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Electronic structure of carbon nanotubes studied by photoelectron spectromicroscopy
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The electronic structure of multiwalled carbon nanotubes aligned perpendicularly on a Si substrate was
studied by means of photoelectron spectromicroscopy. The valence band and thepecira, measured
systematically from spatially selected regions along the tube axes, were the fingerprint for lateral variations in
the electron density of states and in the band bending, respectively. It was found that the tips have a larger
density of states near the Fermi level than the sidewalls, whereas band bending, which would explain such a
spectral difference, was not observed. It is suggested that the different density of states near the Fermi level is
due to a larger dangling bond density at the tips.
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[. INTRODUCTION band bending, but because the tips have a characteristic den-
sity of states near the Fermi level.
The electronic structure of carbon nanotubes has attracted
much attention because of their nanometer-scale highly one- Il. EXPERIMENT
dimensional structureMoreover, a specific electronic struc- L . .
ture is expected at the tips of nanotubes, where the graphene The MWNT's aligned perpendicularly on a Si substrate

) . . "~ were grown using microwave plasma-enhanced chemical va-
cylinders are closed by hemispherical caps. Recently, mvesg

A . : or deposition(MPE-CVD) with Co as a catalyst. A typical
tigation of the electronic structure at the tips has also becom ross-spectiongl scanning) electron microsc()foEM) irr?zfge
important for understanding the electron-field-emission propg

f a cleaved sample is shown in Fig. 1. The diameter and the
erties of nanotubesAlthough the low threshold field is gen- length ofvthe nan%tulbes w\grel abcl)%t 30 nm ;nd;u]m re-

e_raIIy attnb_uted to the Iarge field enhancement fac_tor at tr_"aspectively. The catalytic Co particles are encapsulated at the
tips, a precise understanding of the mechanism of field emiss,6m of the nanotubédsDetails of the synthesis and of the
sion from nanotube tips is still lacking. It is not clear which structural properties of these MWNT samples are given
electronic states are responsible for the emission: the Fernligavherd:8

sea in metallic tubes or localized states at the tips induced by ppqtoelectron Spectromicroscopy experiments were per-

the insegrtion of _the five—mgmber rings in the grapheneformed with the scanning photoelectron microsc6pEEM
network? Theoretical calculations also suggest that the danét the ESCA microscopy beamline at the ELETTRA syn-

gling bond states near the Fermi level largely increase thEhrotron radiation light source in Trieste, Italy. The micro-

emission for open-ended tubes, scope consists of a photon focusing systarnombination of

In a previous paper, we have measured the electronig groqnel zone plate lens and an order sorting aperture
structure of tips of aligned multiwalled carbon nanotubes

(MWNT's) and of sidewalls of random MWNT&%The in-
terpretation of our results has been obscured by the fact that
the two types of samples were grown with different methods.
However, employing high-resolution cross-sectional photo-
emission microscopy, we were now able to investigate the
electronic structure of tips and sidewalls of s@meMWNT
sample aligned perpendicularly on a Si substrate. Systematic
measurements of spatially selected photoemission spectra
along the tube axes unambiguously revealed that the density
of states near the Fermi level at the tips is considerably larger
than at the sidewalls. It was also revealed that the position-
dependent electronic density of states cannot be explained by FIG. 1. Cross-sectional SEM image of the aligned MWNT’s.
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FIG. 2. (a) Cross-sectional C 4 photoelectron spectromicros-
copy image of the aligned MWNT's ang) C 1s photoelectron
intensity profile along the dashed line (a).

specimen positioning and scanning system, and a hemi-
spherical capacitor electron analyzer with a 16-channel de-
tector. The angle between the incident lighbrmal to the
sample and the electron energy analyzer is 70°. The in-
strument works in imaging mode and spectroscopy mode.
Detailed descriptions of the beamline and the measurement FIG. 3. (a) Valence-band photoemission spectra in the vicinity
station are given elsewheté®All cross-sectional spectromi- of the Fermi level from spatially selected regions. The positions of
croscopy measurements reported here were carried out withe measurements are shown in the photoelectron spectromi-
lateral resolution of 90 nm and energy resolution of about 0.3roscopy image irtb).
eV (photon energy 497.0 eV Under these conditions, the
probing depth of our experiments is a few nanometars dered nanotubegthe disorder is probably a result of the
order of ten graphene layers cleavage On the other hand, some middle parts appear very
The MWNT sample was cleaved in air and then annealedlark due to a shadowing effect by neighboring nanotubes.
at about 200°C for 12 h in the preparation chamtimmse  Figure 2Zb) shows a photoelectron intensity profile measured
pressure~5x107° Torr) in order to remove physisorbed along the broken line shown in Fig(&. Photoelectron in-
molecules. We investigated the electronic change induced bignsity peaks having widths of several hundred nanometers
surface contaminatiol. Before annealing, several atomic can be clearly observed, corresponding to the diameter of
percent of oxygen are detected by core-level x-ray photobundles of the MWNT's.
emission spectroscopiXPS). The oxygen is due to phys- ~ The valence-band spectra in FigaBwere measured in
isorbed molecules and can easily be removed by annealin§Pots along the nanotube axes as indicated in Rig. 2\-
After annealing, no other element than carbon is detected bfjough the overall valence-band spectra from the tips and
XPS! For the experiments, the sample was transferred intgidewalls were very similar, a distinct difference was ob-
the analysis chambébase pressure 1x 10 *° Torr) where ~ served in the vicinity of the Fermi level. Spectra 1 and 7

the SPEM measurements were carried out at room temper#€re obtained from the tip regions and all others from the
ture. sidewall regions, including the bright and dark parts, as de-

noted in the image in Fig.(B). The spectra from the sidewall
positions are reasonably similar to each other. However, the
two tip positions show a substantially larger spectral inten-
Figure 2a) shows a cross-sectional image of the cleavedsity in the energy range down tel eV below the Fermi
MWNT sample obtained by collecting the G photoelec- edge. This is clear evidence that the MWNT tips possess a
trons. The contrast is dominated by surface topography. Thiarger density of states in the vicinity of the Fermi level than
grazing acceptance angle of the analyzer enhances the tophe sidewalls.
graphic effects. In fact, otherwise it would be difficult to  Figure 4 shows the Cslspectra of tips and sidewalls.
distinguish the nanotubes, because as will be shown belo8ome oxidized components at a binding energy about 1 eV
they all emit in the same Cslrange. Brighter parts are seen above the main peak and at higher energies were observed in
around the tips and also in some middle parts with disorprevious XPS studie¥:*®* However, no such component is

IIl. RESULTS AND DISCUSSION
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S LR LA AR AR A AR T cause the diameter of the MWNT's was about 30 nm. From
/ a simple geometrical consideration, the five/six member ring
. ratio at the tips can be estimated to be approximately 1/4500.
' Therefore, the contribution of the five-member rings can be
neglected.
Our previous transmission electron microsco@EM)
1 study also revealed that MWNT’s are considerably defective
4 (graphene sheets are often broken in MWNF5sFurther-
5 more, our previous study have shown that after Cs deposition
ST TR FY T TP ITTT PR T the aligned MWNT’s are intercalated by &sThis is further
287 286 285 284 283 282 evidence for their defective nature. These results are some-
Binding Energy (eV) what consistent with the existence of an edge state that has
o , been theoretically predicted. Previous calculations on a
FIG. 4. C 1s photoemission spectra from spatially selected re- tepped graphite surfaéand graphene ribbdf” have pre-
gions._The_ numbers correspond to the measurement positions inoE'lcted that a localized state that makes a sharp peak in the
cated in Fig. &). density of states at the Fermi level is formed on an edge with
a zigzag shape. Thus, if we assume that the density of the
S ) breaks of the graphene sheets is larger at tips, the edge state
observed in Fig. 4, although the spectra were obtained at gould account for a local increase in the density of states at
much higher energy resolution than conventional XPS. Thughe Fermi level and the almost no band bending along the
we conclude that the surface of the MWNT's was not oxi-tybe axes. However, the edge state cannot explain the ob-
dized. served enhanced density of states in a relatively wide energy
There is a reproducible slight shift of the G Bpectra  range(approximately 1 eV, because the edge state will not
from the tips to a lower binding energy by about 50 meV.show any characteristic density of states except for just at the
This slight shift might be due to band bending near the tipsgermi level.
In such a case, the Fermi level is located inside the valence However, the obtained results can be interpreted assuming
band at the tips. This will slightly increase the density ofy higher density of dangling bonds at the tips, consistent with
states at the Fermi level at the tips. However, the large speghe defective nature of the MWNT's as discussed above
tral difference between the tlpS and sidewalls shown in Fig(note that the edge state does not Originate in the dang”ng
3(a) cannot be explained by a Fermi level shift of only 50 hondg. Indeed, our TEM study has revealed that most of the
meV at all (we estimate that a shift of 0.2 eV would be graphene sheets in deintercalated MWNT’s had a continuous
necessary Thus we can conclude that the tips have a chariength of only~10 nm*® Supposing that this is the typical
acteristic enhancement in the density of states near the Fermgjze of the graphene sheets in a MWNT, the dangling bond
level, which is not caused by band bending. In our previousdensity will be~5x 10%* cm™3. Such a large density will be
Study, the OVera” eleCtroniC structure of the t|pS of theenough to cause a Spectra' Change ||ke that Shown in F|g
aligned MWNT's including the valence band and €dtates  3(a). Thus we suggest that a spectral difference near the
showed a slightly(0.1-0.2 eV higher binding energy than Fermi level is observed, because the dangling bond density is
those of the sidewalls of random MWNT's. With the data |arger at the spherically curved tips than at the cylindrically
available now(and presented hereve can conclude that the curved sidewalls, although details of the defect formation
spectral shift does not directly originate from the electronicmechanism is not clear yet. This explains also the relatively
structural difference between tips and sidewalls, but probablyarge density of states near the Fermi level at the sidewalls of
due to a difference in the tube diametéttse tube diameters NMWNT’s with respect to SWNT's, observed in our previous
of random MWNT’s grown by thermal CVD were more study® SWNT's seem to have much less defective structures
Wldely distributed than those of the aligned MWNT’s grown than MWNT’s, because dop|ng into the inner hollow space
by MPE-CVD). of SWNT’s can be carried out only through opened tube
Also, the insertion of five-member rings and the curvatureends!® Thus the spectral difference between the sidewalls of
at tips cannot satisfactorily explain the enhanced density off\WNT’s and SWNT's can also be attributed to a difference
states near the Fermi level. If the observed large density gf dangling bond densities. The slight spectral shift of the C
states at the Fermi IeVeI were due to a l’elatively Iarge Curls Spectra in F|g 4 may be due to a Contribution from car-
vature at the tips of the MWNT's, thin single-walled nano- hon atoms having localized dangling bonds, not due to band
tubes(SWNT's) should also show a large density of states atyending, because the localized dangling bond states may
the Fermi level. This is inconsistent with our previous resultcgyse a slight chemical shift of the G level.
that SWNT’s have a very small density of states at the Fermi
level® This is also inconsistent with our recent finding that

Intensity

the sidewalls of MWNT's showed a larger density of states
. - . IV. CONCLUSIONS
near the Fermi level than the sidewalls of SWNT's did, al-
though their radius of curvature is lardeEurthermore, in We have measured the spatially resolved electronic struc-

this case, it is unlikely that the electronic structure at the tipgure of aligned MWNT's along the tube axes. We found that
is largely affected by the insertion of five-member rings, be-the tips have a larger density of states, which expands down
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