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Angle-dependent x-ray absorption near edge structdi&NES) and scanning photoelectron
microscopy(SPEM measurements have been performed to differentiate local electronic structures
of the tips and sidewalls of highly aligned carbon nanotubes. The intensities ofretland
o*-band CK-edge XANES features are found to be significantly enhanced at the tip. SPEM results
also show that the tips have a larger density of states and a highebidding energy than those

of sidewalls. The increase of the tip XANES and SPEM intensities are quite uniform over an energy
range wider than 10 eV in contrast to earlier finding that the enhancement is only near the Fermi
level. © 2002 American Institute of Physic§DOI: 10.1063/1.1523152

Carbon nanotube€CNTs)! have attracted enormous at- highly aligned CNTs to better understand the enhancement of
tention over the last decade because of both fundament&®lOS and the mechanism of electron field emission at the
scientific interests and their potential applicatidmscluding  tips.
the use as electron field emittérs.For emitters such as Angle-dependent €-edge XANES measurements were
CNTs, most electrons are emitted from the tips. SpatiallyPerformed using a high-energy spherical grating monochro-

resolved electron energy loss spectroscopy showed that tfgator (HSGM) beamline at the Synchrotron Radiation Re-
local electronic structure at the tip could dominantly deter—search Cente(SRRQ in Hsinchu, Taiwan. The &-edge

mine electron emission from a CNTSince tips have a spectra were obtained using the sample drain current mode at

. . room temperature. SPEM measurements were performed at
smaller radius of curvature, the local electronic structures atliwe U5-SGM undulator beamline of SRRC. The SPEM-end
tips were proposed to be different from those of sidewls. '

=PIt a1 station of the SRRC has been described in detail elsewifiere.
Theoretical |nv.est|gat|ons showed that the ends of the tubgy,, vertically aligned CNTs were prepared on ihéype
should have different electronic structures due to the pressj100) substrates by microwave plasma enhanced chemical
ence of topological defects or localized stdtésCarbon vapor deposition MPE-CVD). Before the MPE-CVD pro-
K-edge electron energy-loss spectroscBmnd x-ray ab- cess, thin 7 nm thick Fe layers were coated onto the Si sub-
sorption near-edge structusXANES)' measurements for strates bye-beam evaporation. CNTs were subsequently
CNTs suggested that the overall features of the electronigrown using a microwave at a power of 1.5 kW and a cham-
states of carbon atoms in the nanotubes are very similar tber pressure of 50 Torr. Using the scanning electron micro-
those of graphite. On the other hand, photoemission megcope and transmission electron microsco@EM), the
surements found that at the tip, the € tore level could Well-aligned multiwalled CNTs were observed to b& um
shift to a higher binding energy and the density of statedond and 10-20 nm in diameter as presented in Figs. 1
(DOS) at the Fermi levelE;, was enhancetf More re- and Xb). Details of the preparation of these CNTs can be

5
cently, scanning photoelectron microscd®PEM measure- found elsewhere?

ments for the aligned CNTs also revealed that the tip has g e;'gug tzhzhglwiéze Car\rj]%e_'?'ﬁgegdsgfa@dgfexrﬁ:;ﬁ:l‘ ed
larger DOS neak; than the sidewal® Despite these inves- - '9 ' P W 'z

oo . - . sing the incident beam intensitly, and keeping the area
tigations, the physical origin that causes the increase of DO%nder the spectra in the energy range between 345 and 360
at the tips is still under debate. Here, we combine angle

eV (not fully shown in the figurk fixed. According to the
dependent ®-edge XANES and SPEM measurements for gino|e_transition selection rule, the spectra in Fig. 2 are due

to transitions from the carbonslcore level top-like final
dElectronic mail: wipong@mail.tku.edu.tw unoccupied states. The general line shapes of tKee@ge
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FIG. 1. (a) Scanning electron microscope image dbptransmission elec-

tron microscope image of the well-aligned multiwalled carbon nanotubes
with diameters of 10-20 nm. FIG. 3. Cross-sectional SPEM GImage of aligned CNTs.

XANES spectra obtained with different angles of incidence, The #* states are composed of @2 and 2, orbitals,

0, between the surface normal and the incident synchrotromhereas thes* state contains the Q& orbital. The CNTs
radiation appear to be similar, though their intensities arere highly aligned, therefore the spectra obtained at normal
different. The two prominent peaks near 286 and 293 eV ar@cidence(6=0°) and at large incident angl@=72°) can be
known to be associated with the unoccupieti and o* expected to be dominated by contributions from tips and
bands, respectively. Betweeti and o* peaks a very weak sidewalls, respectively. Thus, ourkKGedge XANES result
feature near 288 eV is also observed. This feature can bshows that the DOSs of both unoccupietl and o* bands
attributed to the free-electron-like interlayer states in theare enhanced at the tip.

graphite'® The inset in the lower part of Fig. 2 shows that Figure 3 shows the CSLSPEM cross-section image of
the intensities of ther* - and o™ -band features of the aligned aligned CNTs. The C4 photoelectrons have maximum in-
CNTs increases whe#f decreases from 72° to 0°. Since the tensity in the tip region marked by A. In the sidewall region
intensity is approximately proportional to the density of thebelow the tip, there are some less bright areas marked by B,
unoccupied C P-derived states, the result indicates an in-which may contain bent or shorter CNTs. The dark sidewall
crease of the absorption intensity with the decreasé mét ~ region marked by C exhibits a shadowing eff€ct’ The
only for the unoccupiedr states but also for the* state. image of tips is clearly much brighter than that of the rest of
the parts of the CNTs. We have plotted valence-band and
C 1s photoemission spectra originated from A, B, and C re-
gions in Figs. 4a) and 4b), respectively. Figure (4 shows
that the tips have a larger valence-band DOS over the whole
energy range plotted. Our result is in contrast to previous
SPEM measurements by Suzuial,'® which showed the
enhancement of tip DOS only ne&r . Figure 4b) shows
that the intensity of region B is not larger than that of region
C, though Fig. 3 shows that it is brighter. This may be due to
the kinetic energies of the photoelectrons emitted from re-
gion B spread due to scattering by surrounding sidewalls and
less ordered tip surfaces. Figur@byalso shows that the tips
have a higher C4 core-level intensity. The Cslspectrum of

the tip apparently shifts toward a higher binding energy by
~0.2 eV relative to those of the sidewall spectra. ThesC 1
spectra tail off slowly toward higher binding energies due to
core-hole screening by conduction electréhs.

Sharp resonance or dangling-bond states due to topologi-
cal defects near the ends of the capped CNTs were proposed
previously for the cause of the increase of DOS at the
tips 891929 |t was suggested that unpairetl bonds could
occur in bent vertical graphite sheets, which could yield lo-
calized states in the gap orientated in the direction of the

! ! ! L field and might have the optimal stable electronic configura-
280 300 320 340 tion for field emissior. However, Figs. 2 and (4) of the
Photon Energy (eV) unoccupied- and occupied-state spectra show that the differ-
FIG. 2. Normalized GK-edge absorption spectra of the aligned carbon ence intensities between the tip and sidewalls are slowly and

nanotubes as a functicn 6f The inset shows an enlarged nart of the near- SimOOthly varying over an energy range Iarge( than 10 eV.
edge spectra. These difference intensities do not show prominent features
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increased curvature might alter the local electronic structure
at the tips of CNT$223The DOS neaE; was also found to
——tip increase with the curvature of the CNT graphite siééf:>°
S dark area The C Is binding energy shift and the higher peak in the
e RNV spectrum of the tip shown in Fig.(8) reflect as well the
narrowing of the valence bands and the reduction of the
screening effect of the Cslcore hole. Goldongt al?* also
showed that the metallic single-wall carbon nanotubes had a
smaller core-hole binding energy than that of semiconduct-
ing tubes because the core hole was better screened.

Intensity (arb. units)
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FIG. 4. (a) Valence-band spectra arfd) C 1s photoemission spectra from
the three selected regions marked by A, B, and C shown in Fig. 3, which
correspond to tip, bright area and dark area, respectively.



