
the subsurface region.31 Some models explain the formatio
of the cubic phase by the buildup of a biaxial compress
stress,25 which some authors relate to interstitial Ar or
atoms introduced in the BN matrix during the ion-assis
growth method.32

In this work we take advantage of the local sensitivity
the core-level photoabsorption technique to identify the pr
ence of both nitrogen vacancies and interstitials in conn
tion toc-BN growth, and to address some questions conce
ing the bonding structure of boron nitride in intermedia
situations between ordered hexagonal and cubic pha
These metastable and defective phases are attained b
sputtering, ion bombardment, and annealing treatment
hexagonal BN thin films. We will demonstrate the capab
ties of NEXAFS to characterize point defects following
simple quantitative analysis, and illustrate the possibility
obtain orientational information by angle-resolved NEXAF

II. EXPERIMENT

To study a range of compositions and bonding modifi
tions as wide as possible, we have measured the B (1s) and
N (1s) photoabsorption from a variety of bulk samples a
thin films which are briefly described as follows. Referen
h-BN samples andc-BN were prepared by attaching cry
talline hexagonal and cubic BN powders to a Ta subst
with conductive epoxy. The influence of ion bombarding
r-
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the bonding was obtained by sputtering theh-BN crystalline
powder sample with Ar1 ions at 2 keV, a dose of 2
31017 cm22 and a current density of 2mA cm22. Elemental
boron references were obtained from a thin film grown
radio frequency~RF! sputter deposition of a pure boron ta
get using unbalanced planar magnetrons and pure Ar,18 and
from crystalline boron powder epoxied to a Ta sheet. One
of BN thin films was grown on different Si and Ni substrat
by magnetron sputtering using a boron target and a mix
of Ar and N2 gases with different nitrogen composition
ranging from 0 to 55%. Different samples were obtained
applying negative bias voltages from 0 to 400 V~both con-
stant and radio frequency! to the substrate. The RF bias wa
applied by drawing off approximately 5% of the RF power
the target. Another set of BN thin films was grown on
substrates by pulsed-laser deposition~PLD! from a hexago-
nal BN target. For a number of samples, the PLD proc
was assisted with simultaneous ion bombarding using m
tures of N2

1 and Ar1 at energies between 500 and 1000
Also, several PLD samples were modified by postdeposit
ion implantation with either N2

1 or Ne1 at energies between
90 and 180 keV, fluences between 131017 cm22 and 4
31017 cm22 and current densities between 10mA cm22 and
70mA cm22. To further modify the bonding environment
some samples were annealed under vacuum at success
increasing temperatures from room temperature to 1500
The BN thin films were annealed by direct current flowin
through the Si substrate, the temperature being monito
with an infrared pyrometer calibrated to the emissivity of t
Si substrate. Details on each sample preparation will be
ther discussed in connection with the NEXAFS spectra.

The core-level photoabsorption experiments were c
ducted at beamline 8.2 of the Stanford Synchrotron Rad
tion Laboratory33 and at beamline 8.0 of the Advanced Lig
Source~LBNL !, both of them equipped with spherical gra
ing monochromators. The measurements were performe
the total electron yield mode by recording the photocurr
from the sample with a current amplifier and a multimet
Simultaneously, the total electron yield was recorded from
metal grid covered with gold that is located upstream fro
the sample in the x-ray beam path. The signal coming fr
the sample was normalized by the grid signal to elimin
variations in the x-ray flux. A second normalization was p
formed to account for absorption from the materials in t
beamline optics, by recording the electron yield from a cle
Si wafer, i.e., a material whose absorption spectrum sho
show no structure in the boron and nitrogen regions. T
second normalization is not very important for the BN sy
tem studied here, but is critical when studying carbon co
pounds.

Core-level photoabsorption in the electron total yie
mode is a technique with an intermediate depth sensitiv
with an electron escape depth of about 50 Å compared w
the 5–20 Å of photoemission.34 This relative bulk sensitivity
permits the study of samples grown in other vacuum cha
bers and transported in air to the analysis chamber. To a
surface contamination as much as possible, all samples w
outgassed at about 500 K in vacuum. Comparison betw
the spectra before and after outgassing in test samples s
a substantial decrease in the oxygen content~i.e., from ad-
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FIG. 1. B (1s) and N (1s) photoabsorption spectra corresponding to a variety of local environments in the boron nitride syste
same letter in panels~A! and ~B! corresponds to the same sample. Curves (a1) and (a2) represent a crystallinec-BN reference measured
with filtered light to avoid higher orders of diffraction from the monochromator and with unfiltered light, respectively. Curves (b1) and
(b2) represent a crystallineh-BN reference measured with filtered and unfiltered light, respectively. Note the N features in the B reg
second order for the unfiltered measurements, conditions under which the rest of the samples were measured. Curves~c! represent a
h-BN thin film grown by pulsed laser deposition exhibitingW-Z peaks in thep* region, (d) a Ne1 implantedh-BN thin film, (e) a film
RF sputter deposited in an Ar/N2 mixture from a boron target with an RF bias applied to the substrate to formsp3 BN, ( f ) a N2

1 implanted
thin film, and (g) a N2

1 implanted thin film containing a metastable phase.
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sorbed water and carbon oxides! with no changes in the
shape of the boron and nitrogen edges.

III. RESULTS AND DISCUSSION

A. General results

Figure 1 shows a series of B (1s) and N (1s) absorption
spectra corresponding to a variety of local environme
found in the boron nitride system. This figure illustrates t
different features observed in the photoabsorption spectr
more detailed discussion being given in the following s
tions. The boron and nitrogen NEXAFS spectra labeled w
the same letter correspond to the same sample. In gen
the boron edge shows more dramatic differences than
nitrogen edge and therefore we will describe first all the
ron spectra. Curves (a1 ,a2) and (b1 ,b2) are reference spec
tra from crystalline powders ofc-BN and h-BN, respec-
tively, the most stable phases withsp2 and sp3 bonding.
Throughout this work, thec-BN andh-BN standards will be
used to compare against the unknown films to determ
s
e
, a
-
h
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their bonding. Curvesa1 andb1 were measured with higher
order light suppression on the diffraction grating. This can
done either by using a carbon filter which absorbs phot
with energy over 285 eV or by using synchrotron light fro
an undulator. Since most of the NEXAFS spectra contain
in this paper were measured with unfiltered light, it is impo
tant to check how this affects the spectral line shape. Cur
a2 and b2 correspond to the same samples asa1 ,b1 mea-
sured with higher-order light present. The nitrogen abso
tion edges look identical, but one has to be aware that
boron edgesa2 ,b2 contain the nitrogen features in secon
order as indicated in the figure. We have taken advantag
the second-order signal to calibrate the energy position of
boron and the nitrogenp* features inh-BN obtaining values
of 192.060.1 eV and 400.960.1 eV, respectively at the
peak. Previous work show a scatter in the energy position
the boron exciton, labeledW in Fig. 1, from 189.5~Ref. 28!
to 193.35 The photon energy difference between the nitrog
and boron edges was determined to be 208.9360.02 eV by
measuring a Si core level by photoemission at the pho
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12 028 55I. JIMÉNEZ et al.
energies of the boron and the nitrogenp* features. The ab-
solute energy values of these peaks were then obtaine
matching the nitrogen NEXAFS features measured in fi
and second order.

The boron absorption edge in thec-BN spectrum~curves
a1 ,a2! appears at 194 eV and corresponds to transitions f
the B (1s) core level to thes* states in the conduction band
The NEXAFS spectrum shows a sharp peak—with its ma
mum at 194.5 eV—near the absorption edge, followed b
broad absorption maximum at 198 eV. The peak at 194.5
is probably due to an excitonic state, as is the case in
electronic, and similarly bonded, diamond.36 Some authors
have observed an exciton inc-BN as a separate peak
191.0 eV.37 However, we do not observe such a feature a
by comparing our data with their spectra we find that th
energy scale is shifted by about 1 eV to the low-energy s
By correcting their energy scale, the peak they assign
c-BN exciton would be located at 192.0 eV, hence cor
sponding to thep* peak ofh-BN phases that may be prese
in their samples.

Theh-BN spectrum~curvesb1 ,b2! contains a sharp pea
at 192.0 eV corresponding to the B 1s-p* transition~thep*
resonance offers a clear fingerprint ofsp2 hybridization! in
addition to thes* absorption edge which now appears
197.2 eV. NEXAFS references for the other allotropic form
of boron nitride have been published previously,1 showing
that there is almost no difference between the spectra of
hexagonal and rhombohedralsp2-bonding phases, wherea
the differences between spectra measured from cubic
wurtzitesp3 phases are more pronounced. Those differen
are: the borons* edge is located at 195.0 eV inw-BN com-
pared to 194.0 eV inc-BN, there is no excitonic peak at th
onset in the wurzite phase, and the maximum of the abs
tion occurs at 196 eV in a narrower peak than the maxim
of the cubic phase located at 198 eV. In any case, it is c
that thes* states at energies below 197 eV are related
sp3 hybridization.

Curve ~c! is representative of a BN thin film~;100 nm
thick! grown on a Si~100! substrate by pulsed-laser depo
tion without nitrogen bombardment. Similar results are o
tained for BN grown on Si~111!. Also, a similar spectrum is
obtained for thin films grown by sputtering in an Ar/N2 at-
mosphere if no RF bias is applied to the substrate. It is c
that without nitrogen bombardment only hexagonal-like B
is formed and that the crystal face of the Si substrate ha
influence, at least for relatively thick films. The addition
features in thep* region labeledX-Z correspond to N-void
defects in the hexagonal bonding, as we have sho
previously.18 In the thin films, one finds four different loca
environments of boron atoms, since these may be bonde
three nitrogen atoms, two nitrogens, one nitrogen and
nitrogen, and they show up in the NEXAFS spectra as f
turesW-Z, respectively.

A larger intensity ratio of the defect features (X-Z) com-
pared to the stoichiometric BN (W) is observed when eithe
the thin films or the bulk hexagonal BN powders are i
bombarded.18 Curve~d! shows one such case, correspond
to a h-BN thin film bombarded with Ne1 ions of 90 keV
energy, at a fluence of 431017 cm22 and an ion current of
40mA cm22. Similar results are obtained for Ar1 bombard-
ment.
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When nitrogen ions are used either for the ion-assis
growth process or for postdeposition ion implantation, s
eral modifications of the bonding structure may occur d
pending on the ion energy, current and fluence parame
and on performing the bombardment during deposition
after deposition. Generally, postdeposition nitrogen ion bo
bardment merely creates defects in the hexagonal bond
Nitrogen bombardment simultaneous with the BN fil
growth, however, usually results in cubic BN formation,
described in the introduction. Curve~e! corresponds to a BN
thin film grown by RF sputter deposition of a pure boro
target in a chamber at a base pressure of 531026 Pa, with a
gas mixture of Ar and N2 at a pressure of 1.1 Pa with 20
25% N2 controlled by mass flow, applying an RF bias
2300 V to the substrate to subject the film surface to a c
stant negative potential, and heating the substrate to 70
during the deposition. The application of the2300 V RF
bias to the substrate causes bombardment with energetic
during the BN growth and results in formation o
sp3-bonded BN. This film contains about 20%sp2 and 80%
sp3 phases. Similar results are obtained for thin films gro
by nitrogen ion-assisted PLD, another growth method
volving energetic nitrogen ions. An important observation
that growth of thesp3 phase in thin films is always accom
panied by the production of defects in the hexagonal bo
ing, owing to the need for bombardment with energetic io
Direct comparison with thec-BN reference and thew-BN
spectra of Ref. 1 suggests that wurtzite is thesp3 phase
being formed. This point will be discussed in further det
below.

Regarding the bonding modifications induced by po
deposition ion implantation, a new bonding species is fou
under high ion current bombardment: a fifth boronp* peak,
labeledV, appears at a photon energy lower than that of b
BN, as shown in curve~f!. This spectrum was measured in
h-BN PLD grown thin film, postdeposition implanted wit
nitrogen ions of 90 keV energy, fluence of 431017 cm22 and
ion current of 60mA cm22. The presence of peakV has been
repeatedly seen for ion implantation with nitrogen ion cu
rents greater than 20mA cm22, although it has never bee
observed as a very intense feature. Following the same a
ment used to identify peaksX2Z, one can attribute this pea
V to boron atoms bonded to four nitrogens. The high co
dination number of boron in this case is not surprising, sin
boron is known to form electron deficient compounds w
three center bonds and coordination numbers as high as
elemental boron and other compounds.7,8 Further justifica-
tions for our assignment will be presented in the next sect

Another change in the local structure found after ion i
plantation is shown in curve~g!, corresponding to a PLD
grown BN/Si~100! thin film after implantation with N2

1 at
180 keV at an ion current density of 10mA cm22. The most
significant change occurs in thes* region where a shift in
the absorption edge takes place from thesp2 position at
197.2 to 195 eV, i.e., close to the edge of the reference cu
sample, suggesting the formation of ansp3-like phase. In
fact, 195.0 is the reported value for thes* edge in thesp3

wurtzite phase, further supporting the formation of wurtzi
like BN. However, as it will be shown below in this work
this phase obtained by ion implantation is not stable up
annealing, and it will be referred throughout the paper a
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55 12 029CORE-LEVEL PHOTOABSORPTION STUDY OF DEFECTS . . .
metastable phase. The features in thep* region reveal the
defect damage induced in the hexagonal phase by ion b
bardment.

With regards to the nitrogen edges shown in Fig. 1~B!, the
features closer to the edge in thec-BN reference curve~a!
are a series of broad peaks located at about 406, 409, and
eV defining a rather smooths* edge at 402 eV, whereas th
h-BN spectrum~b! has a distinct sharp resonance at 40
eV which is related to thep* states. In addition,h-BN has a
major feature at about 408 eV and other partially resolv
minor peaks at about 403, 406, and 410 eV. Compari
with the nitrogen edges shown in Ref. 1 for the other all
ropic forms reveals only very subtle changes between
different sp2 and sp3 bonding phases. The hexagonal th
film ~c! shows a spectrum similar to the bulkh-BN reference
except for a broadening in all the features. The coalesce
of the peaks at 401 and 403 eV gives thep* states a broad
triangular shape. The same peak shape is observed in c
~d! for a PLD grownh-BN sample after Ne1 bombardment,
although the features are slightly broader, resulting in
filling of the valleys at about 405 and 413 eV. No sharp a
intense defect features equivalent to those found in the bo
edge are observed, except for a small shoulder at the abs
tion onset, labeledL, and located at 399.4 eV. Curve~e!,
representing the thin film grown by RF sputtering, show
mixture of thec-BN and h-BN features plus a new peak
labeledK, at 397.9 eV. Curve~f!, corresponding to the high
current N2

1 bombardment yielding the fifth boronp* peak in
Fig. 1~A! shows up as a normalh-BN thin film, with a small
intensity of peakL. Curve ~g! is composed ofsp2 and
sp3-like features~the latter marked with arrows! in addition
to peakL.

A number of questions such as the origin of peaksK and
L in the nitrogen edge and their relationship to peaksV–Z in
the boron edge, the relationship between defect peaks
stoichiometry, or the conditions to obtain different phas
arise at this point. They are discussed in detail in the fo
coming sections.

B. New features on the boron 1s p* edge: Nitrogen vacancies

The photoabsorption B (1s) p* peaks of multiple BN
samples with different defect ratios have been analyze
their peak position, width, and intensity ratio being det
mined by curve fitting the spectra with Gaussian curv
Some of these fits, corresponding to a broad range of
cancy ratios, are shown in Fig. 2. The vacancy ratio is
rived from the relative intensities of peaksW–Z. According
to the local environments corresponding to peaksW–Z, the
number of vacancies per boron atom is 1/3 for a boron a
contributing to peakX, 2/3 of a vacancy for atoms of typ
Y, and 1 vacancy for atoms of typeZ. Therefore, the experi
mental vacancy ratio (v) is determined by the equationv
5(0.33X10.66Y1Z)/(W1X1Y1Z), beingW2Z the in-
tensities of the corresponding peaks.

Regarding the energy and line shape of the B (1s) defect
peaks it is clear that the peak positions are independent o
relative heights for peaksW2Z. Therefore the energy shif
only depends on the number of nitrogen nearest neighb
For all cases, the separation between peaksW2X and X
2Y is 0.6360.03 eV and the line shape is the same for
m-
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three with a full width at half maximum~FWHM! of 0.45
eV. However peakZ is somewhat different. Depending o
the sample its width can be the same as peaksW2Y or it can
be slightly wider~up to 0.60 eV!. We have found no direc
relationship between the width and either the relative int
sity of peakZ or the details on the thin-film growth method
Also the peak separation between peaksY2Z is different
from W2X and X2Y, ranging from 0.75 to 0.80 eV. A
possible scenario explaining the different behavior of pe
Z follows. The defects corresponding to peaksX2Y are con-
sistent with the hexagonal network of B-N atoms. Howev
for the case of peakZ, a boron atom surrounded by thre
vacancies is not a stable situation, the formation of B—B
bonds being more likely. These B—B bonds can be formed
within the hexagonal framework by the location of a bor
atom in a nitrogen site or by the bonding of boron in
hexagonal site to boron in an interstitial site, or out of t
hexagonal framework by formation of boron clusters, pro
ably the boron icosaedra found in most boron-rich co
pounds. These different possibilities explain the diffe
ences of peakZ in energy position and width compared
peaksX andY.

PeakV on the left side of the main peak appears in so
of the samples, its width being similar to that of pea
W–Y but with an energy shiftV–W of 0.78 eV. A different
energy shift compared to theW–X or X–Y is not surprising
since the bonding of a boron atom to four nitrogens is
possible within the hexagonal framework. A significa

FIG. 2. B (1s) p* peaks from selected samples containing
nitrogen vacancy fraction between 0.1 and 0.6, curve fitted w
four Gaussians.
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FIG. 3. Dots: experimental intensity ratios for thep* peaks of a series of BN films as a function of the nitrogen vacancy percen
Solid lines: fraction of boron atoms surrounded by 0, 1, 2, and 3 vacancies in a random model of nitrogen vacancies. Dotted and so
lines: same as the solid lines corrected for an hypothetical change of the cross section with the number of nitrogen nearest neig
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change in bond character must exist, either in stren
length, or nonplanarity of the BN4 moiety, while still retain-
ing sp2-like character.

An important question is raised by the relative intensity
peaksW–Z: whether they just follow a random distributio
of vacancies or if thermodynamics makes some defect c
figurations more stable than others. To test this, we h
performed a simple calculation on a hexagonal BN clus
consisting of 106 atoms in a single hexagonal plane and
moving randomly nitrogen atoms until a certain proporti
of N-void defects is created. Nitrogen vacancy ratios rang
from 0, i.e., a perfect BN crystal, to 1, i.e., total depletion
nitrogen, were considered. For each value of the nitro
vacancy ratio, the number of boron atoms surrounded
single, double, and triple nitrogen voids were tabulated al
with B that remains bonded to three nitrogen atoms. Figu
shows the intensity ratios found experimentally~dots! and
those corresponding to the random distribution of vacan
~lines!, plotted as a function of the vacancy ratio.

The solid lines shown for each panel of Fig. 3 repres
the fraction of boron atoms surrounded by 0, 1, 2, and
nitrogen vacancies. They are obtained numerically by
method described above and do not correspond to a fit to
analytic function. The experimental data follow to first ord
the theoretical curves, but some discrepancies are also c
The overall agreement substantiates our assignment of p
X2Z to nitrogen-void defects, and that the calculati
method of the experimental vacancy ratio is correct. N
that the random model does not take into account any ki
ics or consideration of stability, but is simply a metric~albeit
a useful one! for interpreting the progression and fluctuatio
of defect concentration in these metastable thin films. N
also that we have intentionally avoided calling the
nitrogen-void defects ‘‘nitrogen vacancies,’’ because
cannot assure that the nitrogen vacant sites are not occu
by other chemical species~e.g., hydrogen! hence resulting in
substitutional defects, even if they can be considered as
cancies from the nitrogen standpoint.
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Another question is how a different absorption cross s
tion would affect the theoretical curves. The solid curve d
played in each panel in Fig. 3 corresponds to the assump
of a single value for the cross section for all peaks. To ch
this point we have also assumed a linear variation of
cross section from peakW to Z. The dotted curve corre
sponds to a cross section for peakZ twice that of peakW,
and the dot-and-dash curve corresponds to a cross sectio
peakZ half that ofW. PeaksX andY are given intermediate
values of the cross section in a linear relationship. The d
played curves illustrate that the changes introduced by
different cross sections are rather small and that they ca
explain the discrepancies between the model and the ex
ment. Moreover, different values of the cross section exh
opposite trends in the development of the model curves
peaksW andZ: if the intensities are higher than the sing
cross section model in one case, it is lower in the other c
and vice versa. The experiment shows, however, that
bothW andZ the intensities are higher than the single cro
section model predicts. Therefore, the discrepancies are
to the different thermodynamic stability of different defe
configurations, and suggest that a B-N3 ~peakW! and a
B-B3 configuration~peakZ! are the most stable. This is in
tuitively true but should be interrogated rigorously wi
theory. A single vacancy adjacent to a boron atom~peak
X! is a rather stable defect, since the discrepancy betw
experiment and model is small, and equally stable along
whole vacancy ratio range. However, two vacancies adjac
to a boron atom~peakY! is only stable for a vacancy fractio
lower than 1/3. Over this value this configuration is ve
unstable, encouraging the formation of B—B bonds.

One can create many combinations of defects and c
pare them with Fig. 3 to check their stability. Some of the
are pictured in Fig. 4. Panel~a! represents a simple mecha
nism to explain the decrease of boron atoms of typeX. This
is the coalescence of three single vacancy defects, i.e.,
typeX atoms, to form a triple vacancy of typeZ and six type
X defects. One can write this as the following reaction
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volving types of boron atoms: 9X→6X1Z12W. This re-
action would explain the higher number of typeW and Z
atoms and the lower number ofX atoms found experimen-
tally compared to the model. To take place, at least tw
vacancy jumps must occur so that the three vacancies
together, as indicated in Fig. 4 by arrows. Another configu
ration containing three vacancies is displayed in panel~b!.
We believe that this configuration is rather stable, since
represents aX/Y ratio of 3 which is the one found experi-
mentally for a vacancy ratio lower than 1/3. When theX/Y
ratio gets smaller, the highY density turns unstable, and
formation ofW and Z environments is preferred. Another
configuration containing typeY atoms result from the coa-
lescence of only two of the vacancies yielding typeX atoms,
and can be written as 6X→4X1Z1W. This is shown in
panel~c! of Fig. 4. To further study the creation and mobility
of different defect configurations one would relate the va
cancy jump probability and activation energies with the ob
served distribution of atomsW–Z, but it is beyond the scope
of this paper. Our simple model is useful for illustrating vari
ous defect annihillation mechanisms and relative stabilitie

C. Additional features on the N „1s… edge: Interstitial
nitrogen

As shown in the previous section, nitrogen vacancies a
common defects in ion bombardedh-BN. Part of the nitro-
gen atoms displaced from their crystalline sites move to i
terstitial positions along with a fraction of the impinging
nitrogen ions that can remain embedded in the material. T
latter results in a nitrogen enrichment of BN films by nitro
gen bombardment that has been previously reported and
tributed to interstitial N.38 We have also seen similar evi-
dence in our films as is shown below. In this section we wi

FIG. 4. Different combinations of nitrogen vacancies and plau
sible atom jumps to more stable configurations according to Fig.
o
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discuss the observation of peaks in the N (1s) spectra related
to the interstitial nitrogen atoms.

We have not observed three defect peaks equivalen
those found in the B (1s) NEXAFS that support the exis
tence of boron vacancies, but additional features have de
oped in the sputtered films. The additional features in
nitrogen photoabsorption do not appear generally as cle
resolved peaks. It is therefore useful to subtract the spect
from anh-BN reference to highlight them, as has been do
for two films in Fig. 5. Curves~a! and ~b! in Fig. 5 corre-
spond to theh-BN and c-BN references. Curve~d! corre-
sponds to a film grown by RF sputtering containing;30%
sp3 and 70%sp2 BN. The sp3 features are not resolved i
the nitrogen spectrum, although they are evident in the c
responding boron spectrum~not shown!. However, the pres-
ence ofsp3-related features is clear when subtracting t
h-BN reference, as is illustrated in curve~c!. In addition to
the cubiclike features, two peaks appear at 397.8 eV, lab
K, and at 399 eV, labeledL. Curve ~f! corresponds to the

-
3.

FIG. 5. N (1s) photoabsorption spectra illustrating the appe
ance of featuresK, L related to interstitial nitrogen and feature
related to the metastable phase. Curves~a! and ~b! represent refer-
enceh-BN andc-BN samples, respectively. Curve~d! corresponds
to a film grown by RF sputtering containingsp3 and sp2 bonded
BN, the additional features being highlighted in curve~c! by sub-
tracting theh-BN reference spectrum. Curve~f! corresponds to an
h-BN film grown by pulsed-laser deposition, eventually implant
with N2

1 ions and producing the formation of a metastable pha
the additional features being highlighted in curve~e! by subtracting
theh-BN reference spectrum.
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12 032 55I. JIMÉNEZ et al.
metastable phase obtained by ion implantation—already
sented in Fig. 1 curve~g!—, with additional nitrogen feature
appearing clearer in the difference spectrum~e! that results
from subtraction of theh-BN reference. Two clear peaks a
404 and 406 eV are present that do not line up with either
cubic or the hexagonal features, indicating that nitrogen
different bonding environment has been formed. Curve~e!
also shows theL peak at 399 eV. Once the addition
features—peaksK–L and metastable BN phase features
have been clearly identified by reference sample subtrac
we extend the study to a variety of samples to gain so
information on their origin.

Figure 6 presents a series of nitrogen edges containing
K andL features in the low-energy side of the spectra. Cu
~a! corresponds to a hexagonal thin film grown by PLD co
taining few defects~the vacancy fraction derived from th
boronp* peaks is 0.05!. The nitrogen edge is abrupt and ca
be nicely fit with a straight line from the onset to a positi
near thep* maximum. We have always observed this ph

FIG. 6. Low-energy side of N (1s) photoabsorption spectra of
series of thin films, illustrating the appearance of peaksK, L related
to interstitials insp3 and sp2-bonded BN, respectively. Curve~a!
represents ah-BN film grown by pulsed-laser deposition containin
a fraction of 0.05 nitrogen vacancies,~b! a h-BN PLD grown film
with a fraction of 0.15 N-void defects,~c! a film grown by RF
sputtering with a 0.15 vacancy ratio,~d! a film grown by RF sput-
tering containing a small amount ofsp3-bonded BN,~e! an h-BN
film N2

1 implanted with a 0.45 vacancy ratio,~f! a N2
1 implanted

film containing the metastable phase, and~g! a RF sputtering grown
film containing 30%sp3-bonded BN.
e-
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e
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nomenon for films with a nitrogen vacancy ratio lower th
0.1. However, over this value the additional features can
detected. Curve~b! corresponds to a PLD grown thin film
with a vacancy fraction of 0.15, showing a shoulder at
onset of the absorption spectra due to an unresolvedL peak.
Curve ~c! represents another PLD film with a similar va
cancy ratio, which exhibits shoulders at the positions of b
K andL peaks. Curve~d! was measured from a film with a
similar vacancy ratio grown by RF sputtering showing
clearly resolvedK peak. Curves (e–g) represent different
films exhibiting the new features with greater intensi
Curve~e! corresponds to a highly defectiveh-BN film with a
vacancy fraction of 0.45. Curve~f! represents ah-BN film
containing the metastable phase and a 0.65 vacancy rat
the hexagonal bonding, and curve~g! represents a film con
taining about 70%sp2-BN and 30%sp3 BN with a 0.2
vacancy ratio in thesp2 phase.

An important qualitative result from Fig. 6 is that pea
L is always present whenever the vacancy fraction in
hexagonal phase is larger than 0.1, and that the intense
K is only observed for samples containing a significant p
portion of sp3 BN @see Fig. 1 curve~e! for a thin film con-
taining 80%sp3-bonded BN#. This suggests that peakL is
related to nitrogen atoms in interstitial sites of the hexago
network, while peakK is related to interstitials in the
sp3-bonded network. We will substantiate this with add
tional analysis. The defect peaks in the nitrogen edge are
detected for a concentration of defects smaller than 0.1
cause they are not located in the near-surface region.
was predicted byTRIM calculations,31 and can be seen from
the angle-resolved NEXAFS results of Fig. 7. In this figu
the ratio of defect peaks over nondefect peaks for the bo
photoabsorption and for the nitrogen NEXAFS is display
as a function of the angle between the sample normal and
incident light for the sample represented in Fig. 6 curve~g!.
The defect ratio for the B (1s) signal is related to the numbe
of vacancies and shows a clear increase when going to gl
ing incidence, i.e., when increasing the surface sensitiv
However, the defect ratio for the N (1s) signal does not
show this surface sensitivity dependence. The same resu
obtained for other samples.

FIG. 7. Intensity ratio of defect over nondefect features for
boron and nitrogen spectra as a function of the angle between
sample normal and the incident light. Grazing incidence result
surface sensitivity measurements indicating the location of nitro
vacancies at the surface and interstitial nitrogen in the subsurfa



g
th
e

r
nc
k
en

er
N
io
a

n
no
h

.
ti
us
be
o
th
f

e

e
g
-

tin

r

the
b-
ted

sly
ay-

t is
e
nt
ed
f no
of
tes
the
-
ity

ly
-
e
en
9

of

ter

th
e

ich-
eta-
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Quantitative information is derived from Fig. 8, showin
that there is a linear relationship between the intensity of
nitrogen peaksK–L and the nitrogen vacancy fraction on th
h-BN network, the latter value computed from the boronp*
featuresW–Z. No nitrogenK or L features are detected fo
a vacancy ratio lower than 0.1. Over this value two disti
paths are observed: development of the nitrogen peaK
when sp3-BN is attained, and development of the nitrog
peak L when defectiveh-BN or the metastablesp3-like
phase are formed. The Ne1 sputtered samples show a low
intensity of the nitrogen defect peak compared to the2

1

sputtered ones, due to the absence of trapped nitrogen
that remain embedded in interstitial positions of the BN m
trix.

A linear relationship between featuresK–L and the nitro-
gen vacancy ratio is expected if all the interstitial nitroge
have their origin in nitrogen vacancies. However, this is
the case here because there is a nitrogen enrichment w
nitrogen ions are used. The linear relationship of Fig
therefore indicates that the nitrogen enrichment is s
roughly proportional to the number of vacancies beca
both the number of vacancy-interstitial pairs and the num
of ion-trapped interstitials are proportional to the number
ions striking the surface. The larger value of the slope for
development of peakK compared to the development o
peakL is explained because the intensity of the peaksK and
L is normalized to the intensity of the N (1s) p* peak in the
same spectrum. The films exhibiting peakK have a large
fraction of sp3-bonded BN which does not contribute to th
N (1s) p* peak. When correcting theK/p* intensity to the
content of sp2 BN on the film, the line representing th
development of peakK lines up with the line correspondin
to the development of peakL. This indicates that the nitro
gen content in the films exhibitingsp3 phases is roughly the
same as that in theh-BN films.

The nature of the metastable phase is unknown, exhibi
on the one hands* features in the B (1s) NEXAFS that
resemble ansp3-bonding configuration, but on the othe
hand, a trend in the nitrogenL peak resemblingsp2 phases
and a series of features in the N (1s) NEXAFS that corre-

FIG. 8. Intensity ratio of peaksK-L over the Np* peak vs the
nitrogen vacancy ratio indicating the linear relationship between
number of interstitial nitrogen atoms and the number of nitrog
vacancies for different sets of samples.
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spond neither tosp2 nor tosp3 BN. It can be correlated with
mechanical properties of the film,39 but there is not enough
spectroscopic information to conclude the exact nature of
bonding. Two possibilities that might account for the o
served behavior are a network of tetrahedrally coordina
boron connected by azide (uNvNu) moieties, or a
boron-rich solid resembling B4C with nitrogen atoms instead
of carbon, a bonding configuration that has been previou
proposed by other authors to explain Raman and x-r
diffraction results.40

The nitrogen enrichment during nitrogen bombardmen
clear from Fig. 9, in which the boron:nitrogen ratio in th
films is plotted versus the nitrogen vacancy ratio. Differe
symbols represent different types of thin films. The dott
curve corresponds to the relationship that would appear i
interstitial nitrogen were present at all. Direct comparison
the experimental points with the hyperbolic curve indica
not only the presence of interstitial nitrogen atoms, but
nitrogen enrichment with N2

1 bombardment as well. The ex
perimental B:N fraction was computed from the intens
ratio of the maximum of thes* features in both the boron
and the nitrogen absorption edges. Thes* features are a
better choice than thep* because the latter depends strong
on the orientation of thep* orbital with respect to the direc
tion of the electric vector of the incident x-rays beam. W
will discuss these angular effects in the next section wh
studying the orientation of the basal planes in BN. Figure
reveals the different behavior for four different sets
samples.~1! The BN films bombarded with N2

1—including
h-BN films, samples containingsp3-bonded BN, films
grown with ion assistance, and films ion implanted af

e
n

FIG. 9. Intensity ratio of boron over nitrogen measured at thes*
edges vs the nitrogen vacancy ratio illustrating the nitrogen enr
ment for defective samples, the higher nitrogen content of the m
stable phase, and the nitrogen outgassing upon annealing.
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12 034 55I. JIMÉNEZ et al.
growth—exhibit a B:N ratio close to unity, with a gener
trend to nitrogen enrichment for larger vacancy ratios.
clear dependence of the nitrogen content with the detail
the film preparation is observed.~2! The h-BN films bom-
barded with noble gases are nitrogen deficient compare
the samples bombarded with nitrogen, providing evidence
the trapping of nitrogen in the BN matrix.~3! The films
containing the metastable phase are richer in nitrogen
the h-BN for a similar vacancy ratio.~4! The annealed
samples show a dramatic loss of nitrogen, indicating the o
gassing of the interstitial nitrogen.

D. Thermal annealing: Order recovery, orientation,
stable and unstable phases

We have checked the stability of thesp3 and the meta-
stable phases by annealing. The most stable phase of b
nitride is the hexagonal one, the transition temperature fr
cubic to hexagonal being about 1840 K.41 Since we have
limited our study to temperatures of 1500 K, below the me
ing point of the Si substrate~1700 K!, no changes should
take place for a stablesp3-BN phase.

Figure 10 shows a series of boron and nitrogen spe
corresponding to the annealing of the metastablesp3-like
phase. Curves~a! were measured from the sample befo

FIG. 10. B (1s) and N (1s) photoabsorption spectra corre
sponding to the annealing of the metastable phase illustrating
disappearance of the related features at 1050 K, and the eve
decrease of the vacancy-related peaks.
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heating, showing thesp3-like features in both the B (1s)
and N (1s) NEXAFS. Curves~b! were measured from the
sample after annealing to a temperature of 1050 K, show
that thesp3-like features are no longer present. The bor
edge also shows the fading of the defect peaks on thep*
region. Annealing to higher temperatures only results in
covery of hexagonal order as evidenced by the decreas
the intensity of the boron defect peaks of curves~c-d!. The
spectra~d! of the film annealed to 1450 K are very similar
those of a fresh film grown by PLD without ion bombar
ment that are displayed as curves~e!.

Figure 11 shows a similar series of spectra for the ann
ing of a thin film grown by RF sputtering containin
;30% sp3-BN and 70%sp2-BN. Curves~a! are from the
sample before annealing. Curves~b! were measured afte

he
ual

FIG. 11. B (1s) and N (1s) photoabsorption spectra corre
sponding to the annealing of a film containing 30%sp3-bonded
BN, illustrating the stability of the phase synthesized by RF sp
tering, and the outgassing of interstitial nitrogen at;1000 K.
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annealing to 1000 K. No changes in the boron spectrum
cur regarding thesp3-sp2 ratio indicating the stability of the
first phase. However the extra peakK in the nitrogen spec-
trum has decreased significantly, showing that peakK is not
due to thesp3 bonding, although it always appears in co
nection to its growth in thin-film form as discussed in t
preceding section. PeakK originates from nitrogen atoms i
interstitial positions ofsp3 BN, and annealing over 1000 K
results in outgassing of these N interstitials. PeakK is no
longer present after annealing to 1100 K, as shown in cur
~c!, although thesp3 features remain. Annealing to highe
temperatures has no additional effect on the nitrogen
boron spectra, apart from the successive decrease of th
fect peaks in the B (1s) p* region, confirming the stability
of the sp3 phases grown by the RF sputtering.

An interesting result concerns the orientation of the h
agonal planes in boron nitride. Angle-dependent meas
ments of the NEXAFS signal were performed, taking adv
tage of the linearly polarized nature of synchrotron radiati
The selection rules yield a cosine-squared dependence o
angle between thep* bond and the electric-field vector, wit
the maximum for the basal planes parallel to the incid
light and a zero intensity when they are perpendicular.42 Fig-
ure 12 displays the ratio between the height of the peakW in
the B (1s) p* region and the maximum of thes* intensity
for the as-grown thin film, the film after ion implantatio
considered in Fig. 10, and the same thin film after anneal
The reversal in the orientation of the basal planes is c
from this figure. For the as-grown samples, the hexago
planes are oriented perpendicular to the surface, as it

FIG. 12. Ratio of the intensity from the B (1s) photoabsorption
featuresp* /s* vs the angle between the sample normal and
incident light for ah-BN thin film as grown, after ion implantation
and after annealing, illustrating the change in the orientation of
basal planes.
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been determined previously for the ion-assisted PLD sam
by electron diffraction,25 NEXAFS,43 and electron
microscopy.44 The ion-implanted samples do not show a
significant anisotropy in thep* /s* ratio, indicating a random
orientation of the fragments of basal planes. When
sample is annealed, the basal planes orient again but, in
of the initial situation, they are now parallel to the surface,
least in the surface region where NEXAFS is sensitive.

A final result refers to the influence of the ion bombar
ment parameters on defect formation and how self-annea
affects this. In principle, one expects a higher concentra
of defects when a larger ion current density or more en
getic ions strike the surface. However, we have found t
for ion implantation at room temperature the nitrogen v
cancy fraction near the surface is larger for nitrogen ions
90 keV than for ions of 180 keV, at a constant value
current density of 20mA cm22 and total dose of 2
31017 cm23, and that the number of defects is also larger
an ion current of 20mA cm22 than for ion currents of 40 and
60mA cm22 at a constant dose of 231017 cm23 and ion
energy of 180 keV. The explanation for this is a se
annealing effect due to local heating by the ions when the
bombardment conditions are very energetic. Indeed, we h
found that the films presumably self-annealed, i.e., th
containing less defects than others bombarded with less
vere conditions, show a certain orientation of the ba
planes parallel to the surface, although not as clear as in
film presented in Fig. 12.

IV. CONCLUSIONS

We have performed a detailed study of point defects
boron nitride by NEXAFS spectroscopy in connection to t
appearance of bonding phases during thin-film growth. T
sensitivity of NEXAFS to these defects can be used to be
understand the chemistry and morphological changes tha
cur during the metastable growth conditions of thin film
This is particularly interesting for complex systems like n
trides, carbides, and borides which are well suited to pho
absorption studies and are very technologically attrac
materials in thin-film form. This is even more importa
when the thin films lack long-range order, and techniqu
like x-ray diffraction or vibrational spectroscopies yield am
biguous results in the phase characterization.

Regarding the boron-nitride system studied here, we h
identified the signature in the photoabsorption spectra of
trogen vacancies and interstitial nitrogen. No features rela
to the presence of boron vacancies have been observed
formation on the stability of different arrangements of nitr
gen vacancies can be gained by direct comparison wit
simple model based on the random distribution of nitrog
voids. Interstitial nitrogen appears as two distinct featu
depending on them being embedded in a hexagonal o
cubiclike network.

There are several implications about thin-film grow
conditions and current models ofc-BN formation from this
work. We have observed that the attainment ofsp3-bonded
BN is always accompanied by nitrogen vacancies in the
maining sp2-bonded material and a significant fraction
interstitial nitrogen embedded in the cubiclike phase. T
latter can be easily eliminated by eventual annealing
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12 036 55I. JIMÉNEZ et al.
;1000 K without additional changes in the film compo
tion. The presence of point defects support the current m
els that involve defect intermediates inc-BN formation.
However, we have not observed any appreciable differe
in the nitrogen enrichment betweenh-BN films containing
interstitial nitrogen, and films containing thesp3 phase.
Stablesp3 phases are only attained with ion-assisted te
niques. Ion implantation after the thin-film growth permits
to obtain N-rich films with a similar B:N ratio compared t
the ion-assisted growth films, but that does not result in f
mation of a stablesp3 phase. Annealing at temperatures ov
1000 K outgasses the interstitial nitrogen and also result
a reduction of the nitrogen vacancy fraction. This expla
the existence of an optimal temperature forc-BN growth
~about 700 K!, since over the optimal value the concentrati
of point defects will decrease by annealing. The same sta
for the ion energy and ion current during bombardme
which may produce self-annealing effects by local heatin

Finally, a metastable phase has been detected by the
r
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ence of features in both the B (1s) and N (1s) photoabsorp-
tion spectra. This phase has been observed when sever
bombardment is performed and the nitrogen vacancy frac
exceeds a value of 0.4.
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