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Electron spectroscopy on boron nitride thin films: Comparison of near-surface
to bulk electronic properties
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Combining spectroscopic methods probing both occupied as well as unoccupied electronic states, the surface
electronic structure ofex situ prepared boron-nitride films is analyzed and compared to experimental and
theoretical bulk-electronic properties taken from the literature. X-ray photoelectron spectroscopy is applied to
probe the core-level and valence-band electronic states, electron-energy-loss spectroscopy in the reflection
geometry to investigate conduction band states as well as excitations like plasmons and core excitons. For films
with hexagonal structure, the results from the near-surface region are found to reflect both the ground state and
the many-body properties of the bulk material. Cubic boron nitride films in all cases exhibit a hexagonal-like
top layer with a thickness of about 0.9 nm. Low-energy ion bombardment at room temperature is found to
significantly increase the amount of disorder in both types of films, leading to the transformation of the cubic
phase into a hexagonal-like material.@S0163-1829~99!02607-7#
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I. INTRODUCTION

Boron nitride is a material that has attracted continuo
interest for more than three decades. Like carbon, boron
tride forms a variety of atomic structures of which the he
agonal and the cubic phase, in particular, have been the
ject of extensive theoretical and experimental wo
Hexagonal boron nitride (h-BN), a sp2-bonded layered-
compound isostructural to graphite, exhibits strong ani
tropic physical properties. Its electronic structure, thou
sharing many similarities with graphite, however, leads t
wide-gap semiconducting behavior in contrast to the se
metallic nature of graphite. Due to its high thermal stabil
h-BN is a widely used material in vacuum technology.
addition, it has been employed for microelectronic device1

for x-ray lithography masks,2 and as a wear-resistan
lubricant.3

The cubic phase of boron nitride (c-BN), on the other
hand, has the zinc-blende lattice structure w
sp3-hybridized B-N bonds. It is the second-hardest mate
known after diamond, with even better properties for a w
range of applications. Among them,c-BN does not react
with ferrous materials even at temperatures as high as 1
K.4 In contrast to diamond,c-BN can be doped to form both
n-type as well asp-type semiconductors, which becomes i
creasingly important in semiconductor device industry in
der to produce high-temperature microelectronic syste
Recently, a negative-electron affinity has been reported
bulk material and thin films, promising cold-cathode electr
emitters with stable properties.5,6

Since there is considerable interest in boron nitride d
to its technological importance, extensive theoretical7–25

and experimental work has been devoted to the electr
properties of this material. Many methods have be
employed to explore the electronic structure of bor
nitride, among which are methods like soft-x-ray emiss
spectroscopy26–35 and photoelectron spectroscopy,27,36–41
PRB 590163-1829/99/59~7!/5233~9!/$15.00
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which are both sensitive to occupied electronic states,
well as near-edge x-ray absorption fine structure spect
copy26,42–49~NEXAFS! and energy-loss near-edge spectro
copy ~ELNES!,50,51 which can be used to probe the unocc
pied part of the band structure. In addition, electron-ener
loss spectroscopy performed in the plasmon region
proved to provide valuable information.50,52–58

Despite all the theoretical and experimental efforts, dev
tions from band-structure calculations are evident in ma
studies concerning the width of the energy gap, the width
the energy bands, and the energy positions of character
features in the density of states, respectively.20,34,36,39,53Very
often, the energy scales of calculated data have been adju
to match experimental results. On the other hand, conflic
experimental data have been reported, resulting from d
culties in the energy calibration.34,49

While, in general, there is reasonable agreement betw
theory and experiments for carbon-based systems, this is
the case for boron nitride. The reason for this may partia
be due to problems in the preparation of large~.0.3 mm!
single-crystalline samples providing well-defined surfac
which has been achieved only very recently.59 While most of
the above studies were performed on polycrystalline b
materials prepared at high temperatures and high press
thin films and coatings, which are the most promising can
dates for future applications, are even less understood. T
films are commonly processed under nonequilibrium con
tions resulting in nanocrystalline materials.4,60,61 This leads
to a large scatter in the experimentally observed electro
properties among different samples, as can be seen by,
reported plasmon energies forc-BN films ranging from 28 to
32 eV.50,57,58Whereas, for bulk samples, clean surfaces c
be achieved by methods like scraping or cleaving, such is
possible forex situprepared thin films, making contamina
tions a serious problem for most of the surface-sensi
methods. Another reason for contradictive experimental
sults may be connected to a nonhomogeneous struc
5233 ©1999 The American Physical Society
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TABLE I. Film compositionx and amount of dominant contaminants as determined by XPS.

Sample BxN1002x Oxygen~at. %! Carbon~at. %!

h-BN ~annealed to 520 K! 51.0 3.5 4.6
h-BN ~irradiated with 5 keV Ar1! 52.6 2.0 ,1
c-BN ~annealed to 520 K! 50.1 8.3 7.3
c-BN ~irradiated with 5 keV Ar1! 54.2 2.7 1.7
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within the sampling depth of the technique used to char
terize the electronic states.57,62,63Finally, the commonly ap-
plied ion etching procedures performed for surface clean
or depth profiling may lead to artificial results due to unco
trolled changes of the stoichiometry and microstructure
the irradiated region.

Until now it was an open question whether boron nitri
thin films can reliably be characterized by means ofsurface
sensitive techniques. It is the aim of the present pape
answer this question by demonstrating that the volume e
tronic properties of boron nitride thin films can be dete
mined applying surface-sensitive spectroscopic tools.
will show that the combination of x-ray photoelectron spe
troscopy~XPS! on core level as well as valence states w
electron-energy-loss spectroscopy in the reflection geom
~REELS! allows us to achieve a consistent picture of t
surface-electronic structure of thin films. While, in the ca
of h-BN the results reflect the properties of bulk materi
this is not the case forc-BN films due to the existence of
top layer with a hexagonal-like structure, whose thickn
can be determined to be 0.9 nm. Emphasis is put on a t
ough characterization of the films with respect to th
chemical state, stoichiometry, and the level of possible c
tamination.

II. EXPERIMENTAL DETAILS

The BN thin films studied in this paper were prepar
onto Si~100! substrates at a temperature of 670 K by
ion-beam-assisted sputter-deposition process using
Kaufman ion sources. Elemental boron~99.9%! was sputter
eroded using 1.5 keV Ar1 ions, while the growing film was
simultaneously irradiated with a mixture of argon and nit
gen ions. Hexagonal films were deposited using pure ni
gen as assisting ion beam. For more details, see Ref.
Applying transmission infrared spectroscopy, the integ
c-BN content of the films was determined from the pe
height ratio of thec-BN TO mode and theh-BN in-plane
mode, respectively. With this procedure, the volume fract
of the cubic phase of the studiedc-BN samples with thick-
nesses ranging from 80 to 100 nm was found to be lar
than 70%. Following the widely accepted model of a laye
growth,63–65 the by-far largest contribution to theh-BN in-
frared signals originates from theh-BN nucleation layer.
Even if h-BN grain boundaries66 are taken into account, it is
justified to consider the upper part of thec-BN films to pre-
dominantly consist of the pure cubic phase.

Electron spectroscopy was performed at a pressure
310210mbar in a FISONS ESCALAB-210 electron spe
trometer, which is equipped with a small spot x-ray sou
and an electron gun allowing primary energiesE0 up to 3
keV. Monochromatized AlKa radiation (hn51486.6 eV)
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was exploited to perform a chemical analysis of the sam
surface and to investigate the details of the valence-b
structure. In order to calibrate the instrument, the Fermi e
of an Au reference sample has been measured, which ca
used to define the origin of the binding-energy scale (EB
50) in the conventional manner. REELS measureme
were done to study the energy-loss function in the plasm
energy range~0–50 eV! and at the B 1s absorption edge
~185–240 eV!, allowing to characterize the unoccupied de
sity of states at the boron sites. The total energy resolutio
the photoemission experiments was adjusted to a value o
eV ~full width at half maximum!. In the REELS measure
ments, the total energy resolution was between 0.7 eVE0
5350 eV) and 1.3 eV (E052.5 keV), mainly caused by the
broadening of the primary electron beam. In order to red
the surface contaminations as much as possible, all sam
were carefully outgassed prior to the spectroscopic meas
ments at a temperature of 520 K,49 which is well below the
temperature during growth~670 K!. In order to study the
influence of disorder, an additional irradiation was pe
formed with low-energy Ar1 ions.

In Table I, the results of the chemical analysis are su
marized for the outgassed as well as the irradiated fil
These data are obtained from core-level spectra of the Bs,
N 1s, C 1s, and O 1s lines, whose relative intensities ar
determined by means of a numerical-fitting procedure67 and
using the corresponding photoionization cross sections
given in Ref. 68. As can be judged from Table I, the spe
troscopic information sampled over a depth of 4–5 nm
lows us to conclude that the various as-prepared BN fil
are stoichiometric. Even after the annealing step, a sign
cant amount of contaminants can still be recognized. Ho
ever, since we observed energetically unshifted single
core lines of the contributing elements~e.g., B 1s in h-BN:
190.7 eV! pointing to physisorbed rather than chemisorb
contaminants,69 their influence on the electronic properties
the samples can be neglected.

III. RESULTS AND DISCUSSION

A. Valence-band properties

Figure 1 shows the valence-band spectra of theh-BN ~a!
and c-BN ~b! films excited with monochromatized x ray
~middle curves!. The valence-band structure of the hexag
nal BN film is dominated by two distinct features wit
maxima at about 12 and 20 eV, accompanied by a w
shoulder located at an energy of 26 eV. Obviously, the th
film spectrum closely matches the experimental data ta
from bulk h-BN @upper curve~Ref. 27!#, proving the appli-
cability of XPS measurements toex situprepared BN films.

By using x-rays to excite photoelectrons in a poly-
nanocrystalline sample, information about the density
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FIG. 1. ~a! Valence-band spectrum of ah-BN thin film excited with monochromatized AlKa radiation~hn51486.6 eV, middle curve!.
The binding energy is referred to the Fermi levelEF as determined from a Au reference sample. The dotted line denotes the inelas
scattered background~Ref. 77!. For comparison, experimental data from bulk material~Ref. 27! ~upper curve! and calculated DOS result
~Ref. 20! ~lower curves: full line, total DOS; dotted line, partials-DOS! are included;~b! XPS valence-band spectrum of ac-BN thin film
~middle curve!. For comparison, a photoelectron spectrum from bulkc-BN ~Ref. 39! ~hn5188.4 eV, upper curve! and calculated DOS
results~Ref. 20! ~lower curves: full line, total DOS; dotted line, partials-DOS! have been added.
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states~DOS! of the material can be gained, since the mom
tum selection rules are averaged out.70 Thus, an XPS spec
trum taken from such a sample represents the sum
angular-momentum projected partial densities of sta
weighted by the corresponding photoionization cross s
tions. In the case of light elements with valence electrons
only s andp symmetry, the energy dependence of the cr
sections68 can advantageously be used to separate the
components. As in the case of graphite,71 for photon energies
in the keV range a preferential emission of electrons from
s-symmetric part of the BN valence band is expected.

Such a behavior can indeed be observed in Fig. 1~a!,
where our experimental results are compared with the t
DOS and thes-symmetric part of the DOS as calculated20,22

on the basis of first-principles local-density theory. Althou
good agreement is observed as far as band shapes are
cerned, a striking difference exists for the correspond
bandwidths. In the XPS results, the bottom of the vale
band is located at a binding energy of about 24 eV, wh
has to be compared with calculated values of 18~Ref. 23!
and 19 eV,20 respectively.

According to Table I, carbon and oxygen contamina
amount to 4% each. As a result, a small shoulder at a bind
-
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energy of 26 eV is observed, which matches the energy
sition of the O 2s level. The necessarily connected emissi
from O 2p and C 2p states is suppressed for x-ray-induc
transitions.68 Emission from the C 2s level is reduced by a
factor of 3 as compared to the O 2s state,68 identifying the
shoulder at 26 eV as the only relevant feature induced
contaminants. Hence, by applying XPS to anex situprepared
h-BN film, valuable information about thes-symmetric
states can be obtained, providing complementary informa
to the x-ray emission techniques, which are sensitive to
p-DOS in the boron-nitride system.

In the case of photoemission from the cubic phase,
data given in Fig. 1~b! represent the first x-ray-induce
valence-band spectrum. Neither spectra from bulk mate
nor from thin films have been reported so far forc-BN. To
allow a comparison, an electron-distribution curve is add
instead, which has been acquired with photons in the
x-ray regime from bulk material.39 The XPS valence-band
spectrum of thec-BN film exhibits a similar shape as foun
for the hexagonal phase. The increased intensity at 26 eV
be attributed to a higher amount of oxygen contaminatio
~see Table I!.

While both experimental spectra in Fig. 1~b! are in accor-
dance with respect to the energy positions of the two s
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FIG. 2. ~a! Comparison of ELNES results at the BK-edge forh-BN thin films: reflection geometry~upper curve, this paper!; transmis-
sion geometry~Ref. 50! ~middle curve!; calculated spectrum~Ref. 23! ~lower curve!. ~b! Comparison of ELNES spectra at the BK-edge for
c-BN thin films: reflection geometry~upper curve, this paper!; transmission geometry~Ref. 50! ~middle curve!; results as measured b
core-level photoabsorption~NEXAFS! on bulk material~Ref. 45! ~lower curve!.
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bands, a striking difference exists between the correspon
intensities. In the case of the lower excitation energy a m
stronger emission is obtained in the low-binding-ene
range, reflecting an enhanced photoemission fromp states
due to an increased photoionization cross section.68 If we
compare the experimental data with calculated densitie
states,20 thes contribution is again more suitable to interpr
our XPS results. However, as in the case of the hexag
phase, the total bandwidth as obtained from the experime
data is much larger than calculated, even if the influence
contaminants in the high-binding-energy range is taken
account.

Although valuable information can be obtained by XP
measurements about the distribution of occupied electro
states, the preferred sensitivity fors-symmetric states pre
vents a distinction of the hexagonal and cubic phases, w
show their main differences in thep-derived states. Hence
complementary methods have to be applied, which will
presented in the next sections.

B. ELNES spectroscopy on the boronK edge

The energy loss of a primary electron beam due to e
tations of 1s electrons into unoccupied states~K edges! has
widely been used to study the volume electronic structure
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BN samples thin enough to permit electron spectroscopy
the transmission mode~thickness 100 nm!. The K edges of
boron and nitrogen have also been studied extensively
photoabsorption~NEXAFS!, a technique that also probe
volume states in a sample.72 The surface-sensitive metho
applied in this paper is based on the REELS technique,
lowing us to use standard laboratory equipment to charac
ize energy losses due to B 1s core-level excitations.

The energy-loss fine structure within some 10 eV of t
edge onset is known to reflect the site-projected local den
of unoccupied electronic states.73 In addition to ground-state
electronic properties ELNES spectra may also reflect the
istence of many-body effects as frequently observed for
sulating materials. Sharp resonances do occur due to
transition of core electrons into localized final states~‘‘core
excitons’’!,42,43 which are formed by the excited-core ele
tron and the remaining core-hole state.

Figure 2~a! shows the boronK-edge ELNES spectrum o
a hexagonal BN film, acquired with an electron beam of
keV primary energy incident under 50° to the sample surf
~upper curve!. The reflected electrons are detected in the n
mal direction. Since we are interested in the near-surf
electronic structure and its correlation to the volum
electronic properties, data from an ELNES experiment p
formed in the transmission mode by McKenzie, Sainty, a
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PRB 59 5237ELECTRON SPECTROSCOPY ON BORON NITRIDE THIN . . .
Green50 and theoretical results by Maet al.23 for bulk mate-
rial are included in the figure. Obviously, there is good ov
all agreement between the results of the different techniq
allowing us to interpret the experimental findings along
theoretical results.

The most striking features in the ELNES spectrum
h-BN are given by a sharp peak at an energy loss of 19
eV, followed by additional structures at energy positions
about 200 and 217 eV, respectively. While the former
attributed to a bound exciton originating from the Bpz(p* )
orbital, the latter are due to unoccupiedpxy(s* ) states.23

Since p* states are absent in the cubic phase due tosp3

hybridization, the most significant peak in the REELS bor
K edge at 192.3 eV can be used to identify the hexago
phase, while the other features yield information about
unoccupied part of the electronic structure.

In order to verify the many-body character of the fir
peak in Fig. 2~a!, we can take advantage of the XPS me
surements introduced above. Using the energy position o
valence-band maximum@EB50, see Fig. 1~a!# with respect
to the binding energy of the B 1s level ~EB5190.65 eV, see
Fig. 5!, the lower edge of the energy gap can be identifi
@Fig. 2~a!, left line#. Taking an experimental value of 5.9 e
for the width of the energy gap inh-BN,53 the upper edge o
the gap can then be indicated~right line!. Clearly, the energy
position of the first peak is located within the energy gap
the hexagonal phase, identifying this feature as not belong
to the ground-state electronic structure but to represen
excitonic state.

Figure 2~b! shows the results of our surface-sensiti
REELS measurements at the boronK edge for thec-BN
film, together with data representing the volume propertie50

of a sample prepared by the same deposition techni
Since theoretical energy-loss data are not available for
cubic phase, a NEXAFS spectrum from bulkc-BN ~Ref. 45!
has been added for comparison. This time, the most pro
nent feature at an energy loss of 199 eV can be correl
with the density of states of the material, as can be done
the second major peak at 215 eV. In contrast to the expe
tions for sp3 hybridized material, there still exists a peak
192 eV in the electron-scattering experiments, which
nearly absent in the photon-induced spectrum of bulk m
rial as recently confirmed.49 Thus, the REELS results pre
sented here clearly indicate the existence of a certain am
of h-BN being located in the near-surface part of thec-BN
thin film.

This will be further investigated considering spectra tak
at lower energy losses, where plasmon excitations can
studied.

C. Plasmon induced energy losses

The electron-loss function is intimately related to t
complex dielectric function.73 Hence, two different types o
excitations may occur if a fast electron travels through
material to be investigated. First, interband transitions
tween occupied and unoccupied single-particle states ma
excited corresponding to maxima in the imaginary part of
complex-dielectric function. Second, many-body resonan
can occur due to zero crossings of the real part of the die
tric function, corresponding to volume and surface plasmo
-
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We will use both types of excitations to further character
the near-surface electronic structure of our samples.

The energy-loss functions ofh-BN and c-BN films are
presented in Fig. 3, corrected for background contributio
as described in Ref. 78. The REELS spectra have been
tained at a primary electron-beam energy of 2.5 keV, th
minimizing the contributions of surface plasmons. Analyzi
the loss spectrum of theh-BN thin film ~Fig. 3, lower part!,
two distinct features at energies of about 8 and 12 eV can
recognized. According to theory~lowest curve20!, these fea-
tures can be interpreted as originating from interband tra
tions between electronic states ofp symmetry. Like the ex-
citonic state, they can be used to identify the hexago
phase.

The volume plasmon is located at 26 eV, which sign
cantly differs from the value expected from theory~24 eV!.
In order to clarify this discrepancy, results derived fro
transmission experiments53 on highly orientedh-BN are in-
cluded. Good agreement is observed between the n
surface film and bulk-electronic properties of hexagonal
ron nitride, although the width of the plasmon line is mu
larger in the thin-film loss spectrum compared to the b

FIG. 3. Energy-loss function in the plasmon region forh-BN
and c-BN films as compared to bulk material~Ref. 53! and to
theory ~Ref. 20!. The spectrum assigned to bulkh-BN has been
synthesized by averaging over the different directions in orde
account for the nanocrystalline character of the thin film. The l
spectra of the films were corrected for background contributi
~Ref. 78! for a better comparison with theory.
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FIG. 4. REELS spectra of theh-BN ~a! andc-BN ~b! sample for various primary-electron energies. The insets show an enlarged
of the volume plasmon region.
ru
th
th
n

c

ad
e

ur
n

th
g

d

e
e
i
a

th
ob

ob-
unc-

ec-
the
eral

om
pe of
sur-
-
at

the
,
rgy

rts
n
t

material. Thus, fluctuations in the near-surface atomic st
ture of the film may be present leading to variations in
density and, therefore, in the plasmon energy. Again,
absolute energy positions of characteristic features are
well reproduced by theory.

The upper part of Fig. 3 shows our results for thec-BN
film compared to the calculated spectrum.20 According to
theory, differences in theh-BN and c-BN loss functions
should be visible as an increased plasmon energy in the
bic phase~reflecting the higher density!, accompanied by the
absence ofp-p* related features and the appearance of
ditional structures in the energy range between 30 and 40
Though the details of these theoretically expected struct
are smeared out, an increased intensity in this energy ra
can indeed be observed. Another important detail of
c-BN REELS spectrum is the small feature at low ener
~shown by the arrow!, which indicates that there issp2 re-
lated material still present in the film. This supports the fin
ings of the previous section, where ap* -induced excitonic
state could still be observed in thec-BN data.

The spatial distribution ofsp2 bonded material can b
analyzed taking advantage of the geometry of the experim
tal setup. In a REELS experiment, the information depth
determined by the electron mean free path of the primary
well as the inelastically scattered electrons. Adjusting
primary beam energy, therefore, offers the possibility to
c-
e
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ot
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tain a depth profile of the surface region. Based on our
servations made above, no changes in the energy-loss f
tion are expected for theh-BN sample, while for thec-BN
sample strong variations should be visible in the loss sp
trum in case of an inhomogeneous distribution normal to
surface, which has previously been suggested by sev
authors.55,57,62,63

REELS spectra for a decreasing electron-beam energyE0

are shown in Fig. 4. For the hexagonal film@Fig. 4~a!#, only
minor variations are detected from the top to the bott
curve as far as the plasmon energy and the general sha
the loss function are concerned. Owing to the increasing
face sensitivity with loweringE0 , the surface-plasmon con
tribution gains in intensity, being identified as a shoulder
an energy loss of about 17 eV. In contrast to Fig. 4~a!, drastic
changes are visible for the cubic specimen in Fig. 4~b!. For
decreasing information depth, the feature characteristic of
cubic phase located at energies.30 eV nearly vanishes
leaving a single maximum at a significantly reduced ene
@Fig. 4~b!, inset# as it is typical ofh-BN. These results un-
ambiguously reflect the presence of asp2 bound-surface
layer, which terminates the cubic film. This strongly suppo
the observation thatc-BN films in general are covered by a
h-BN-like ultrathin film,57,63 which is stable under ambien
conditions as seen in the present investigation.
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FIG. 5. XPS photoemission spectrum of the N 1s ~a! and the B 1s ~b! core level in hexagonal~upper curves! and cubic~lower curves!
boron nitride thin films. The full lines indicate the result of a least-squares fitting procedure~Ref. 67! using Doniach-Sunjic line shapes wit
the asymmetry parameter constrained to zero to account for the insulating character of the samples. The lower two spectra are fitte
components, representing the contribution of the hexagonal and the cubic phase, respectively.
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The chemical state of the probed volume will now
analyzed in more detail, allowing us to proceed one s
beyond the analysis performed so far. Taking advantag
the capability of core-level spectroscopy to distinguish
tween different atomic arrangements we will be able to
termine the thickness of thesp2-bound surface layer.

D. Core-level spectroscopy

Examining the core levels of the constituents, we can
duce additional information about a material to be studi
since core-level binding energies are closely related to
local chemical and topological environment of the prob
atoms. Changes in the valence-band structure due to bon
are usually reflected in distinct binding-energy shifts of co
electrons with respect to the pure material, known as
‘‘chemical shift.’’ XPS spectra are presented in Fig. 5 for t
N 1s @Fig. 5~a!# and the B 1s @Fig. 5~b!# core level, which
have been excited with monochromatized AlKa radiation.

All core-level spectra were analyzed applying a numeri
least-squares fitting procedure67 using Doniach-Sunjic line
shapes.74 In order to account for the insulating character
the material, the asymmetry parameter has been constra
to zero~symmetric lines! in each case. As can be seen fro
the upper two curves in Fig. 5, single lines are sufficient
obtain good fits for theh-BN film. This is consistent with the
observations from the previous sections, which indicate
singleh-BN phase having bulk character. For thec-BN film,
a second component has to be included in order to achie
reliable fit.

Based on the observation of ah-BN-like surface layer
terminating the cubic phase, the properties of the buried
bic material can be extracted by adjusting the line-shape
rameters of one of the components to the corresponding
ues deduced from the hexagonal phase. This leads
differences in binding energy between both crystal structu
of 0.82 eV for the B 1s and 0.89 eV for the N 1s line,
respectively. Since photoelectrons emitted from the bur
layer are damped in the top layer according to their inela
p
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mean free path75 in the hexagonal phase, the integrated
tensities of the different components can be used to de
mine the thickness of the top layer. This procedure yie
values of 0.87 nm for the photoemission of B 1s electrons
and, independently, 0.92 nm for the emission from Ns
states. These values are in good agreement with earlier
mates for films analyzedin situ.40,57 Obviously, a
3-monolayer-thick film of h-BN-like material on top of
c-BN is structurally and chemically stable even under am
ent conditions.

E. Influence of ion bombardment

Ion bombardment during thin-film growth is essential
promote the formation of the cubic phase. Consequently,
fects induced by the irradiation process are expected to h
a strong influence on both the atomic and electronic prop
ties. Recently, it has been demonstrated57 that increasing the
degree of disorder by post-irradiation ofc-BN films with
ions induces significant energy shifts of the plasmon-l
line. The widely varying values reported in literature ma
therefore, be attributed to variations in the overall degree
disorder during film preparation. Defects, on the other ha
are known to influence core-excitonic states as observe
NEXAFS experiments.47,49

In Fig. 6 ELNES spectra from the BK-edge region are
presented forc-BN andh-BN films after annealing to 520 K
~upper two curves! and afterin situ postirradiation with 5
keV Ar1 ions~1016 ions/cm2, lower two curves!, sufficient to
achieve equilibrium conditions in the near-surface part of
samples. The calculated damage profile using the Mo
Carlo codeTRIM ~Ref. 76! extends to a depth of about 5 nm
a value exceeding the sampling depth of the spectroscop

While for the annealed films distinct differences can
recognized for, e.g., the onset of thes* bands or, especially
for the intensity of the excitonic state being a fingerprint f
h-BN the spectra of the irradiated samples are very simi
After ion irradiation, both samples exhibit a very inten
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excitonic state at 192 eV, and an onset of thes* band which,
shifted to higher energies, is in agreement with the posit
observed for theh-BN phase. Obviously, the cubic phase h
been transformed within the probed volume into ah-BN-like

FIG. 6. Comparison of ELNES spectra from the BK-edge re-
gion for ex situprepared boron nitride thin films: after annealing
520 K ~upper two curves!; after postirradiation with 5 keV Ar1 ions
with a fluence of 1016/cm2 ~lower two curves!.
ett

.

R
ys
n

material. But even for theh-BN thin film, with very similar
shapes of the unoccupied density of states before and
ion bombardment, a significant increase in intensity is dete
able for the excitonic signal. This is consistent wi
NEXAFS experiments47 on thin films and bulk powders
where an increased intensity for void-induced exciton lin
has been found under ion bombardment.

Additional REELS measurements taken in the plasm
energy range of both types of irradiated films confirm t
observed changes. They also result in almost identical s
tra reflecting the properties ofh-BN-like material.

IV. CONCLUSIONS

In conclusion, we have demonstrated the capability
electron spectroscopy to reliably characterizeex situ pre-
pared hexagonal and cubic boron nitride thin films. By co
bining surface-sensitive techniques like x-ray photoelect
spectroscopy with reflection electron-energy-loss spect
copy in both the plasmon as well as theK-edge region,
ground-state properties and many-body phenomena ca
studied. This allows us to extract information about the b
electronic structure for both the occupied and unoccup
electronic states. While general agreement is observed
tween theory and experiment forh-BN films as far as band
shapes are concerned, there still exists the problem of b
widths being underestimated by theory. In the case ofc-BN
films prepared by ion-beam-assisted sputter deposit
though the general situation is similar, ah-BN-like surface
layer can be identified, whose thickness can be determine
a value of 0.9 nm. Low-energy ion bombardment is found
significantly increase the amount of near-surface disord
leading to the transformation ofc-BN into a h-BN-like ma-
terial.
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