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Photoemission and x-ray-absorption study of boron carbide and its surface thermal stability
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We present a photoemission and x-ray-absorption study on boron carbide which identifies the spectroscopic
features of this material, discussing them in connection with current structural models. A study on the surface
thermal stability is also performed, revealing that despite the high melting point of boron carbide
(~2600 K), significant surface modifications occur in the material at about 1800 K. At this temperature the
surface becomes covered with a graphite layer formed from bulk segregation of carbon, leaving boron-rich
boron carbide buried beneath the graphitic surff86163-18208)02520-X]

[. INTRODUCTION of microelectronic structures, such as the electronic structure
and chemical details of metal/semiconductor and insulator/
Boron carbide is a solid whose structure is based on boroeemiconductor junctions.

icosahedra and linear C-B-C chain building blo¢#sAl- In this work we study the photoemission and photoab-
though the stoichiometric compound is nominally( the  sorption spectral features of boron carbide in relationship to
boron to carbon ratio can vary over a broad range by partiatompositional and structural changes at the surface during
substitution of B by C atoms both in the C-B-C chains and inannealing. The aim of the study is to understand the atomic
the icosahedra. This rather complex bonding structure giveand electronic structure of this compound, information that
the material a manifold of thermomechanical propertie&  would be useful in the characterization of boron carbide thin
density, refractory, hajdthat make it interesting for many films, coatings, and composites. A discussion of the spectral

applications as a replacement for metals, as high-temperatufgatures in terms of a simple picture of hybridization of the

an electronic structure point of view, boron carbide is a semi-
conductor with a gap dependent on the boron to carbon sto-
ichiometry that can be modified continuously fror0.8 eV
(carbon rich to ~2 eV (boron rich,® and appears as a good
candidate for high-temperature microelectronic devices. We have studied by photoemission and x-ray absorption
From a fundamental standpoint, neither the atomic and eleahe changes that take place near the surface of a polycrystal-
tronic structures nor the electronic transport mechanisms afghe B,C sample obtained from a commercial sputtering tar-
fully understood*® Also, there is a lack of information con- et, when heated in vacuum to temperatures up to 2100 K.
cerning the surface composition, structure, and properties Ofhe sample was cleaved in air and immediately inserted into
this material. In particular, very little has been published ony, ultrahigh-vacuum chamber; therefore, some surface con-
surface cleaning procedures, reconstructions in single cry§amination is expected. To remove the contaminants we have

tals, or surface stoichiometry modifications. chosen to anneal the samples in vacuum, avoiding ion sput-

The. use Of. boron carbide V.V'th other materials present§ering cleaning procedures. lon sputtering is not a well-suited
many interesting surface and interface aspects. The forma-

tion of composite ceramics based on boron carbide inVolvegrocedure to clean the surfaces of carbon-rich solids, since it
interface reactions between metals, oxides, and borides, ﬂfssults_ln the format|_on of an a_lmorphous graphitic layer
stability of the material being a major questithAnother n part.lcul.ar, t_o obtain cle«_an diamond surfaces they are !00"
area of interest arises from the technological problem of coniSn€d in a|1r6wnh an abrasive powder followed by annealing
ditioning the graphite walls of fusion nuclear reactors by!n vacuum,”and graphite surfaces are cleaved with an ad-
boron deposition. The neutron-absorbing boron coating lowl'€sive tape or annealed in vacuum to very high temperature,
ers significantly the chemical erosion by reducing the interut never ion sputtered. The B,C samples were heated by
action of hydrogen and oxygen ions with the carbon wall.direct flow of current, the temperature being controlled with
Most of the published results concern the thickness of th@n optical pyrometer previously calibrated. The temperature
boron layer attained, the location in depth of the boron atwas homogeneous along the sample to within 50 K.

oms, and the resistance of this layer to the plasma-surface A set of reference samples was measured under the same
interaction*'~**However, the stoichiometry and structure of conditions for direct comparison. Photoemission and photo-
the boron carbide coating have largely been ignored. Thabsorption spectra were obtained from highly oriented py-
interest of boron carbide as a semiconductor for high+olitic graphite(HOPG and a diamond single-crystél11)
temperature applications poses the typical interface problemariented, providing a reference for the carbon spectra. Clean
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the rhombohedral crystallographic unit cell, and three-atom
linear chains located in the main diagonal that, in principle,
should have the composition CCC to account for,& Bto-
ichiometry. However, the structure is not so simple because
of mixing of boron and carbon atoms both in the chains and
icosahedra. This mixing explains the® system being ho-
mogeneous within the range<&<11. X-ray diffraction
cannot distinguish between boron and carbon atoms due to
their similar scattering factors, and the first structural studies
proposed a simple B-CCC structure for BC.1° Other tech-
niques like infrared and Raman spectrosc8p’, nuclear
magnetic resonancé@,and electron spin resonarfcehave
provided support for the following structural model. Near the
carbon-rich limit, i.e., 20 at. % carbon and® stoichiom-
etry, the solid is composed of |RC icosahedra and CBC
chains. As the composition becomes more boron rich, CBB
chains replace the CBC ones. With further carbon reduction
the B;4C icosahedra are replaced by,Binits. Some authors
propose a first replacement of the CBC chains by CBB
chains until the B;C, stoichiometry is attained with a well-
defined B,C-CBB structure, followed by the change of at-

B(3) oms in the icosahedr4.Other authors propose the coexist-
ance along the whole homogeneity range ¢f@& B;,, CBC,
C(4) or B(4) and CBB units, and the absence of the other types of linear
chains, i.e., CCC, BBB, and BCB.
FIG. 1. Boron carbide structure. Independent of the details of the structure, there are some

general results concerning the bonding environment. In the

surfaces of graphite and diamond were obtained as describébsahedra there are six atoms, labelédl) Balong the equa-
above. Photoabsorption references for 8(were obtained tor of the icosahedron, each forming five intraicosahedral
from amorphous boron, hexagonal BK-BN), and cubic bonds and one intericosahedral bond to a terminal atom in
BN (c-BN) powders epoxied to tantalum sheets. the linear chain. There are also six atoms of ty2)Borm-

Surface-sensitive structural information was obtained bying three-atom poles on the top and bottom of the icosahedra,
photoemission, by monitoring B€), C(1s), and valence which form five intraicosahedral bonds and one intericosahe-
band photoelectrons with kinetic energies between 100 andral bond B2)-B(2). Note that one of BL) or B(2) will be a
150 eV, which correspond to mean electron escape deptltarbon atom in the case of, € icosahedra. Some work
under 10 A. Core level photoabsorption measured in the totahdicates that the carbon atom is located preferentially in a
electron yield mode probes the surface character of a matgolar B2) position?® The hybridization of the boron and
rial, but is not restricted to the very top atomic layers sincecarbon atoms in the icosahedra is unclear, and therefore its
most of the measured signal is due to low-kinetic-energycontribution to the photoabsorption spectra is similarly un-
secondary electrons that have been excited deeper in tloertain. This will be discussed in the following section.
solid. Typical values of the electron escape depth in this case The atoms in the extreme of the linear chain, either
range from 50 to 100 A® The photoabsorption measure- carbon—labeled @)—or boron—Ilabeled Bi)—have a
ments were performed at the bending magnet beam line 812trahedral-like coordination to thre B atoms in three dif-
of the Stanford Synchrotron Radiation Laborat¢8LAC), ferent icosahedréwith a bond length of 1.61 Aand to the
and the photoemission data were collected at the undulataentral atom in the chaitwith a bond length of 1.43 A2’
beam line 8.0 of the Advanced Light Sour@eBNL ), both  The hybridization of these @) or B(4) atoms should be
equipped with spherical grating monochromators. sp’-like, and in principle one would expect a near-edge x-
ray-absorption fine-structuré@NEXAFS) signal resembling
that of diamond for @) or cubic boron nitride for B4). The
central atom in the chain, labeled3, is bonded linearly to
the extreme atoms. The hybridization of the central carbon

Since photoemission and photoabsorption are both tect&tom is unknown, although some authors propose an
niques sensitive to the bonding of the atoms, structural inforsp?-like hybridization, based on the bond length.
mation can be obtained if the spectral features can be directly In summary, near the /& stoichiometry the structure is
related to the different bonding environments of boron andsupposed to be BC-CBC. That means that there is a carbon
carbon atoms in the material. Let us first consider the differatom forming the B,C cluster with an unknown hybridiza-
ent bonding configurations and review existing models thation and two carbon atoms with ap*-like hybridization at
have been proposed. the extrema of the linear chain. There are 11 boron atoms

Figure 1 sketches the structure of boron carbide. Thdéorming the icosahedron and one boron atom in the center of
forming units are boron icosahedra, located at the vertices dhe linear chain, presumably with @p?-like hybridization.

lll. STRUCTURAL MODELS AND BONDING
ENVIRONMENTS IN BORON CARBIDE
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FIG. 2. B(1s) and C(31s) photoabsorption spectra of boron carbide and reference bbfBN, c-BN, graphite, and diamond samples.
Curves(a) correspond to the untreated® sample. Curveth)—(e) were measured after heating in vacuum to 1000, 1400, 1700, and 1900
K. Curves(f) were obtained from reference samples as indicated in the figure.

IV. RESULTS AND DISCUSSION tion spectra from boron carbide and reference carbon, boron,
and boron nitride samples. All curves are shown to the same
height to illustrate clearly the changes in the spectral shape.
A simple method of examining the types of bonding Diamond and graphite spectra provide a referencesfor

present in a solid is based on a direct comparison of x-rayandsp? bonding in carbon, and-BN andh-BN a reference
absorption spectra with reference Compounds. This Workﬁ)r Sp3 and5p2 bonding in boron Compoundsl respective|y_
well to distinguishsp? from sp® configurations in B, C, and  Curves(a) represent the untreated,® sample and curves

N using as references graphite, diamoheBN, andc-BN.  (b)—(e) correspond to the sample annealed with increasing
However, the spectra of boron-rich solids based on boroemperatures. The intensities corresponding to the boron car-
icosahedra are more difficult to be interpreted in such &jde spectra along the heating process are displayed in Fig.

simple manner, and there is a lack of photoemission angd, showing a transition above 1800 K that is discussed be-
photoabsorption experimental results on these compoundg.

Previous reports of BC photoabsorption spectra disagree in
the overall spectral line shape without attempting any inter-
pretation of the result$?° Reference compounds containing
boron polyhedra can be the molecular boranes and The boron spectréa)—(d) in Fig. 2 are very similar, indi-
carboranes?3! In particular, the closo-carboranes are mol-cating that no significant changes in the bonding of boron
ecules with icosahedral geometry whose unoccupied eleg@ccur for temperatures under 1700 K. The onset of the ab-
tronic structure has been studied in detail recefftiprevi-

A. Photoabsorption: Reference compounds

B. B(1s) photoabsorption

ous electronic structure calculations for borane icosahedra . [ ———~ ~ ~ " " T T " ST T o7 ]
with substituted carbon atoms were limited to occupied ‘Ué L |—o— boron o ~o
states’ _Z 4T | e-- carbon / \ T
The type of bonding in the icosahedra must be similar for 5 12} o o 4
boron carbide and the closo-carboranes, neipémor sp°. > ol /
However, one must be aware of the following differences 2@ © l
between the carboranes and the soli€B(1) In the closo- 2 ost .
carboranes the icosahedron has thgCB composition, com- % os L ]
pared to the B,C icosahedra in boron carbid€) Boron = & 5
carbide is a refractory material with strong bonds among ¢ 4} 0\0 -@]
icosahedra, and hence is not a molecular sdike, e.g., ] oz2f ¢ 00 o -o® ]
solid Ggp). It is unclear how much of the molecular orbital 2 ©-0]
structure is retained in the soli¢B) In B,C there are notonly & *®500 800 s00 1200 1500 1800 2100

icosahedra, but linear CBC chains as well. Separating the

contribution from linear chains and icosahedra to the spectra

is an additional problem. FIG. 3. Development of the BE) and C(1s) photoabsorption
Figure 2 shows a series of boron and carbon photoabsorjntensities with sample heating to increasing temperatures.

Temperature (K)
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and theo* states have also changed. This evidence reveals

g | OU19) photosmission (@) the surface instability of boron carbide at 1900 K and indi-
E cates that a new phase or a new stoichiometry is attained.
& These changes can be associated with pure boron as can be
z seen by comparison to curve;(fwhich represents a refer-
,§ ence spectrum obtained from a boron powder. The similarity
- % between curvese) and (f;) at the low-energy side of the
545540 EaE T ERE TR BT T Ea0 T izs NEXAFS spectrum is clear, thus suggesting the formation of
Binding Energy (eV) a boron-rich boron carbide.
s annas : According to the above discussion, the typical B)(1
O(1s) photoabsorption (b) spectrum from an oxygen-freg,8 surface is shown in curve

(d) of Fig. 2. This spectrum is similar to the one presented in
Ref. 28. The different BC spectra shown in Ref. 29 can be
explained as a boron-rich boron carbide in their sputter de-
posited film and to the presence of oxide contamination in
their B,C powder. Comparison of our boron powder spec-
trum in Fig. 2 with the boron curve in Ref. 28 indicates the
presence of oxide in our reference sample by the peak at
193.8 eV. Therefore, the spectrum of clean boron in Ref. 28

annealed 1000 K

Intensity (arb. units)

b annealed 1500 K

515 520 525 530 535 540 545 550 555 560 565
Photon Energy (eV)

__22%  O(1s) photoemission intensity (©) ] is characterized by the lack of any intense and sharp feature.

-‘"g’ Tol ] At this point it is interesting to compare our results with the

s 15 . ] closo-carborane spectra from Ref. 32.

f; 12 oxygen free surface ] The carborane spectra show an intense peak ¥2 eV

2 osf s ] which is actually composed of several features in the 191—

E % / | 193 eV range. They correspond to the unoccupied molecular
o2f i Seif states 18", 17a’, 26a, and 2& within the lowest excited

400 600 800 10'0.0 1200 1400 1600 1600 2000 molecular orbital (LEMO) picture described in Ref. 32.
Annealing temperature (K) Their character is mostly gb type, with the higher-energy

FIG. 4. Oxygen photoemissidipanel(2)] and photoabsorption  Orbitals (LEMO+1,2,...) having mores character than the
[panel(b)] spectra indicating the presence of oxygen contaminatiodow-energy one(LEMO). The carboranes also show broad
in the untreated sample and the desorption with sample heating ifeatures at 197 and 202 eV stharacter. Despite the lack of
vacuum. Panelc) represents the photoemission intensity vs heatingsharp edges in the carborane spectra, the statessvaitlal p
temperature, evidencing the absence of oxygen at the surface aftgharacter are separated by a deep valley at 194 eV. The
heating to 1500 K. features in the carborane spectra can be associated more di-
rectly to the boron and boron carbide spectra when the mo-

sorption occurs at 189 eV, the intensity raising to form an .
intense peak at 190.9 eV, labeladwhich could be assigned Iec_ular spectra are Sh'm.?dl eV to lower energy. The same
shift between features in closo-carboranes an@ B ob-

. ) . 7
?r? gTrin sht:;t(zsg(f)rr? z;T ;&mﬁailgg%V:thzag?;]Téfrsii?é%fegp;s_ar'served in the.C(S) spectra and is presented and discussed in
pear at about 196, 200, and 204 eV that could be assigned € Next section. _
o*-like states from comparison with the BN spectra. Unlike 1€ SPectrum of solid boron resembles the carborane
the BN references, the spectra fromCBdo not show sepa- spectra widened in such a way that th deep valley is lost.
rate 7* and o* features with well-defined edges. This can That smooth shape seems characteristic of the boron icosa-
be explained by the bonds not being pureind o type. hedra. The spectrum of 8, however, contains an intense

In addition to the main peak at 190.9 eV in Fig. 2, severa@nd sharp peak at 190.9 eV, with a full width at half maxi-
minor features are present in the 191-194 eV region thafum (FWHM) of 1.1 eV. This peak is sharper than the peak
change with the annealing temperature. In cuf@ethree  at 192 eV of the carborane molecules, with a FWHM of 2.0
peaks at 191.7, 192.3, and 193.7 eV labded, andD are eV for the ortho and 1.7 eV for the meta and para com-
present, featur® being the most intense. In curge) peaks pounds. In general, the spectral features in the gas phase are
B-D are about the same height, and in cufdg only the  much sharper than in the solid state, therefore suggesting a
peakB at 191.7 is observed. The origin of these features iglistinct origin of the narrower peak in,8. The B,C peak
unclear, except for featurd®, which seems related to must be related to intericosahedral bonds in the solid. Since
B,0;.282° Photoabsorption and photoemission from thethat intense feature is not present in solid boron, it should
O(1s) core level are shown in Fig. 4 and reveal that a smallcorrespond to the bonding between boron icosahedra and the
amount of oxygen is present in the sample which is no longeextreme carbon atom in the CBC chain or to bonding within
detected after annealing to 1500 K. the CBC chain. Another observation of the onset of photo-

Significant changes in the boron absorption are observedbsorption, which is located at 187 eV for the boron-rich
for curve (e), after heating the sample to 1900 K. The onsetsamples and 189 eV in,8, should be noted. This shift of 2
of absorption is now at 187 eV, peak is still present, butis eV must correspond to the presence of a carbon atom in the
no longer very intense; the prominent feature is now g@ak icosahedra in the carbon-rich material.
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C. C(1s) photoabsorption FeatureZ is the onset of the™* states insp?-bonded carbon

The carbon photoabsorption spectra measured on th((graphite) and c'oinci'des with t.he edge of porp n carbide at
same sample reveal complementary structural im‘ormatiorg91 E;V.' Algpgssglglnterp(rjetatéop %f?;e cgmmdmce of lfdea-
Carbon spectra in Fig. 2 correspond to the same stage of ﬂﬁéres In B,L and diamond and In b,L and graphite cou

annealing process as the boron spectra with the same lab&f the presence of carbon atoms in boron carbide retaining

) and sp® hybridization. However, one expects a more
Curve(g), the one representing the sample heated at 1900 gzmplex br:)ndi};]g for carbon in the icosahedrg than conven-
looks identical to the graphite reference displayed in curve;

: ' . onal 7= and o bonds.
(f2), but this structure is not seen in curv@—(d). There- A better explanation is gained by comparison with the

fore, the changes occurring at 1900 K are_due to segre_gatiO@( 1s) photoabsorption spectra in closo-carborale$he
of carbon atoms from [ to the surface, with the formation carhorane signal presents an intense and sharp peak at 288
of a graphite overlayer. The sample was heated under UHWy, a double feature at 291—292 eV with the increase of the
conditions, thereby precluding carbon contamination fromgpsorption starting at 290 eV with a smooth edge, a broad
the chamber. The boron carbide in the subsurface region bgeature at 294 eV with an apparent edge at 292.5, and a
low the graphite layer is boron rich, as evidenced by thebroader feature at 298 eV. The sharper peak has been as-
B(1s) absorption spectrée), and this is consistent with the signed to 18" and 1a’ states, the double feature at 291—
carbon segregation. The identification of the graphite as the92 eV to 3 and 4p states, and the two last broader peaks
outer layer is deduced from the strong attenuation of thédave been assigned & states. Direct comparison with the
boron absorption signal after annealing the sample to temB,C spectra is possible if the molecular spectra are shifted 1
peratures above 1800 K as shown in Fig. 3. eV to lower energy, in which case pexklines up with the

The carbon photoabsorption spectrum gCBoefore car- 10a"/17a’ molecular peak, edg€ coincides with the appar-
bon segregation is dominated by a double feature at 286.@nt edge of p/4p states, and edgé with the apparent edge
and 287.7 eV in spectruifa) that disappears with the sample of moleculara* states. According to this, featur®s Y, and
heating to 1000 K shown in cury®). This double feature in Z correspond to carbon atoms within the icosahedra. There-
the C(1s) NEXAFS has its counterpart in the Ofjlsignal, fore, the features at 284—286 eV would be related to the
shown in Fig. 4, with peaks at 529.5 and 532.5 eV. Thecarbon atoms in the linear CBC chain. In principle, one
carbon and oxygen peaks correspond te=Q 7* reso- would expect ansp’-like signal resembling diamond for
nances, revealing the presence of carbon oxide contaminaritsese atoms, i.e., an edge at about 288 eV. However, charge
containing carbonyl group®:3’ The carbon oxide features transference from carbon to boron atoms and other effects
disappear uniformly in both the C§l and O(Js) spectra like core hole screening may account for the energy differ-
after heating the sample to 700 K. We have observed the ence of about 3.5 eV. If this is the case, photoemission re-
same carbon oxide contamination features in many aRer sults should exhibit a similar energy shift for carbon atoms
situ prepared samples including boron nitride, titanium ni-with ansp® hybridization in BC.
tride, graphite, silicon, etc., but they always disappear after The observed 1 eV shift between the G){land B(1s)
gentle annealing. A similar double peak in the € NEX- spectra of gas phase closo-carboranes and sqltidg@ems
AFS has been reported in several previous studies of carbaelated to a charge effect, since the icosahedra in boron car-
systems and identified as carbon nanotubes feattigraph-  bide have a composition,BC with an additional electroposi-
ite interlayer state® or the o* exciton of amorphous tive boron compared to BC, in closo-carboranes. A gas
carbon®® Our assignment of these features to some-@  versus solid state energy shift may also exist, although one
moiety is commensurate with the G{ANEXAFS in all the  expects this effect to be rather small as observed, e.g., in the
samples studied and consistent with the disappearance of ti&1s) photoabsorptionm* resonance from gas benzene ver-
features in the C(4) and O(1s) spectra after sample outgas- sus solid benzene or graphifeA comparison of core level
sing. photoemission spectra from boron carbide and closo-

Representative NEXAFS spectra of Gjlin B,C are carboranes should shed light on this issue.
curves(b)—(d) of Fig. 2, which remain similar for annealing
temperatures between 1000 and 1700 K except for a small
change in the 285 eV region. In this region there is a double
peak at 284.9 and 285.6 eV, the latter becoming more intense Complementary information about the bonding ixCBoe-
with further annealing. This double structure seems related téore and after annealing to 1800 K is derived from photo-
7 bonding, since 285.4 is the energy of thé resonance in emission spectra. Figure 5 shows a series of SL(and
graphite. Apart from that double peak, the spectrum shows B(1s) core level and valence band photoemission spectra
sharp peak at 287.1 eV, and two smooth edges at 288 arwbrresponding to another vacuum annealing experiment. The
291 eV. photoemission and photoabsorption measurements were per-

The most significant features in the boron carbide andormed in separate experiments using the same set of
reference carbon spectra have been lab®edZ for direct  samples and the temperature being controlled with the same
comparison. The graphite* resonance, labeled &4, ap-  pyrometer.
pears at an intermediate energy between the double peak The C(1s) photoemission spectra exhibit large changes
described above. Pedkat 287.1 eV in boron carbide has no during the annealing process. Since only at 1500 K do we
counterpart in the reference spectra. The onset ofdthe stop detecting the oxygen signal, curv@s and (b) can re-
states insp®-bonded carboridiamond referengeis labeled  veal some type of carbon surface contamination. C(ryes
asY and coincides with the boron carbide edge at 288.3 eVa representative spectrum foy@ presenting two peaks at

D. Photoemission
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FIG. 5. B(1s), C(1s), and valence band photoemission spectra fry.BCurve(a) represents the untreated sample, curi®s(e)
correspond to different annealing temperatures, and cyfyespresent a graphite reference.

281.8 and 283.7 eV. For temperatures overQLBOa graph-  present. Curve fitting the spectru@ with four component
ite peak at 284.5 eV dominates the spectr{d)) although curves yields chemical shift values of 4.9, 3.4, and 1.7 eV,
the overlayer is still thin enough to detect the features atespectively, for the oxides. The FWHM of the B{)lcore
lower binding energy associated with subsurfacg&£BIn  level is 1.7 eV, much broader than the features in the photo-
curve (e), corresponding to annealing to 1900 K, only the absorption spectrum which are about 0.5 eV FWHM for the
graphite peak is present. 7* features. With annealing the oxides are desorbed, the
The position of the two carbon peaks in spectr(@nis  higher oxidation numbers first, until neither boron oxides nor
somehow striking, since both of them have a lower bindingO(1s) is detected over 1500 K. For annealing at 1900 K no
energy than the reference graphite. In principle, one wouldoron signal is detected due to the thick graphite overlayer.
expect a peak correspondinggp® hybridization at a higher The valence band spectra are also consistent with the de-
binding energy than the graphite reference, since thesIC(1 scribed scenario. Curv@) shows three broad peaks at about
level in diamond has a higher binding energy than in graph2, 7, and 12 eV. Curvéb) shows similar features, with a
ite. A chemical shift of about 0.8 eV has been observechigher intensity of the feature near the valence band maxi-
betweers p? andsp® phases in samples containing a mixturemum as can be expected from boron carbide covered with
of both carbon configuratiorf$;*?including the 2< 1 surface  oxides that are being desorbed. Cu¢geshows new features
reconstruction of diamond(111), which presents #  and a sharper onset at the valence band maximum. Consis-
bonding'* Of course, the binding energy of the core leveltently with the previous discussion, we consider this spec-
depends on many factors including the position of the Fermirum as typical of the BC compound. This valence band
level within the band gap, charge transfer, and core holspectrum looks similar to previous reports of boron carbide
relaxation effects. In the case of boron carbide, the bonds agrown from deposition of diethylcarborane on(Hil) and
no longer nonpolar as in graphite and diamond, and chargsubsequent annealiff§The valence band spectfd) and(e)
transfer may affect strongly the binding energy of the coreare identical to the valence band of the graphite reference, as
level independently of thep? or sp® hybridization of the expected from the formation of the graphite overlayer. Note
atoms. Taking into account the structural model fgEBone  the presence in the spectra of the €Tore level excited
can explain the intensity of the peak at 281.8 eV beingfrom third-order light, a feature that moves in the spectrum
double than that of peak at 283.7 by assigning the lowwith a slight variation of the energy of the incident photons.
binding-energy feature to the two carbon atoms in the CBC
chain and the high-binding-energy one to the carbon atom in
the icosahedron. Following this argument, electrons in the
sp’-like carbon atoms of the CBC chain have a binding en- In summary, we have performed a photoemission and
ergy 3.5 eV lower tharsp® carbon atoms in carbon. This is photoabsorption study of boron carbide to identify the spec-
consistent with the assignment of the G Jphotoabsorption tral features of this compound of potential interest in many
features described above. areas of basic and applied surface research, for which hith-
The B(1s) core level spectra show the desorption of dif- erto unclear and unconsistent spectra appeared in the litera-
ferent oxides with increasing heating temperature. For théure. We have attempted to relate the spectral features with
untreated sample in curv@), three different oxide peaks the bonding environments in, B, based on a comparison
corresponding to oxidation numberst3 2+, and 1+ are  with reference compounds. Additional theoretical work is re-

V. CONCLUSIONS
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quired for a more complete interpretation of the NEXAFSK is required to attain a clean surface, and that heating over
results, which contain much information on the atomic and1700 K results in carbon segregation to the surface with the
electronic structure of materials. formation of a graphite overlayer, leaving a boron-rich boron
This qualitative analysis indicates that many of the feacarbide beneath the graphitic surface.
tures in the boron carbide NEXAFS spectra can be directly
related to those of the icosahedral closo-carborane mol-
ecules, noting that the molecular spectra are shifted by about
1 eV to higher energies compared to the spectra from the
solid. The additional structure in the boron carbide spectra This work has been supported by the Division of Materi-
seems related to the linear CBC chains. The onset of absorpis Sciences, Office of Basic Energy Science, and performed
tion from the B(1s) level shifts 2 eV depending on the icosa- under the auspices of the U.S. Department of Energy by
hedra containing or not a carbon atom. Our results suggesfawrence Livermore National Laboratory under Contract
that the carbon atoms in the CBC chain, presumably witiNo. W-7405-ENG-48 and the NSF under Contract No.
sp® hybridization, show a binding energy for thes Blec- DMR-9632527. The work was performed at the Stanford
trons ~3.5 eV lower than diamond, the prototype solid with Synchrotron Radiation Laboratory, which is supported by the
sp® bonding. Department of Energy, Office of Basic Energy Sciences, and
We have performed also a study of the spectral changeat the Advanced Light Source, LBNL, under Contract No.
observed during annealing, in order to understand surfacBE-AC03-76SF00098. 1.J. acknowledges financial support
cleaning procedures and the thermal stability of this comfrom the Spanish CICYT project PB94-53 and NATO
pound. We conclude that annealing between 1500 and 170froject CRG-971539.
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