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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 oéx 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 materigh0163-18299)02607-7

[. INTRODUCTION which are both sensitive to occupied electronic states, as
well as near-edge x-ray absorption fine structure spectros-
Boron nitride is a material that has attracted continuousopy?®#2~*°(NEXAFS) and energy-loss near-edge spectros-
interest for more than three decades. Like carbon, boron neopy (ELNES),*®**which can be used to probe the unoccu-
tride forms a variety of atomic structures of which the hex-pied part of the band structure. In addition, electron-energy-
agonal and the cubic phase, in particular, have been the sulmss spectroscopy performed in the plasmon region has
ject of extensive theoretical and experimental work.proved to provide valuable informatich>>~5®
Hexagonal boron nitride -BN), a sp?-bonded layered- Despite all the theoretical and experimental efforts, devia-
compound isostructural to graphite, exhibits strong anisotions from band-structure calculations are evident in many
tropic physical properties. Its electronic structure, thoughstudies concerning the width of the energy gap, the widths of
sharing many similarities with graphite, however, leads to &he energy bands, and the energy positions of characteristic
wide-gap semiconducting behavior in contrast to the semifeatures in the density of states, respectivafi#36:3°53ery
metallic nature of graphite. Due to its high thermal stability often, the energy scales of calculated data have been adjusted
h-BN is a widely used material in vacuum technology. Into match experimental results. On the other hand, conflicting
addition, it has been employed for microelectronic devices,experimental data have been reported, resulting from diffi-
for x-ray lithography mask$, and as a wear-resistant culties in the energy calibratiott:*
lubricant® While, in general, there is reasonable agreement between
The cubic phase of boron nitridee{BN), on the other theory and experiments for carbon-based systems, this is not
hand, has the zinc-blende lattice structure withthe case for boron nitride. The reason for this may partially
sp*-hybridized B-N bonds. It is the second-hardest materiabe due to problems in the preparation of lafged.3 mm
known after diamond, with even better properties for a widesingle-crystalline samples providing well-defined surfaces,
range of applications. Among thers; BN does not react which has been achieved only very recerflyhile most of
with ferrous materials even at temperatures as high as 16a0e above studies were performed on polycrystalline bulk
K.#In contrast to diamond;-BN can be doped to form both materials prepared at high temperatures and high pressures,
n-type as well ap-type semiconductors, which becomes in- thin films and coatings, which are the most promising candi-
creasingly important in semiconductor device industry in or-dates for future applications, are even less understood. Thin
der to produce high-temperature microelectronic systemdilms are commonly processed under nonequilibrium condi-
Recently, a negative-electron affinity has been reported fotions resulting in nanocrystalline materi&i®®* This leads
bulk material and thin films, promising cold-cathode electronto a large scatter in the experimentally observed electronic
emitters with stable properti€$. properties among different samples, as can be seen by, e.g.,
Since there is considerable interest in boron nitride dugeported plasmon energies BN films ranging from 28 to
to its technological importance, extensive theorefid@l 32 eV>0"S8whereas, for bulk samples, clean surfaces can
and experimental work has been devoted to the electronibe achieved by methods like scraping or cleaving, such is not
properties of this material. Many methods have beerpossible forex situprepared thin films, making contamina-
employed to explore the electronic structure of borontions a serious problem for most of the surface-sensitive
nitride, among which are methods like soft-x-ray emissionmethods. Another reason for contradictive experimental re-
spectroscop > and photoelectron spectroscopy’® '  sults may be connected to a nonhomogeneous structure
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TABLE I. Film compositionx and amount of dominant contaminants as determined by XPS.

Sample BN1o0-« Oxygen(at. % Carbon(at. %
h-BN (annealed to 520 K 51.0 3.5 4.6
h-BN (irradiated with 5 keV Af) 52.6 2.0 <1
c-BN (annealed to 520 K 50.1 8.3 7.3
c-BN (irradiated with 5 keV Af) 54.2 2.7 1.7

within the sampling depth of the technique used to characwas exploited to perform a chemical analysis of the sample
terize the electronic stat8§%%3Finally, the commonly ap- surface and to investigate the details of the valence-band
plied ion etching procedures performed for surface cleaningtructure. In order to calibrate the instrument, the Fermi edge
or depth profiling may lead to artificial results due to uncon-of an Au reference sample has been measured, which can be
trolled changes of the stoichiometry and microstructure olused to define the origin of the binding-energy scelig (
the irradiated region. =0) in the conventional manner. REELS measurements

Until now it was an open question whether boron nitridewere done to study the energy-loss function in the plasmon-
thin films can reliably be characterized by meanswifface  energy rangg0-50 eV} and at the B % absorption edge
sensitive techniques. It is the aim of the present paper t6185-240 eV, allowing to characterize the unoccupied den-
answer this question by demonstrating that the volume elecity of states at the boron sites. The total energy resolution in
tronic properties of boron nitride thin films can be deter-the photoemission experiments was adjusted to a value of 0.7
mined applying surface-sensitive spectroscopic tools. WeV (full width at half maximum). In the REELS measure-
will show that the combination of x-ray photoelectron spec-ments, the total energy resolution was between 0.7 By (
troscopy(XPS) on core level as well as valence states with=350eV) and 1.3 eVE,=2.5keV), mainly caused by the
electron-energy-loss spectroscopy in the reflection geometriyroadening of the primary electron beam. In order to reduce
(REELS allows us to achieve a consistent picture of thethe surface contaminations as much as possible, all samples
surface-electronic structure of thin films. While, in the casewere carefully outgassed prior to the spectroscopic measure-
of h-BN the results reflect the properties of bulk material,ments at a temperature of 520*Kwhich is well below the
this is not the case far-BN films due to the existence of a temperature during growtk670 K). In order to study the
top layer with a hexagonal-like structure, whose thicknessnfluence of disorder, an additional irradiation was per-
can be determined to be 0.9 nm. Emphasis is put on a thofermed with low-energy Af ions.
ough characterization of the films with respect to their In Table I, the results of the chemical analysis are sum-
chemical state, stoichiometry, and the level of possible conmarized for the outgassed as well as the irradiated films.
tamination. These data are obtained from core-level spectra of the,B 1

N 1s, C 1s, and O K lines, whose relative intensities are
Il. EXPERIMENTAL DETAILS determined by means of a numerical-fitting procefliemd
using the corresponding photoionization cross sections as

The BN thin films studied in this paper were preparedgiven in Ref. 68. As can be judged from Table I, the spec-
onto S{100 substrates at a temperature of 670 K by anyoscopic information sampled over a depth of 4-5 nm al-
ion-beam-assisted  sputter-deposition process using tW@ys us to conclude that the various as-prepared BN films
Kaufman ion sources. Elemental bor(99.9% was sputter  gre stoichiometric. Even after the annealing step, a signifi-
eroded using 1.5 keV Arions, while the growing film was  cant amount of contaminants can still be recognized. How-
simultaneously irradiated with a mixture of argon and nitro-gyer, since we observed energetically unshifted single 1s
gen ions. H.ex'ago.nal films were deposited u_sing pure nitrogore fines of the contributing elemertisg., B s in h-BN:
gen as assisting ion beam. For more details, see Ref. 6490 7 e\j pointing to physisorbed rather than chemisorbed

Applying transmission infrared spectroscopy, the integralontaminanté? their influence on the electronic properties of
c-BN content of the films was determined from the peakihe samples can be neglected.

height ratio of thec-BN TO mode and thén-BN in-plane

mode, respectively. With this procedure, the volume fraction . RESULTS AND DISCUSSION
of the cubic phase of the studi@dBN samples with thick- .
nesses ranging from 80 to 100 nm was found to be larger A. Valence-band properties

than 70%. Following the widely accepted model of a layered Figure 1 shows the valence-band spectra ofrtH@N (a)
growth®-®*the by-far largest contribution to tHeBN in-  and c-BN (b) films excited with monochromatized x rays
frared signals originates from the-BN nucleation layer. (middle curves The valence-band structure of the hexago-
Even if h-BN grain boundari€¥ are taken into account, itis nal BN film is dominated by two distinct features with
justified to consider the upper part of theBN films to pre-  maxima at about 12 and 20 eV, accompanied by a weak
dominantly consist of the pure cubic phase. shoulder located at an energy of 26 eV. Obviously, the thin-
Electron spectroscopy was performed at a pressure of film spectrum closely matches the experimental data taken
% 10" *mbar in a FISONS ESCALAB-210 electron spec- from bulk h-BN [upper curve(Ref. 27], proving the appli-
trometer, which is equipped with a small spot x-ray sourcecability of XPS measurements &x situprepared BN films.
and an electron gun allowing primary energieg up to 3 By using x-rays to excite photoelectrons in a poly- or
keV. Monochromatized AKa radiation fiv=1486.6eV) nanocrystalline sample, information about the density of
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FIG. 1. (a) Valence-band spectrum ofteBN thin film excited with monochromatized A « radiation(hv=1486.6 eV, middle curve
The binding energy is referred to the Fermi lef&l as determined from a Au reference sample. The dotted line denotes the inelastically
scattered backgroun@Ref. 77). For comparison, experimental data from bulk mate(figf. 27 (upper curve and calculated DOS results
(Ref. 20 (lower curves: full line, total DOS; dotted line, part&DOS) are includedib) XPS valence-band spectrum otaBN thin film
(middle curve. For comparison, a photoelectron spectrum from HBN (Ref. 39 (h»=188.4 eV, upper curyeand calculated DOS
results(Ref. 20 (lower curves: full line, total DOS; dotted line, parti®@DOS) have been added.

stategDOY) of the material can be gained, since the momen-energy of 26 eV is observed, which matches the energy po-
tum selection rules are averaged 6UfThus, an XPS spec- sition of the O & level. The necessarily connected emission
trum taken from such a sample represents the sum dfom O 2p and C % states is suppressed for x-ray-induced
angular-momentum projected partial densities of stategansitions>® Emission from the C & level is reduced by a
weighted by the corresponding photoionization cross sedactor of 3 as compared to the G 2tate®® identifying the
tions. In the case of light elements with valence electrons ofhoulder at 26 eV as the only relevant feature induced by
only s andp symmetry, the energy dependence of the cros§ontaminants. Hence, by applying XPS tosansituprepared
section&® can advantageously be used to separate the twd-BN film, valuable information about the-symmetric
components. As in the case of grapHitdor photon energies States can be obtained, providing complementary information
in the keV range a preferential emission of electrons from thd® the X-ray emission techniques, which are sensitive to the

s-symmetric part of the BN valence band is expected. p-DOS in the boron-nitride system. .
Such a behavior can indeed be observed in Fig), 1 in th_e case Of. photoemission fror:n tPe cubic p_h?jse, gur
where our experimental results are compared with the tot (ilata given in Fig. (b) represent the first x-ray-induce

. Jalence-band spectrum. Neither spectra from bulk material
DOS and thes-symmetric part of the DOS as calculate? nor from thin films have been reported so far 8BN. To

on the basis of first-principles local-density theory. Althoughg o\, 5 comparison, an electron-distribution curve is added
good agreement is observed as far as band shapes are cfisiead, which has been acquired with photons in the soft
cerned, a striking difference exists for the corresponding(_ray regime from bulk materid® The XPS valence-band
bandwidths. In the XPS results, the bottom of the valencepectrum of the-BN film exhibits a similar shape as found
band is located at a binding energy of about 24 eV, whiclor the hexagonal phase. The increased intensity at 26 eV can
has to be compared with calculated values of(R&f. 23  pe attributed to a higher amount of oxygen contaminations
and 19 eV respectively. (see Table)l

According to Table I, carbon and oxygen contaminants While both experimental spectra in Figl] are in accor-
amount to 4% each. As a result, a small shoulder at a bindindance with respect to the energy positions of the two sub-
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FIG. 2. (a) Comparison of ELNES results at thelBedge forh-BN thin films: reflection geometrjupper curve, this papgrtransmis-
sion geometryRef. 50 (middle curve; calculated spectrurtRef. 23 (lower curve. (b) Comparison of ELNES spectra at thekBedge for
c-BN thin films: reflection geometryupper curve, this papgrtransmission geometr{Ref. 50 (middle curve; results as measured by
core-level photoabsorptiofNEXAFS) on bulk materialRef. 45 (lower curve.

bands, a striking difference exists between the correspondinBN samples thin enough to permit electron spectroscopy in
intensities. In the case of the lower excitation energy a muclhe transmission modghickness 100 nim The K edges of
stronger emission is obtained in the low-binding-energyboron and nitrogen have also been studied extensively by
range, reflecting an enhanced photoemission fistates  photoabsorption(NEXAFS), a technique that also probes
due to an increased photoionization cross sectidfiwe  volume states in a samplé.The surface-sensitive method
compare the experimental data with calculated densities cdpplied in this paper is based on the REELS technique, al-
states’” the s contribution is again more suitable to interpret lowing us to use standard laboratory equipment to character-
our XPS results. However, as in the case of the hexagonate energy losses due to Bs Lore-level excitations.
phase, the total bandwidth as obtained from the experimental The energy-loss fine structure within some 10 eV of the
data is much larger than calculated, even if the influence oédge onset is known to reflect the site-projected local density
contaminants in the high-binding-energy range is taken int@f unoccupied electronic staté$ln addition to ground-state
account. electronic properties ELNES spectra may also reflect the ex-
Although valuable information can be obtained by XPSistence of many-body effects as frequently observed for in-
measurements about the distribution of occupied electronigulating materials. Sharp resonances do occur due to the
states, the preferred sensitivity fersymmetric states pre- transition of core electrons into localized final statésore
vents a distinction of the hexagonal and cubic phases, whichxcitons”),*>*® which are formed by the excited-core elec-
show their main differences in the-derived states. Hence, tron and the remaining core-hole state.
complementary methods have to be applied, which will be Figure 2a) shows the boroik-edge ELNES spectrum of
presented in the next sections. a hexagonal BN film, acquired with an electron beam of 1.7
keV primary energy incident under 50° to the sample surface
(upper curve The reflected electrons are detected in the nor-
B. ELNES spectroscopy on the bororK edge mSIpdirection. Since we are interested in the near-surface
The energy loss of a primary electron beam due to excielectronic structure and its correlation to the volume-
tations of Is electrons into unoccupied statéé edge$ has  electronic properties, data from an ELNES experiment per-
widely been used to study the volume electronic structure oformed in the transmission mode by McKenzie, Sainty, and
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Greer? and theoretical results by Met al?3 for bulk mate- — T T T
rial are included in the figure. Obviously, there is good over-
all agreement between the results of the different techniques i
allowing us to interpret the experimental findings along the
theoretical results.

The most striking features in the ELNES spectrum of B _
h-BN are given by a sharp peak at an energy loss of 192.3 ‘;EBE‘L@['“
eV, followed by additional structures at energy positions of
about 200 and 217 eV, respectively. While the former is
attributed to a bound exciton originating from thepR #*)
orbital, the latter are due to unoccupigd,(c*) states> BN
Since 7* states are absent in the cubic phase dusd theory
hybridization, the most significant peak in the REELS boron
K edge at 192.3 eV can be used to identify the hexagonal
phase, while the other features yield information about the
unoccupied part of the electronic structure.

In order to verify the many-body character of the first h-BN film
peak in Fig. 2a), we can take advantage of the XPS mea- | REELS
surements introduced above. Using the energy position of the
valence-band maximufEg=0, see Fig. (a)] with respect
to the binding energy of the Bsllevel (Eg=190.65 ¢V, see
Fig. 5, the lower edge of the energy gap can be identified
[Fig. 2a), left line]. Taking an experimental value of 5.9 eV
for the width of the energy gap in-BN, 3 the upper edge of
the gap can then be indicatéiyht line). Clearly, the energy
position of the first peak is located within the energy gap of -
the hexagonal phase, identifying this feature as not belonging
to the ground-state electronic structure but to represent an —
excitonic state. 50 40 30 20 10 0

Figure 2b) shows the results of our surface-sensitive Energy Loss [eV]

REELS measurements at the borknedge for thec-BN

film, together with data representing the volume propelties  FIG. 3. Energy-loss function in the plasmon region foiBN

of a sample prepared by the same deposition techniquend c-BN films as compared to bulk materi@Ref. 53 and to
Since theoretical energy-loss data are not available for ththeory (Ref. 20. The spectrum assigned to butkBN has been
cubic phase, a NEXAFS spectrum from bahB8N (Ref. 45 synthesized by averaging over the different directions in order to
has been added for comparison. This time, the most promiccount for the nanocrystalline character of the thin film. The loss
nent feature at an energy loss of 199 eV can be correlategpectra of the films were corrected for background contributions
with the density of states of the material, as can be done fofRef. 78 for a better comparison with theory.

the second major peak at 215 eV. In contrast to the expecta-

tions forsp? hybridized material, there still exists a peak at we will use both types of excitations to further characterize
192 eV in the electron-scattering experiments, which isthe near-surface electronic structure of our samples.

nearly absent in the photon-induced spectrum of bulk mate- The energy-loss functions df-BN and c-BN films are

rial as recently confirmetf. Thus, the REELS results pre- presented in Fig. 3, corrected for background contributions
sented here clearly indicate the existence of a certain amougk gescribed in Ref. 78. The REELS spectra have been ob-
of h-BN being located in the near-surface part of h&N  tained at a primary electron-beam energy of 2.5 keV, thus
thin film. minimizing the contributions of surface plasmons. Analyzing

This will be further investigated considering spectra takenne |oss spectrum of thie-BN thin film (Fig. 3, lower par,
at lower energy losses, where plasmon excitations can bgyo distinct features at energies of about 8 and 12 eV can be
studied. recognized. According to theojowest curvé?), these fea-
tures can be interpreted as originating from interband transi-
tions between electronic states sfsymmetry. Like the ex-
citonic state, they can be used to identify the hexagonal

The electron-loss function is intimately related to thephase.
complex dielectric functiod® Hence, two different types of The volume plasmon is located at 26 eV, which signifi-
excitations may occur if a fast electron travels through thecantly differs from the value expected from thed4 eV).
material to be investigated. First, interband transitions bein order to clarify this discrepancy, results derived from
tween occupied and unoccupied single-particle states may leansmission experimeritson highly orientech-BN are in-
excited corresponding to maxima in the imaginary part of thecluded. Good agreement is observed between the near-
complex-dielectric function. Second, many-body resonancesurface film and bulk-electronic properties of hexagonal bo-
can occur due to zero crossings of the real part of the dielecon nitride, although the width of the plasmon line is much
tric function, corresponding to volume and surface plasmondarger in the thin-film loss spectrum compared to the bulk

Intensity

h-BN bulk
TEELS

h-BN
theory

C. Plasmon induced energy losses
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FIG. 4. REELS spectra of the-BN (a) andc-BN (b) sample for various primary-electron energies. The insets show an enlarged view
of the volume plasmon region.

material. Thus, fluctuations in the near-surface atomic structain a depth profile of the surface region. Based on our ob-
ture of the film may be present leading to variations in theservations made above, no changes in the energy-loss func-
density and, therefore, in the plasmon energy. Again, theéion are expected for the-BN sample, while for the-BN
absolute energy positions of characteristic features are negfample strong variations should be visible in the loss spec-
well reproduced by theory. trum in case of an inhomogeneous distribution normal to the
The upper part of Fig. 3 shows our results for N syrface, which has previously been suggested by several
film compared to the calculated spectrdfmAccording to  gythor<557.62.63
theory, differences in thé-BN and c-BN loss functions REELS spectra for a decreasing electron-beam engggy
should be visible as an increased plasmon energy in the CUze shown in Fig. 4. For the hexagonal fi[iFig. 4a)], only
bic phase(reflecting the higher densityaccompanied by the i, yariations are detected from the top to the bottom
a_b_sence Ofr-r* re_lated features and the appearance of ady urve as far as the plasmon energy and the general shape of
ditional structures in the energy range between 30 and 40 & he loss function are concerned. Owing to the increasing sur-

Though the details of these theoretically expected structurefs ce sensitivity with loweringE,, the surface-plasmon con-

are smeared out, an increased intensity in this energy ran 8 ) N . gr = .
can indeed be observed. Another imgortant detailg)cl)f thgnbunon gains in intensity, being identified as a shoulder at

c-BN REELS spectrum is the small feature at low energyan energy Ioss.o.f about 17 eV. l,n contrr_:tst to Fi@.)_,4drastic
(shown by the arrojy which indicates that there sp? re-  changes are visible for the cubic specimen in Fig) 4For
lated material still present in the film. This supports the find-decréasing information depth, the feature characteristic of the
ings of the previous section, wherer -induced excitonic Cubic phase located at energies30 eV nearly vanishes,
state could still be observed in tlkeBN data. leaving a single maximum at a significantly reduced energy

The spatial distribution ofp? bonded material can be [Fig. 4b), insef as it is typical ofh-BN. These results un-
analyzed taking advantage of the geometry of the experimer@mbiguously reflect the presence ofs@® bound-surface
tal setup. In a REELS experiment, the information depth idayer, which terminates the cubic film. This strongly supports
determined by the electron mean free path of the primary athe observation that-BN films in general are covered by an
well as the inelastically scattered electrons. Adjusting theh-BN-like ultrathin film>"63 which is stable under ambient
primary beam energy, therefore, offers the possibility to ob-conditions as seen in the present investigation.
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FIG. 5. XPS photoemission spectrum of the Bl (&) and the B & (b) core level in hexagondupper curvesand cubic(lower curve$
boron nitride thin films. The full lines indicate the result of a least-squares fitting procé@afe67 using Doniach-Sunijic line shapes with
the asymmetry parameter constrained to zero to account for the insulating character of the samples. The lower two spectra are fitted with two
components, representing the contribution of the hexagonal and the cubic phase, respectively.

The chemical state of the probed volume will now bemean free patft in the hexagonal phase, the integrated in-
analyzed in more detail, allowing us to proceed one stepensities of the different components can be used to deter-
beyond the analysis performed so far. Taking advantage ahine the thickness of the top layer. This procedure yields
the capability of core-level spectroscopy to distinguish bevalues of 0.87 nm for the photoemission of B &lectrons
tween different atomic arrangements we will be able to degng, independently, 0.92 nm for the emission from Bl 1

termine the thickness of thep’-bound surface layer. states. These values are in good agreement with earlier esti-
mates for films analyzedin situ*>®" Obviously, a
D. Core-level spectroscopy 3-monolayer-thick film ofh-BN-like material on top of

Examining the core levels of the constituents, we can deS-BN is structurally and chemically stable even under ambi-

duce additional information about a material to be studied®t conditions.
since core-level binding energies are closely related to the
local chemical and topological environment of the probed
atoms. Changes in the valence-band structure due to bonding
are usually reflected in distinct binding-energy shifts of core lon bombardment during thin-film growth is essential to
electrons with respect to the pure material, known as th@romote the formation of the cubic phase. Consequently, de-
“chemical shift.” XPS spectra are presented in Fig. 5 for thefects induced by the irradiation process are expected to have
N 1s [Fig. 5(a)] and the B & [Fig. 5b)] core level, which  a strong influence on both the atomic and electronic proper-
have been excited with monochromatizedkdd radiation. ties. Recently, it has been demonstrafetat increasing the

All core-level spectra were analyzed applying a numericadegree of disorder by post-irradiation ofBN films with
least-squares fitting procedfifeusing Doniach-Sunijic line ions induces significant energy shifts of the plasmon-loss
shapes? In order to account for the insulating character ofline. The widely varying values reported in literature may,
the material, the asymmetry parameter has been constraintlierefore, be attributed to variations in the overall degree of
to zero(symmetric linegin each case. As can be seen fromdisorder during film preparation. Defects, on the other hand,
the upper two curves in Fig. 5, single lines are sufficient toare known to influence core-excitonic states as observed in
obtain good fits for thé-BN film. This is consistent with the NEXAFS experiment§’4°
observations from the previous sections, which indicated a In Fig. 6 ELNES spectra from the B-edge region are
singleh-BN phase having bulk character. For N film, presented foc-BN andh-BN films after annealing to 520 K
a second component has to be included in order to achieve(apper two curvesand afterin situ postirradiation with 5
reliable fit. keV Ar' ions(10'ions/cnt, lower two curvey sufficient to

Based on the observation of leBN-like surface layer achieve equilibrium conditions in the near-surface part of the
terminating the cubic phase, the properties of the buried cusamples. The calculated damage profile using the Monte
bic material can be extracted by adjusting the line-shape p&=arlo codeTrimM (Ref. 76 extends to a depth of about 5 nm
rameters of one of the components to the corresponding vak value exceeding the sampling depth of the spectroscopy.
ues deduced from the hexagonal phase. This leads to While for the annealed films distinct differences can be
differences in binding energy between both crystal structuresecognized for, e.g., the onset of th& bands or, especially,
of 0.82 eV for the B & and 0.89 eV for the N & line, for the intensity of the excitonic state being a fingerprint for
respectively. Since photoelectrons emitted from the buried-BN the spectra of the irradiated samples are very similar.
layer are damped in the top layer according to their inelasti@fter ion irradiation, both samples exhibit a very intense

E. Influence of ion bombardment
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Tt material. But even for th@-BN thin film, with very similar

) shapes of the unoccupied density of states before and after
ELNES films ion bombardment, a significant increase in intensity is detect-
able for the excitonic signal. This is consistent with
NEXAFS experimentf on thin films and bulk powders,
where an increased intensity for void-induced exciton lines
has been found under ion bombardment.

Additional REELS measurements taken in the plasmon
energy range of both types of irradiated films confirm the
observed changes. They also result in almost identical spec-
tra reflecting the properties ¢f-BN-like material.

IV. CONCLUSIONS

In conclusion, we have demonstrated the capability of
electron spectroscopy to reliably characteree situ pre-
pared hexagonal and cubic boron nitride thin films. By com-
bining surface-sensitive techniques like x-ray photoelectron
¢-BN ion spectroscopy with reflection electron-energy-loss spectros-
irradiated _ copy in both the plasmon as well as tieedge region,
ground-state properties and many-body phenomena can be
studied. This allows us to extract information about the bulk
electronic structure for both the occupied and unoccupied
h-BN ion electronic states. While general agreement is observed be-
iradiated tween theory and experiment forBN films as far as band
shapes are concerned, there still exists the problem of band-
widths being underestimated by theory. In the case-8N
films prepared by ion-beam-assisted sputter deposition,
A T T T T though the general situation is similarhaBN-like surface
185 190 195 200 205 210 215 layer can be identified, whose thickness can be determined to

a value of 0.9 nm. Low-energy ion bombardment is found to
Energy Loss [eV] significantly increase the amount of near-surface disorder,
leading to the transformation @tBN into a h-BN-like ma-
terial.

Intensity

FIG. 6. Comparison of ELNES spectra from thekBedge re-
gion for ex situprepared boron nitride thin films: after annealing to
520 K (upper two curveks after postirradiation with 5 keV Arions
with a fluence of 1&/cn? (lower two curves ACKNOWLEDGMENTS
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