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in boron nitride

I. Jimenez* A. F. Jankowski, L. J. Terminello, D. G. J. Sutherland, and J. A. Carlisle
Lawrence Livermore National Laboratory, Livermore, California 94551

G. L. Doll
Materials Research Department, Timken Research, Canton, Ohio 44706

W. M. Tong and D. K. Shuh
Lawrence Berkeley National Laboratory, Berkeley, California 94720

F. J. Himpsel
Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706
(Received 19 December 1996

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 clusterirsgy’>-like metastable phases, aag® 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 ofstpehexagonal planes is attained by
ion bombardment and annealing, and is monitored by angle-resolved photoabsorption.
[S0163-182697)01618-4

I. INTRODUCTION cal properties, very different from the hexagonal phase. It is,
after diamond, the second hardest material known, with the
Boron nitride is an interesting material for technological advantage over the former that it does not react with ferrous
applications and for fundamental solid-state physics investimaterials making it a preferred hard coating for many indus-
gations. It is a compound isoelectronic with carbon and, liketrial applications. Electrically, it is a wide gap semiconductor
carbon can possesg?- andsp’-bonded phases resembling which can be doped with acceptors and donors more easily
graphite and diamond. BN crystallizes in ts@’-bonded than diamond, attracting interest for high-temperature fast
hexagonal [i-BN), rhombohedral (-BN), and turbostratic microelectronic devices and in visible and ultraviolet opto-
phases, and in thep®-bonded cubic ¢-BN) and wurtzite electronics. Like diamond, it is also a very good thermal
(w-BN) phases. As in the case of carbon, fullerene cage conductor.
and nanotube BN structures have been predicted The existence of several allotropic forms and fullerene
theoretically? and actually synthesized and characterizéd. like structures for BN suggests a rich variety of local bond-
A different family of materials is obtained when replacing ing and poses the questions of how this affects the local
C-C pairs in graphite with isoelectronic B-N pairs, resulting electronic structure and how the material accommodates the
in C,BN compounds:® Regarding other boron compounds, stress induced in the transition regions between different
BN is exceptional in the sense that it has standard two-centgrhases. One would expect point defects to play a crucial role
bonds with conventional coordination numbers, while otherin stress accommodation, but these must also have a strong
boron compoundse.g., B,C) are based on the boron icosa- influence in the electronic structure, since the-B bond is
hedron unit with three-center bonds and high coordinatiorpolar and a point defect will thus be a charged structure. The
numbers’.8 study of point defects in relationship to the electronic struc-
From an applied standpoint, there is a strong interest iure is of fundamental interest in these materials. It has been
growing BN thin films due to the desirable properties of thestudied theoretically for bottn-BN,%!! and c-BN,*? and
material. Hexagonal BN is a good insulator commonly usechas attracted experimental spectroscopic work on the variety
in vacuum technology, which has also been tried in the thinof color centers that are formed. Techniques sensitive to the
film form for microelectronic device$.It is a very inert, sharp electronic levels of the trapped electrons like
refractory material and hence it is commonly used for cru-cathodoluminescencé,thermoluminescenc¥,and electron
cibles in vacuum evaporation techniques. Because of thparamagnetic resonariceé® have been most widely used.
weak interlayer bondingdj-BN is a soft material which can Positron annihilation, a technique commonly used to study
be used as a lubricant. Cubic BN also has interesting physivacancies has not shown to be very informati(&he draw-
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back of these techniques is the difficulty in performing athe bonding was obtained by sputtering th&N crystalline
guantitative analysis. Recently, we have shown that neamowder sample with Af ions at 2 keV, a dose of 2
edge x-ray-absorption fine structufdEXAFS) is sensitive 1017 cm™2 and a current density of 2A cm™2. Elemental
to point defects irh-BN, and to the formation of metastable poron references were obtained from a thin film grown by
phases even in amorphous .mater?éls“l_fms is significant 4o frequency(RF) sputter deposition of a pure boron tar-
since other phase identification techniques like wbrauonabet using unbalanced planar magnetrons and puré and
Spectroscopies 'oréqx-ray diffraction yield arrégiguous .re.SUItSfrom crystalline boron powder epoxied to a Ta sheet. One set
Ig[]srllin?\lcé))/(si?:”én als%nio?;nb?ggzogﬁeﬁ?g se.lseecrtie\:;tcyi/lp\l/;/i th of BN thin films was grown on different Si and Ni substrates
point-defect sensitivity. In this work we will further demon- 2%’ ;\nrag?]zmlz; 32225“\Zﬁhu?;fgeri,?toL?E;S;%etcﬂrﬁqdpgszmge
strate the use of NEXAFS to study point defects, a field ) ) .

y p ranging from O to 55%. Different samples were obtained by

relatively unexplored with this technique. : . ;
Point defects in BN are also important with regard to the®PP!Ying negative bias voltages from 0 to 400(hoth con-

growth of c-BN thin films. Bulk cubic phase samples are Stant and radio frequentyo the substrate. The RF bias was
attained by simultaneous annealing and application of higf@Pplied by drawing off approximately 5% of the RF power to
pressures(typically T~2000 K, P~5 GP3,2! but can be the target. Another set of BN thin films was grown on Si
grown in thin-film form by using deposition techniques as-Substrates by pulsed-laser deposit{@.D) from a hexago-
sisted by ion bombardment, i.e., with a beam of ions strikinghal BN target. For a number of samples, the PLD process
the substrate while atomic boron or molecular boron nitridewas assisted with simultaneous ion bombarding using mix-
is evaporated. This includes growth methods like plasmatures of N' and Ar® at energies between 500 and 1000 V.
enhanced chemical vapor depositfdnradio-frequency Also, several PLD samples were modified by postdeposition
sputtering;® ion-assisted pulsed-laser depositifnjon- jon implantation with either §l or Ne* at energies between
assisted boron evaporatihand simultaneous nitrogen and g9 and 180 keV, fluences betweenk 107 cm 2 and 4

boron ion bombardmeRf There is a narrow window of ex- X 10t cm2 and current densities between A& cm~2 and
perimental conditions that lead BN formation?”"*®and - A cm~2. To further modify the bonding environments

previous work has suggested a mechanism mediated by dggme samples were annealed under vacuum at successively
fect formation because the amount of the cubic phase Ol reasing temperatures from room temperature to 1500 K.
tained depends on the square root of the ion energy anghe gy thin films were annealed by direct current flowing
mass—when different mixtures of;Nand noble gases are qgh the Si substrate, the temperature being monitored
used—whereas a simple momentum transfer mechanisgii, an infrared pyrometer calibrated to the emissivity of the
would yield a linear dependené%wnh regard to the type of  gj gpstrate. Details on each sample preparation will be fur-
defects that are expected, some simulations have been pefr giscussed in connection with the NEXAFS spectra.
formed indicating a high concentration of vacancies in the e core-level photoabsorption experiments were con-
surface layers followed by a large number of interstitials ing,,cted at beamline 8.2 of the Stanford Synchrotron Radia-
the subsurface regiotl. Some models explain the formation tion Laboratory® and at beamline 8.0 of the Advanced Light
of the cubic phase by the buildup of a biaxial CompreSSiVSSource(LBNL) both of them equipped with spherical grat-
stress® which some authors relate to interstitial Ar or N ing monochror’nators. The measurements were performed in
atoms mtroduc%\d in the BN matrix during the ion-assisteqpg total electron yield mode by recording the photocurrent
growth _method‘. .. _from the sample with a current amplifier and a multimeter.

In this work we take advantage of the local sensitivity of g taneously, the total electron yield was recorded from a
the core-level photoabsorption technique to identify the presg,atg grid covered with gold that is located upstream from
ence of both nitrogen vacancies and interstitials in connecg,o sample in the x-ray beam path. The signal coming from
tion toc-BN growth, and to address some questions conceMpe sample was normalized by the grid signal to eliminate
ing the bonding structure of boron nitride in intermediate, aiations in the x-ray flux. A second normalization was per-
situations between ordered hexagonal and cubic phasegmed to account for absorption from the materials in the
These metastable and defective phases are attained by iBRamiine optics, by recording the electron yield from a clean
sputtering, ion bombardment, and annealing treatments o \yafer, i.e., a material whose absorption spectrum should
hexagonal BN thin films. We will demonstrate the capabili- 50w no structure in the boron and nitrogen regions. This
ties of NEXAFS to characterize point defects following a gecond normalization is not very important for the BN sys-
simple quantitative analysis, and illustrate the possibility to;a studied here, but is critical when studying carbon com-
obtain orientational information by angle-resolved NEXAFS-pounds.

Core-level photoabsorption in the electron total yield
mode is a technique with an intermediate depth sensitivity,
with an electron escape depth of about 50 A compared with

To study a range of compositions and bonding modificathe 5-20 A of photoemissiotf. This relative bulk sensitivity
tions as wide as possible, we have measured thesp &hd  permits the study of samples grown in other vacuum cham-
N (1s) photoabsorption from a variety of bulk samples andbers and transported in air to the analysis chamber. To avoid
thin films which are briefly described as follows. Referencesurface contamination as much as possible, all samples were
h-BN samples ana-BN were prepared by attaching crys- outgassed at about 500 K in vacuum. Comparison between
talline hexagonal and cubic BN powders to a Ta substratéhe spectra before and after outgassing in test samples shows
with conductive epoxy. The influence of ion bombarding ona substantial decrease in the oxygen conteat, from ad-

Il. EXPERIMENT
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FIG. 1. B (1s) and N (1s) photoabsorption spectra corresponding to a variety of local environments in the boron nitride system. The
same letter in panel@\) and(B) corresponds to the same sample. Cunag @nd @,) represent a crystalline-BN reference measured
with filtered light to avoid higher orders of diffraction from the monochromator and with unfiltered light, respectively. Chyyesn(
(b,) represent a crystallinle-BN reference measured with filtered and unfiltered light, respectively. Note the N features in the B region in
second order for the unfiltered measurements, conditions under which the rest of the samples were measure@) Gpuvesent a
h-BN thin film grown by pulsed laser deposition exhibitilig-Z peaks in ther* region, @) a Ne" implantedh-BN thin film, () a film
RF sputter deposited in an ArjNnixture from a boron target with an RF bias applied to the substrate togpfBN, (f) a N; implanted
thin film, and @) a N; implanted thin film containing a metastable phase.

sorbed water and carbon oxidewith no changes in the their bonding. Curvea,; andb; were measured with higher-

shape of the boron and nitrogen edges. order light suppression on the diffraction grating. This can be
done either by using a carbon filter which absorbs photons

IIl. RESULTS AND DISCUSSION with energy over 285 eV or by using synchrotron light from
an undulator. Since most of the NEXAFS spectra contained

A. General results in this paper were measured with unfiltered light, it is impor-

Figure 1 shows a series of B¢Land N (1s) absorption tantto check how this affects the spectral line shape. Curves
spectra corresponding to a variety of local environment§, andb, correspond to the same samplesaasb; mea-
found in the boron nitride system. This figure illustrates thesured with higher-order light present. The nitrogen absorp-
different features observed in the photoabsorption spectra, téon edges look identical, but one has to be aware that the
more detailed discussion being given in the following sec-boron edges,,b, contain the nitrogen features in second
tions. The boron and nitrogen NEXAFS spectra labeled withorder as indicated in the figure. We have taken advantage of
the same letter correspond to the same sample. In generdhe second-order signal to calibrate the energy position of the
the boron edge shows more dramatic differences than thieoron and the nitrogesn™ features irh-BN obtaining values
nitrogen edge and therefore we will describe first all the bo-of 192.0+0.1 eV and 400.20.1 eV, respectively at the
ron spectra. Curvesaf,a,) and (4,b,) are reference spec- peak. Previous work show a scatter in the energy positions of
tra from crystalline powders of-BN and h-BN, respec- the boron exciton, labeled/ in Fig. 1, from 189.5Ref. 28
tively, the most stable phases wittp? and sp® bonding.  to 1932° The photon energy difference between the nitrogen
Throughout this work, the-BN andh-BN standards will be and boron edges was determined to be 2080382 eV by
used to compare against the unknown films to determineneasuring a Si core level by photoemission at the photon
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energies of the boron and the nitrogefi features. The ab- When nitrogen ions are used either for the ion-assisted
solute energy values of these peaks were then obtained lgyowth process or for postdeposition ion implantation, sev-
matching the nitrogen NEXAFS features measured in firseral modifications of the bonding structure may occur de-
and second order. pending on the ion energy, current and fluence parameters,
The boron absorption edge in taeBN spectrum(curves ~ and on performing the bombardment during deposition or
a;,a,) appears at 194 eV and corresponds to transitions froraifter deposition. Generally, postdeposition nitrogen ion bom-
the B (1s) core level to thes* states in the conduction band. bardment merely creates defects in the hexagonal bonding.
The NEXAFS spectrum shows a sharp peak—with its maxi-Nitrogen bombardment simultaneous with the BN film
mum at 194.5 eV—near the absorption edge, followed by @rowth, however, usually results in cubic BN formation, as
broad absorption maximum at 198 eV. The peak at 194.5 evdescribed in the introduction. Curve) corresponds to a BN
is probably due to an excitonic state, as is the case in isghin film grown by RF sputter deposition of a pure boron
electronic, and similarly bonded, diamo#fiSome authors target in a chamber at a base pressure>oflb°® Pa, with a
have observed an exciton BN as a separate peak at gas mixture of Ar and B at a pressure of 1.1 Pa with 20—
191.0 eV However, we do not observe such a feature an®25% N, controlled by mass flow, applying an RF bias of
by comparing our data with their spectra we find that their—300 V to the substrate to subject the film surface to a con-
energy scale is shifted by about 1 eV to the low-energy sidestant negative potential, and heating the substrate to 700 K
By correcting their energy scale, the peak they assign to during the deposition. The application of the300V RF
c-BN exciton would be located at 192.0 eV, hence corre-bias to the substrate causes bombardment with energetic ions
sponding to ther* peak ofh-BN phases that may be present during the BN growth and results in formation of
in their samples. sp®-bonded BN. This film contains about 20867 and 80%
Theh-BN spectrum(curvesb, ,b,) contains a sharp peak sp® phases. Similar results are obtained for thin films grown
at 192.0 eV corresponding to the B-I=* transition(the 7* by nitrogen ion-assisted PLD, another growth method in-
resonance offers a clear fingerprint sy hybridization in ~ volving energetic nitrogen ions. An important observation is
addition to thes* absorption edge which now appears atthat growth of thesp® phase in thin films is always accom-
197.2 eV. NEXAFS references for the other allotropic formspanied by the production of defects in the hexagonal bond-
of boron nitride have been published previousishowing  ing, owing to the need for bombardment with energetic ions.
that there is almost no difference between the spectra of theirect comparison with the-BN reference and the-BN
hexagonal and rhombohedrap?bonding phases, whereas spectra of Ref. 1 suggests that wurtzite is #1& phase
the differences between spectra measured from cubic arfeking formed. This point will be discussed in further detail
wurtzitesp® phases are more pronounced. Those differencegelow.
are: the boron™ edge is located at 195.0 eV BN com- Regarding the bonding modifications induced by post-
pared to 194.0 eV ic-BN, there is no excitonic peak at the deposition ion implantation, a new bonding species is found
onset in the wurzite phase, and the maximum of the absorpnder high ion current bombardment: a fifth borah peak,
tion occurs at 196 eV in a narrower peak than the maximuniabeledV, appears at a photon energy lower than that of bulk
of the cubic phase located at 198 eV. In any case, it is cledBN, as shown in curvéf). This spectrum was measured in a
that theo* states at energies below 197 eV are related td-BN PLD grown thin film, postdeposition implanted with
sp® hybridization. nitrogen ions of 90 keV energy, fluence ok40' cm 2 and
Curve (c) is representative of a BN thin filr—100 nm  ion current of 60uA cm™~2 The presence of peakhas been
thick) grown on a Sil00) substrate by pulsed-laser deposi- repeatedly seen for ion implantation with nitrogen ion cur-
tion without nitrogen bombardment. Similar results are ob-ents greater than 20A cm™2, although it has never been
tained for BN grown on $111). Also, a similar spectrum is observed as a very intense feature. Following the same argu-
obtained for thin films grown by sputtering in an Ag/ldt-  ment used to identify peaké—Z, one can attribute this peak
mosphere if no RF bias is applied to the substrate. It is cleay to boron atoms bonded to four nitrogens. The high coor-
that without nitrogen bombardment only hexagonal-like BNdination number of boron in this case is not surprising, since
is formed and that the crystal face of the Si substrate has nlporon is known to form electron deficient compounds with
influence, at least for relatively thick films. The additional three center bonds and coordination numbers as high as 6 in
features in ther* region labeledX-Z correspond to N-void elemental boron and other compourdsFurther justifica-
defects in the hexagonal bonding, as we have showiions for our assignment will be presented in the next section.
previously®® In the thin films, one finds four different local ~ Another change in the local structure found after ion im-
environments of boron atoms, since these may be bonded f@antation is shown in curvég), corresponding to a PLD
three nitrogen atoms, two nitrogens, one nitrogen and ngrown BN/S{100) thin film after implantation with I at
nitrogen, and they show up in the NEXAFS spectra as fead80 keV at an ion current density of 20A cm~2. The most
turesW-Z, respectively. significant change occurs in the region where a shift in
A larger intensity ratio of the defect feature¥-¢) com-  the absorption edge takes place from e position at
pared to the stoichiometric BNW) is observed when either 197.2 to 195 eV, i.e., close to the edge of the reference cubic
the thin films or the bulk hexagonal BN powders are ionsample, suggesting the formation of ap’-like phase. In
bombarded® Curve (d) shows one such case, correspondingfact, 195.0 is the reported value for thé edge in thesp®
to a h-BN thin film bombarded with N& ions of 90 keV  wurtzite phase, further supporting the formation of wurtzite-
energy, at a fluence of410'” cm 2 and an ion current of like BN. However, as it will be shown below in this work,
40 wA cm™2. Similar results are obtained for Abombard-  this phase obtained by ion implantation is not stable upon
ment. annealing, and it will be referred throughout the paper as a
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metastable phase. The features in #eregion reveal the e
defect damage induced in the hexagonal phase by ion bom- B(1s) NEXAFS
bardment. N—void ratio
With regards to the nitrogen edges shown in Fi@)1the
features closer to the edge in theBN reference curvda)
are a series of broad peaks located at about 406, 409, and 411
eV defining a rather smoott* edge at 402 eV, whereas the
h-BN spectrum(b) has a distinct sharp resonance at 400.9
eV which is related to ther* states. In additiorh-BN has a
major feature at about 408 eV and other partially resolved
minor peaks at about 403, 406, and 410 eV. Comparison
with the nitrogen edges shown in Ref. 1 for the other allot-
ropic forms reveals only very subtle changes between the
different sp? and sp® bonding phases. The hexagonal thin
film (c) shows a spectrum similar to the buikBN reference
except for a broadening in all the features. The coalescence
of the peaks at 401 and 403 eV gives tht states a broad
triangular shape. The same peak shape is observed in curve
(d) for a PLD grownh-BN sample after N& bombardment,
although the features are slightly broader, resulting in the
filling of the valleys at about 405 and 413 eV. No sharp and
intense defect features equivalent to those found in the boron
edge are observed, except for a small shoulder at the absorp-
tion onset, labeled., and located at 399.4 eV. Cunfe),
representing the thin film grown by RF sputtering, shows a
mixture of thec-BN and h-BN features plus a new peak, v=01 A X S —
labeledK, at 397.9 eV. Curvéf), corresponding to the high 2 —1 0 1 2 3
current N' bombardment yielding the fifth borom* peak in
Fig. 1(A) shows up as a normalBN thin film, with a small

'”tg"”.s'ty of peakL. Curve (g) is Co_mposed ,OfSp2 .a}nd FIG. 2. B (1s) #* peaks from selected samples containing a
sp’-like features(the latter marked with arrowsn addition nitrogen vacancy fraction between 0.1 and 0.6, curve fitted with

to peakL. . o four Gaussians.
A number of questions such as the origin of pekkand

L in the nitrogen edge and their relationship to pedksZ in  three with a full width at half maximuntFWHM) of 0.45

the boron edge, the relationship between defect peaks arel/. However pealkZ is somewhat different. Depending on
stoichiometry, or the conditions to obtain different phasesthe sample its width can be the same as p&#ksY or it can
arise at this point. They are discussed in detail in the forthbe slightly wider(up to 0.60 eV. We have found no direct
coming sections. relationship between the width and either the relative inten-
sity of peakZ or the details on the thin-film growth method.
Also the peak separation between peaksZ is different
from W—X and X-Y, ranging from 0.75 to 0.80 eV. A

The photoabsorption B @) =* peaks of multiple BN possible scenario explaining the different behavior of peak
samples with different defect ratios have been analyzed—Z follows. The defects corresponding to pexks Y are con-
their peak position, width, and intensity ratio being deter-sistent with the hexagonal network of B-N atoms. However,
mined by curve fitting the spectra with Gaussian curvesfor the case of peak, a boron atom surrounded by three
Some of these fits, corresponding to a broad range of varacancies is not a stable situation, the formation efB
cancy ratios, are shown in Fig. 2. The vacancy ratio is debonds being more likely. These-BB bonds can be formed
rived from the relative intensities of peak¢-Z. According  within the hexagonal framework by the location of a boron
to the local environments corresponding to pe#ksZ, the  atom in a nitrogen site or by the bonding of boron in a
number of vacancies per boron atom is 1/3 for a boron atorhexagonal site to boron in an interstitial site, or out of the
contributing to peakX, 2/3 of a vacancy for atoms of type hexagonal framework by formation of boron clusters, prob-
Y, and 1 vacancy for atoms of ty@e Therefore, the experi- ably the boron icosaedra found in most boron-rich com-
mental vacancy ratiou) is determined by the equatian  pounds. These different possibilities explain the differ-
=(0.33X+0.66Y+2Z)/(W+X+Y+Z), beingW—Z the in- ences of peall in energy position and width compared to
tensities of the corresponding peaks. peaksX andY.

Regarding the energy and line shape of the B)(defect PeakV on the left side of the main peak appears in some
peaks it is clear that the peak positions are independent of thef the samples, its width being similar to that of peaks
relative heights for peake/—Z. Therefore the energy shift W-Y but with an energy shif/—~W of 0.78 eV. A different
only depends on the number of nitrogen nearest neighborgnergy shift compared to th&/—X or X-Y is not surprising
For all cases, the separation between peaksX and X  since the bonding of a boron atom to four nitrogens is not
—Y is 0.63:0.03 eV and the line shape is the same for allpossible within the hexagonal framework. A significant

Relative Photon Energy (eV)

B. New features on the boron 5 #* edge: Nitrogen vacancies
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FIG. 3. Dots: experimental intensity ratios for thé& peaks of a series of BN films as a function of the nitrogen vacancy percentage.
Solid lines: fraction of boron atoms surrounded by 0, 1, 2, and 3 vacancies in a random model of nitrogen vacancies. Dotted and solid-dotted
lines: same as the solid lines corrected for an hypothetical change of the cross section with the number of nitrogen nearest neighbors.

change in bond character must exist, either in strength, Another question is how a different absorption cross sec-
length, or nonplanarity of the BNmoiety, while still retain-  tion would affect the theoretical curves. The solid curve dis-
ing sp?-like character. played in each panel in Fig. 3 corresponds to the assumption
An important question is raised by the relative intensity ofof a single value for the cross section for all peaks. To check
peaksW-Z: whether they just follow a random distribution this point we have also assumed a linear variation of the
of vacancies or if thermodynamics makes some defect corcross section from peaW/ to Z. The dotted curve corre-
figurations more stable than others. To test this, we haveponds to a cross section for peakwice that of peakWw,
performed a simple calculation on a hexagonal BN clusteand the dot-and-dash curve corresponds to a cross section for
consisting of 16 atoms in a single hexagonal plane and re-peakZ half that of W. PeaksX andY are given intermediate
moving randomly nitrogen atoms until a certain proportionvalues of the cross section in a linear relationship. The dis-
of N-void defects is created. Nitrogen vacancy ratios ranginglayed curves illustrate that the changes introduced by the
from O, i.e., a perfect BN crystal, to 1, i.e., total depletion of different cross sections are rather small and that they cannot
nitrogen, were considered. For each value of the nitrogeexplain the discrepancies between the model and the experi-
vacancy ratio, the number of boron atoms surrounded bynent. Moreover, different values of the cross section exhibit
single, double, and triple nitrogen voids were tabulated alongpposite trends in the development of the model curves for
with B that remains bonded to three nitrogen atoms. Figure peaksW andZ: if the intensities are higher than the single
shows the intensity ratios found experimentaltioty and  cross section model in one case, it is lower in the other case
those corresponding to the random distribution of vacancieand vice versa. The experiment shows, however, that for
(lineg), plotted as a function of the vacancy ratio. bothW andZ the intensities are higher than the single cross
The solid lines shown for each panel of Fig. 3 represengection model predicts. Therefore, the discrepancies are due
the fraction of boron atoms surrounded by 0, 1, 2, and 30 the different thermodynamic stability of different defect
nitrogen vacancies. They are obtained numerically by the€onfigurations, and suggest that a B-kpeak W) and a
method described above and do not correspond to a fit to arf§-B; configuration(peakZ) are the most stable. This is in-
analytic function. The experimental data follow to first ordertuitively true but should be interrogated rigorously with
the theoretical curves, but some discrepancies are also cledineory. A single vacancy adjacent to a boron at@eak
The overall agreement substantiates our assignment of peaks is a rather stable defect, since the discrepancy between
X—Z to nitrogen-void defects, and that the calculationexperiment and model is small, and equally stable along the
method of the experimental vacancy ratio is correct. Notevhole vacancy ratio range. However, two vacancies adjacent
that the random model does not take into account any kineto a boron atonpeaky) is only stable for a vacancy fraction
ics or consideration of stability, but is simply a metadbeit  lower than 1/3. Over this value this configuration is very
a useful ongfor interpreting the progression and fluctuation unstable, encouraging the formation of-# bonds.
of defect concentration in these metastable thin films. Note One can create many combinations of defects and com-
also that we have intentionally avoided calling thesepare them with Fig. 3 to check their stability. Some of these
nitrogen-void defects “nitrogen vacancies,” because weare pictured in Fig. 4. Panéd) represents a simple mecha-
cannot assure that the nitrogen vacant sites are not occupi@ism to explain the decrease of boron atoms of tfp& his
by other chemical speciés.g., hydrogenhence resulting in is the coalescence of three single vacancy defects, i.e., nine
substitutional defects, even if they can be considered as vdype X atoms, to form a triple vacancy of tygeand six type
cancies from the nitrogen standpoint. X defects. One can write this as the following reaction in-



55 CORE-LEVEL PHOTOABSORPTION STUDY OF DEFEGT. . . 12 031

N (1s) absorption edge

Metastable sp®-like Bl
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difference spectrum
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FIG. 4. Different combinations of nitrogen vacancies and plau-
sible atom jumps to more stable configurations according to Fig. 3.

= resonance (sp? bonding) h-BN

) . NP PP SPEPUP ENENEP EPUPEPE PEPIT BN PR B
VOIVIng types of boron atoms:)0—6X+2Z+2W. This re- 392 396 400 404 408 412 416 420 424

action would explain the higher number of typé and Z
atoms and the lower number &f atoms found experimen-
tally compared to the model. To take place, at least two
vagancy jFl)Jmps must occur so that the Ft)hree vacancies get FIG. 5. N (1s) photoabsorption spectra illustrating the appear-
together, as indicated in Fig. 4 by arrows. Another configu-ance of feature«, L related to interstitial nitrogen and features

. Lo e . related to the metastable phase. Curi@sand (b) represent refer-
ration c_ontalnlng three vapanugs |§ displayed in pz(b_)el .enceh-BN andc-BN samp?es respecggely éu)r‘{d)pcorresponds
We believe that this configuration is rather stable, since |fo a film grown by RF sputte'ring containi@3 andsp? bonded
represltlantfs &/Y ratio of 3 _WT'Ch 1S :]he orlle fo‘;]nd experi- BN, the additional features being highlighted in cureg by sub-
me_nta y Tor a vacancy ra_t'o ower _t an 1/3. When e tracting theh-BN reference spectrum. Cury® corresponds to an
ratio gets smaller, the higly density turns unstable, and

) : . h-BN film grown by pulsed-laser deposition, eventually implanted
formation of W and Z environments is preferred. Another yith N} ions and producing the formation of a metastable phase,

configuration containing typ¥ atoms result from the coa- the additional features being highlighted in curegby subtracting
lescence of only two of the vacancies yielding typ@toms,  the h-BN reference spectrum.
and can be written asX>—4X+Z+W. This is shown in
panel(c) of Fig. 4. To further study the creation and mobility discuss the observation of peaks in the I$)($pectra related
of different defect configurations one would relate the va-to the interstitial nitrogen atoms.
cancy jump probability and activation energies with the ob- We have not observed three defect peaks equivalent to
served distribution of atom#&/—Z, but it is beyond the scope those found in the B (9 NEXAFS that support the exis-
of this paper. Our simple model is useful for illustrating vari- tence of boron vacancies, but additional features have devel-
ous defect annihillation mechanisms and relative stabilities.0ped in the sputtered films. The additional features in the
nitrogen photoabsorption do not appear generally as clearly
resolved peaks. It is therefore useful to subtract the spectrum
from anh-BN reference to highlight them, as has been done
for two films in Fig. 5. Curveqda) and (b) in Fig. 5 corre-

As shown in the previous section, nitrogen vacancies arspond to theh-BN and c-BN references. Curvéd) corre-
common defects in ion bombardédBN. Part of the nitro- sponds to a film grown by RF sputtering containin@0%
gen atoms displaced from their crystalline sites move to insp® and 70%sp? BN. The sp® features are not resolved in
terstitial positions along with a fraction of the impinging the nitrogen spectrum, although they are evident in the cor-
nitrogen ions that can remain embedded in the material. Theesponding boron spectrufmot shown. However, the pres-
latter results in a nitrogen enrichment of BN films by nitro- ence ofsp’-related features is clear when subtracting the
gen bombardment that has been previously reported and at-BN reference, as is illustrated in cur¢e). In addition to
tributed to interstitial N°® We have also seen similar evi- the cubiclike features, two peaks appear at 397.8 eV, labeled
dence in our films as is shown below. In this section we willK, and at 399 eV, labelet. Curve (f) corresponds to the

Photon Energy (eV)

C. Additional features on the N (1s) edge: Interstitial
nitrogen
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FIG. 7. Intensity ratio of defect over nondefect features for the
boron and nitrogen spectra as a function of the angle between the
sample normal and the incident light. Grazing incidence results in
surface sensitivity measurements indicating the location of nitrogen
vacancies at the surface and interstitial nitrogen in the subsurface.

Intensity (arb. units)

nomenon for films with a nitrogen vacancy ratio lower than
0.1. However, over this value the additional features can be
detected. Curvéb) corresponds to a PLD grown thin film
with a vacancy fraction of 0.15, showing a shoulder at the
onset of the absorption spectra due to an unresdlvpdak.
Curve (c) represents another PLD film with a similar va-
cancy ratio, which exhibits shoulders at the positions of both
K andL peaks. Curveéd) was measured from a film with a
similar vacancy ratio grown by RF sputtering showing a
clearly resolvedK peak. Curves €—g) represent different
films exhibiting the new features with greater intensity.
Curve(e) corresponds to a highly defectiteBN film with a
vacancy fraction of 0.45. Curvéf) represents &-BN film
containing the metastable phase and a 0.65 vacancy ratio in

392 394 396 398 400 402 404 406 408 410 412
Photon Energy (eV)

FIG. 6. Low-energy side of N (§ photoabsorption spectra of a
series of thin films, illustrating the appearance of pegks related
to interstitials insp® and sp?-bonded BN, respectively. Curv@)

represents A-BN film grown by pulsed-laser deposition containing - .
a fraction of 0.05 nitrogen vacancig®) a h-BN PLD grown film the hexagonal bonding, and curi@ represents a film con-

with a fraction of 0.15 N-void defectqc) a film grown by RF taining abo%‘t .70%sp2-BN and 30%sp’ BN with a 0.2
sputtering with a 0.15 vacancy rati@) a film grown by RF sput-  acancy ratio in thfSF?z p_hase. . _
tering containing a small amount sp*>-bonded BN,(e) anh-BN An important qualitative result from Fig. 6 is that peak
film NJ implanted with a 0.45 vacancy ratif) a N} implanted L is always present whenever the vacancy fraction in the
film containing the metastable phase, #gta RF sputtering grown hexagonal phase is larger than 0.1, and that the intense peak
film containing 30%s p*-bonded BN. K is only observed for samples containing a significant pro-
portion of sp®> BN [see Fig. 1 curvée) for a thin film con-
metastable phase obtained by ion implantation—already preaining 80%s p*-bonded BN. This suggests that peak is
sented in Fig. 1 curvéy)—, with additional nitrogen features related to nitrogen atoms in interstitial sites of the hexagonal
appearing clearer in the difference spectr(enthat results network, while peakK is related to interstitials in the
from subtraction of thén-BN reference. Two clear peaks at sp*-bonded network. We will substantiate this with addi-
404 and 406 eV are present that do not line up with either théional analysis. The defect peaks in the nitrogen edge are not
cubic or the hexagonal features, indicating that nitrogen in aletected for a concentration of defects smaller than 0.1 be-
different bonding environment has been formed. Cu®e cause they are not located in the near-surface region. This
also shows theL peak at 399 eV. Once the additional was predicted byriM calculations’' and can be seen from
features—peak& —-L and metastable BN phase features—the angle-resolved NEXAFS results of Fig. 7. In this figure
have been clearly identified by reference sample subtractiorthe ratio of defect peaks over nondefect peaks for the boron
we extend the study to a variety of samples to gain som@hotoabsorption and for the nitrogen NEXAFS is displayed
information on their origin. as a function of the angle between the sample normal and the
Figure 6 presents a series of nitrogen edges containing thacident light for the sample represented in Fig. 6 cuiye
K andL features in the low-energy side of the spectra. CurveThe defect ratio for the B (§) signal is related to the number
(a) corresponds to a hexagonal thin film grown by PLD con-of vacancies and shows a clear increase when going to glanc-
taining few defectqthe vacancy fraction derived from the ing incidence, i.e., when increasing the surface sensitivity.
boron=* peaks is 0.0b The nitrogen edge is abrupt and can However, the defect ratio for the N ¢} signal does not
be nicely fit with a straight line from the onset to a position show this surface sensitivity dependence. The same result is
near them* maximum. We have always observed this phe-obtained for other samples.
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that there is a linear relationship between the intensity of the
nitrogen peak& —L and the nitrogen vacancy fraction on the
h-BN network, the latter value computed from the borgh
featuresW—Z. No nitrogenK or L features are detected for _ _ _
a vacancy ratio lower than 0.1. Over this value two distinct F!G- 9. Intensity ratio of boron over nitrogen measured avthe
paths are observed: development of the nitrogen péak edges vs the n!trogen vacancy rqtlo |IIu§trat|ng the nitrogen enrich-
Whensp3—BN is attained, and development of the nitrogenment for defective samp!es, the higher n_nrogen content Qf the meta-
peak L when defectiveh-BN or the metastablesplike stable phase, and the nitrogen outgassing upon annealing.
phase are formed. The Nesputtered samples show a lower spond neither tep? nor tosp® BN. It can be correlated with
intensity of the nitrogen defect peak compared to the N mechanical properties of the fili,but there is not enough
sputtered ones, due to the absence of trapped nitrogen iospectroscopic information to conclude the exact nature of the
that remain embedded in interstitial positions of the BN ma-bonding. Two possibilities that might account for the ob-
trix. served behavior are a network of tetrahedrally coordinated
A linear relationship between featuriés-L and the nitro- boron connected by azide—{N=N-—) moieties, or a
gen vacancy ratio is expected if all the interstitial nitrogensboron-rich solid resembling /£ with nitrogen atoms instead
have their origin in nitrogen vacancies. However, this is notof carbon, a bonding configuration that has been previously
the case here because there is a nitrogen enrichment wheroposed by other authors to explain Raman and x-ray-
nitrogen ions are used. The linear relationship of Fig. 8diffraction results'
therefore indicates that the nitrogen enrichment is still The nitrogen enrichment during nitrogen bombardment is
roughly proportional to the number of vacancies becauselear from Fig. 9, in which the boron:nitrogen ratio in the
both the number of vacancy-interstitial pairs and the numbefilms is plotted versus the nitrogen vacancy ratio. Different
of ion-trapped interstitials are proportional to the number ofsymbols represent different types of thin films. The dotted
ions striking the surface. The larger value of the slope for theurve corresponds to the relationship that would appear if no
development of pealk compared to the development of interstitial nitrogen were present at all. Direct comparison of
peakL is explained because the intensity of the peldlkand  the experimental points with the hyperbolic curve indicates
L is normalized to the intensity of the N ¢ #* peak in the not only the presence of interstitial nitrogen atoms, but the
same spectrum. The films exhibiting pekhave a large nitrogen enrichment with N bombardment as well. The ex-
fraction of sp®-bonded BN which does not contribute to the perimental B:N fraction was computed from the intensity
N (1s) #* peak. When correcting th€/7* intensity to the  ratio of the maximum of ther* features in both the boron
content ofsp? BN on the film, the line representing the and the nitrogen absorption edges. Téie features are a
development of peaK lines up with the line corresponding better choice than the* because the latter depends strongly
to the development of pedk. This indicates that the nitro- on the orientation of ther™ orbital with respect to the direc-
gen content in the films exhibitingp® phases is roughly the tion of the electric vector of the incident x-rays beam. We
same as that in thk-BN films. will discuss these angular effects in the next section when
The nature of the metastable phase is unknown, exhibitingtudying the orientation of the basal planes in BN. Figure 9
on the one handr* features in the B (8 NEXAFS that reveals the different behavior for four different sets of
resemble ansp®-bonding configuration, but on the other samples(1) The BN films bombarded with N—including
hand, a trend in the nitrogeln peak resemblingp® phases h-BN films, samples containingsp®-bonded BN, films
and a series of features in the NSJINEXAFS that corre- grown with ion assistance, and films ion implanted after

00 01 02 03 04 05 06 07 08 09 1.0
Nitrogen vacancy fraction
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FIG. 10. B (1s) and N (Is) photoabsorption spectra corre- E
sponding to the annealing of the metastable phase illustrating the
disappearance of the related features at 1050 K, and the eventual
decrease of the vacancy-related peaks.

o . . . Thin film containing
growth—exhibit a B:N ratio close to unity, with a g_eneral 30% sp® and 70 % sp2 BN
trend to nitrogen enrichment for larger vacancy ratios. No | T PR PYSUY PINTE IR PR P P
clear dependence of the nitrogen content with the details of 188 190 192 194 196 198 200 202 204 206 208
the film preparation is observe(®2) The h-BN films bom- Photon Energy (eV)

barded with noble gases are nitrogen deficient compared to

the samples bombarded with nitrogen, providing evidence of g 11. B (1s) and N (Is) photoabsorption spectra corre-
the trapping of nitrogen in the BN matrix3) The films  sponding to the annealing of a film containing 3@g-bonded
containing the metastable phase are richer in nitrogen thagn, illustrating the stability of the phase synthesized by RF sput-
the h-BN for a similar vacancy ratio(4) The annealed tering, and the outgassing of interstitial nitrogen-at000 K.
samples show a dramatic loss of nitrogen, indicating the out-
gassing of the interstitial nitrogen. heating, showing the5p3-like features in both the B (§)
and N (1s) NEXAFS. Curves(b) were measured from the
sample after annealing to a temperature of 1050 K, showing
that thesp®-like features are no longer present. The boron
edge also shows the fading of the defect peaks onsathe
We have checked the stability of thsgp® and the meta- region. Annealing to higher temperatures only results in re-
stable phases by annealing. The most stable phase of boraovery of hexagonal order as evidenced by the decrease in
nitride is the hexagonal one, the transition temperature fronthe intensity of the boron defect peaks of curvesd). The
cubic to hexagonal being about 1840*KSince we have spectrad) of the film annealed to 1450 K are very similar to
limited our study to temperatures of 1500 K, below the melt-those of a fresh film grown by PLD without ion bombard-
ing point of the Si substratél700 K), no changes should ment that are displayed as curves.
take place for a stablep®-BN phase. Figure 11 shows a similar series of spectra for the anneal-
Figure 10 shows a series of boron and nitrogen spectring of a thin film grown by RF sputtering containing
corresponding to the annealing of the metastai@-like ~30% sp-BN and 70%sp?-BN. Curves(a) are from the
phase. Curvesa) were measured from the sample beforesample before annealing. Curvéls) were measured after

D. Thermal annealing: Order recovery, orientation,
stable and unstable phases
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5.0 been determined previously for the ion-assisted PLD samples
] by electron diffractiof> NEXAFS*® and electron
45 asgrown HN | 3 microscopy** The ion-implanted samples do not show any
C anneale df significant anisotropy in the™/c* ratio, indicating a random
4.0 Si o4 orientation of the fragments of basal planes. When the

sample is annealed, the basal planes orient again but, in spite

g 35 of the initial situation, they are now parallel to the surface, at
x o = ] least in the surface region where NEXAFS is sensitive.
Z a0 / — ] A final result refers to the influence of the ion bombard-
z O Si ] ment parameters on defect formation and how self-annealing
2 25 E affects this. In principle, one expects a higher concentration
‘o : of defects when a larger ion current density or more ener-
e g ] getic ions strike the surface. However, we have found that
g20 / ] for ion implantation at room temperature the nitrogen va-
> 0] —_ ] cancy fraction near the surface is larger for nitrogen ions of
215 o ’___’./’ * - 90 keV than for ions of 180 keV, at a constant value of
£ P o ] current density of 2@Acm 2 and total dose of 2
1.0 d) 3 X 10" cm™3, and that the number of defects is also larger for
ion implante ]

] an ion current of 2uA cm ™2 than for ion currents of 40 and
] 60 A cm 2 at a constant dose of>210' cm 2 and ion
] energy of 180 keV. The explanation for this is a self-
annealing effect due to local heating by the ions when the ion
bombardment conditions are very energetic. Indeed, we have
Angle sample normal - incident light (degrees) found that the films presumably self-annealed, i.e., those
containing less defects than others bombarded with less se-
FIG. 12. Ratio of the intensity from the B §) photoabsorption vere conditions, show a certain orientation of the basal
features7*/o* vs the angle between the sample normal and theplanes parallel to the surface, although not as clear as in the
incident light for ah-BN thin film as grown, after ion implantation  film presented in Fig. 12.
and after annealing, illustrating the change in the orientation of the
basal planes.

e
n

0.0
0 10 20 30 40 50 60 70 80 90

IV. CONCLUSIONS

annealing to 1000 K. No changes in the boron spectrum oc- We have performed a detailed study of point defects in
cur regarding the p*-sp? ratio indicating the stability of the boron nitride by NEXAFS spectroscopy in connection to the
first phase. However the extra pekkin the nitrogen spec- appearance of bonding phases during thin-film growth. The
trum has decreased significantly, showing that p€ak not  sensitivity of NEXAFS to these defects can be used to better
due to thesp® bonding, although it always appears in con- understand the chemistry and morphological changes that oc-
nection to its growth in thin-film form as discussed in the cur during the metastable growth conditions of thin films.
preceding section. Pedk originates from nitrogen atoms in This is particularly interesting for complex systems like ni-
interstitial positions ofsp> BN, and annealing over 1000 K trides, carbides, and borides which are well suited to photo-
results in outgassing of these N interstitials. Pé&aks no  absorption studies and are very technologically attractive
longer present after annealing to 1100 K, as shown in curvematerials in thin-film form. This is even more important
(c), although thesp?® features remain. Annealing to higher when the thin films lack long-range order, and techniques
temperatures has no additional effect on the nitrogen antike x-ray diffraction or vibrational spectroscopies yield am-
boron spectra, apart from the successive decrease of the dgiguous results in the phase characterization.
fect peaks in the B () #* region, confirming the stability Regarding the boron-nitride system studied here, we have
of the sp® phases grown by the RF sputtering. identified the signature in the photoabsorption spectra of ni-
An interesting result concerns the orientation of the hexirogen vacancies and interstitial nitrogen. No features related
agonal planes in boron nitride. Angle-dependent measurde the presence of boron vacancies have been observed. In-
ments of the NEXAFS signal were performed, taking advanformation on the stability of different arrangements of nitro-
tage of the linearly polarized nature of synchrotron radiationgen vacancies can be gained by direct comparison with a
The selection rules yield a cosine-squared dependence on teenple model based on the random distribution of nitrogen
angle between the* bond and the electric-field vector, with voids. Interstitial nitrogen appears as two distinct features
the maximum for the basal planes parallel to the incidentlepending on them being embedded in a hexagonal or a
light and a zero intensity when they are perpendicfi&ig-  cubiclike network.
ure 12 displays the ratio between the height of the p&lak There are several implications about thin-film growth
the B (1s) #* region and the maximum of the* intensity ~ conditions and current models ofBN formation from this
for the as-grown thin film, the film after ion implantation work. We have observed that the attainmenspf-bonded
considered in Fig. 10, and the same thin film after annealingBN is always accompanied by nitrogen vacancies in the re-
The reversal in the orientation of the basal planes is cleamaining sp?-bonded material and a significant fraction of
from this figure. For the as-grown samples, the hexagonahterstitial nitrogen embedded in the cubiclike phase. The
planes are oriented perpendicular to the surface, as it hdatter can be easily eliminated by eventual annealing to
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~1000 K without additional changes in the film composi- €nce of features in both the B¢jLand N (1s) photoabsorp-

tion. The presence of point defects support the current modion spectra. This phase has been observed when severe ion
els that involve defect intermediates mBN formation. bombardment is performed and the nitrogen vacancy fraction
However, we have not observed any appreciable differencexceeds a value of 0.4.

in the nitrogen enrichment betweénBN films containing
interstitial nitrogen, and films containing thep® phase.
Stablesp® phases are only attained with ion-assisted tech-
niques. lon implantation after the thin-film growth permits us  We are indebted to R. Hill for his technical support, and
to obtain N-rich films with a similar B:N ratio compared to the SSRL and ALS staffs for their help. We would like to
the ion-assisted growth films, but that does not result in forthank Dr. J. V. Mantese and his group at GM Research Labs
mation of a stablsp® phase. Annealing at temperatures overfor implanting the BN films, and D. Chance for his technical
1000 K outgasses the interstitial nitrogen and also results igupport. This work has been supported by the Division of
a reduction of the nitrogen vacancy fraction. This explainsMaterials Sciences, Office of Basic Energy Science, and per-
the existence of an optimal temperature I8BN growth  formed under the auspices of the U.S. Department of Energy
(about 700 K, since over the optimal value the concentrationby Lawrence Livermore National Laboratory under Contract
of point defects will decrease by annealing. The same stands$o. W-7405-ENG-48, and the Advanced Light Source,
for the ion energy and ion current during bombardmentLBNL under Contract No. DE-AC03-76SF00098. |.J. ac-
which may produce self-annealing effects by local heating. knowledges financial support from the Spanish Ministerio de
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