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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 the C 1s spectra, 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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I. INTRODUCTION

The electronic structure of carbon nanotubes has attra
much attention because of their nanometer-scale highly o
dimensional structure.1 Moreover, a specific electronic struc
ture is expected at the tips of nanotubes, where the grap
cylinders are closed by hemispherical caps. Recently, in
tigation of the electronic structure at the tips has also beco
important for understanding the electron-field-emission pr
erties of nanotubes.2 Although the low threshold field is gen
erally attributed to the large field enhancement factor at
tips, a precise understanding of the mechanism of field em
sion from nanotube tips is still lacking. It is not clear whic
electronic states are responsible for the emission: the F
sea in metallic tubes or localized states at the tips induce
the insertion of the five-member rings in the graphe
network.3 Theoretical calculations also suggest that the d
gling bond states near the Fermi level largely increase
emission for open-ended tubes.4,5

In a previous paper, we have measured the electro
structure of tips of aligned multiwalled carbon nanotub
~MWNT’s! and of sidewalls of random MWNT’s.6 The in-
terpretation of our results has been obscured by the fact
the two types of samples were grown with different metho
However, employing high-resolution cross-sectional pho
emission microscopy, we were now able to investigate
electronic structure of tips and sidewalls of thesameMWNT
sample aligned perpendicularly on a Si substrate. System
measurements of spatially selected photoemission spe
along the tube axes unambiguously revealed that the de
of states near the Fermi level at the tips is considerably la
than at the sidewalls. It was also revealed that the posit
dependent electronic density of states cannot be explaine
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band bending, but because the tips have a characteristic
sity of states near the Fermi level.

II. EXPERIMENT

The MWNT’s aligned perpendicularly on a Si substra
were grown using microwave plasma-enhanced chemical
por deposition~MPE-CVD! with Co as a catalyst. A typica
cross-sectional scanning electron microscope~SEM! image
of a cleaved sample is shown in Fig. 1. The diameter and
length of the nanotubes were about 30 nm and 10mm, re-
spectively. The catalytic Co particles are encapsulated at
bottom of the nanotubes.7 Details of the synthesis and of th
structural properties of these MWNT samples are giv
elsewhere.7,8

Photoelectron spectromicroscopy experiments were
formed with the scanning photoelectron microscope~SPEM!
at the ESCA microscopy beamline at the ELETTRA sy
chrotron radiation light source in Trieste, Italy. The micr
scope consists of a photon focusing system~a combination of
a Fresnel zone plate lens and an order sorting apertu!,

FIG. 1. Cross-sectional SEM image of the aligned MWNT’s.
©2002 The American Physical Society14-1
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specimen positioning and scanning system, and a he
spherical capacitor electron analyzer with a 16-channel
tector. The angle between the incident light~normal to the
sample! and the electron energy analyzer is 70°. The
strument works in imaging mode and spectroscopy mo
Detailed descriptions of the beamline and the measurem
station are given elsewhere.9,10All cross-sectional spectromi
croscopy measurements reported here were carried out
lateral resolution of 90 nm and energy resolution of about
eV ~photon energy 497.0 eV!. Under these conditions, th
probing depth of our experiments is a few nanometers~an
order of ten graphene layers!.

The MWNT sample was cleaved in air and then annea
at about 200 °C for 12 h in the preparation chamber~base
pressure;5310210 Torr! in order to remove physisorbe
molecules. We investigated the electronic change induce
surface contamination.11 Before annealing, several atom
percent of oxygen are detected by core-level x-ray pho
emission spectroscopy~XPS!. The oxygen is due to phys
isorbed molecules and can easily be removed by annea
After annealing, no other element than carbon is detected
XPS.11 For the experiments, the sample was transferred
the analysis chamber~base pressure;1310210 Torr! where
the SPEM measurements were carried out at room temp
ture.

III. RESULTS AND DISCUSSION

Figure 2~a! shows a cross-sectional image of the cleav
MWNT sample obtained by collecting the C 1s photoelec-
trons. The contrast is dominated by surface topography.
grazing acceptance angle of the analyzer enhances the
graphic effects. In fact, otherwise it would be difficult
distinguish the nanotubes, because as will be shown be
they all emit in the same C 1s range. Brighter parts are see
around the tips and also in some middle parts with dis

FIG. 2. ~a! Cross-sectional C 1s photoelectron spectromicros
copy image of the aligned MWNT’s and~b! C 1s photoelectron
intensity profile along the dashed line in~a!.
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dered nanotubes~the disorder is probably a result of th
cleavage!. On the other hand, some middle parts appear v
dark due to a shadowing effect by neighboring nanotub
Figure 2~b! shows a photoelectron intensity profile measur
along the broken line shown in Fig. 2~a!. Photoelectron in-
tensity peaks having widths of several hundred nanome
can be clearly observed, corresponding to the diamete
bundles of the MWNT’s.

The valence-band spectra in Fig. 3~a! were measured in
spots along the nanotube axes as indicated in Fig. 3~b!. Al-
though the overall valence-band spectra from the tips
sidewalls were very similar, a distinct difference was o
served in the vicinity of the Fermi level. Spectra 1 and
were obtained from the tip regions and all others from
sidewall regions, including the bright and dark parts, as
noted in the image in Fig. 3~b!. The spectra from the sidewa
positions are reasonably similar to each other. However,
two tip positions show a substantially larger spectral inte
sity in the energy range down to;1 eV below the Fermi
edge. This is clear evidence that the MWNT tips posses
larger density of states in the vicinity of the Fermi level th
the sidewalls.

Figure 4 shows the C 1s spectra of tips and sidewalls
Some oxidized components at a binding energy about 1
above the main peak and at higher energies were observ
previous XPS studies.12,13 However, no such component i

FIG. 3. ~a! Valence-band photoemission spectra in the vicin
of the Fermi level from spatially selected regions. The positions
the measurements are shown in the C 1s photoelectron spectromi
croscopy image in~b!.
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observed in Fig. 4, although the spectra were obtained
much higher energy resolution than conventional XPS. T
we conclude that the surface of the MWNT’s was not o
dized.

There is a reproducible slight shift of the C 1s spectra
from the tips to a lower binding energy by about 50 me
This slight shift might be due to band bending near the ti
In such a case, the Fermi level is located inside the vale
band at the tips. This will slightly increase the density
states at the Fermi level at the tips. However, the large s
tral difference between the tips and sidewalls shown in F
3~a! cannot be explained by a Fermi level shift of only 5
meV at all ~we estimate that a shift of 0.2 eV would b
necessary!. Thus we can conclude that the tips have a ch
acteristic enhancement in the density of states near the F
level, which is not caused by band bending. In our previo
study, the overall electronic structure of the tips of t
aligned MWNT’s including the valence band and C 1s states
showed a slightly~0.1–0.2 eV! higher binding energy than
those of the sidewalls of random MWNT’s. With the da
available now~and presented here! we can conclude that th
spectral shift does not directly originate from the electro
structural difference between tips and sidewalls, but proba
due to a difference in the tube diameters~the tube diameters
of random MWNT’s grown by thermal CVD were mor
widely distributed than those of the aligned MWNT’s grow
by MPE-CVD!.

Also, the insertion of five-member rings and the curvatu
at tips cannot satisfactorily explain the enhanced density
states near the Fermi level. If the observed large densit
states at the Fermi level were due to a relatively large c
vature at the tips of the MWNT’s, thin single-walled nan
tubes~SWNT’s! should also show a large density of states
the Fermi level. This is inconsistent with our previous res
that SWNT’s have a very small density of states at the Fe
level.6 This is also inconsistent with our recent finding th
the sidewalls of MWNT’s showed a larger density of sta
near the Fermi level than the sidewalls of SWNT’s did,
though their radius of curvature is larger.6 Furthermore, in
this case, it is unlikely that the electronic structure at the t
is largely affected by the insertion of five-member rings, b

FIG. 4. C 1s photoemission spectra from spatially selected
gions. The numbers correspond to the measurement positions
cated in Fig. 3~b!.
03541
a
s

-

.
.

ce
f
c-
.

r-
mi
s

c
ly

e
of
of
r-

t
lt

i
t
s
-

s
-

cause the diameter of the MWNT’s was about 30 nm. Fr
a simple geometrical consideration, the five/six member r
ratio at the tips can be estimated to be approximately 1/45
Therefore, the contribution of the five-member rings can
neglected.

Our previous transmission electron microscopy~TEM!
study also revealed that MWNT’s are considerably defect
~graphene sheets are often broken in MWNT’s!.14 Further-
more, our previous study have shown that after Cs deposi
the aligned MWNT’s are intercalated by Cs.11 This is further
evidence for their defective nature. These results are so
what consistent with the existence of an edge state that
been theoretically predicted. Previous calculations on
stepped graphite surface15 and graphene ribbon16,17have pre-
dicted that a localized state that makes a sharp peak in
density of states at the Fermi level is formed on an edge w
a zigzag shape. Thus, if we assume that the density of
breaks of the graphene sheets is larger at tips, the edge
would account for a local increase in the density of state
the Fermi level and the almost no band bending along
tube axes. However, the edge state cannot explain the
served enhanced density of states in a relatively wide ene
range~approximately 1 eV!, because the edge state will n
show any characteristic density of states except for just at
Fermi level.

However, the obtained results can be interpreted assum
a higher density of dangling bonds at the tips, consistent w
the defective nature of the MWNT’s as discussed abo
~note that the edge state does not originate in the dang
bonds!. Indeed, our TEM study has revealed that most of
graphene sheets in deintercalated MWNT’s had a continu
length of only;10 nm.18 Supposing that this is the typica
size of the graphene sheets in a MWNT, the dangling bo
density will be;531021 cm23. Such a large density will be
enough to cause a spectral change like that shown in
3~a!. Thus we suggest that a spectral difference near
Fermi level is observed, because the dangling bond densi
larger at the spherically curved tips than at the cylindrica
curved sidewalls, although details of the defect format
mechanism is not clear yet. This explains also the relativ
large density of states near the Fermi level at the sidewall
MWNT’s with respect to SWNT’s, observed in our previou
study.6 SWNT’s seem to have much less defective structu
than MWNT’s, because doping into the inner hollow spa
of SWNT’s can be carried out only through opened tu
ends.19 Thus the spectral difference between the sidewalls
MWNT’s and SWNT’s can also be attributed to a differen
in dangling bond densities. The slight spectral shift of the
1s spectra in Fig. 4 may be due to a contribution from c
bon atoms having localized dangling bonds, not due to b
bending, because the localized dangling bond states
cause a slight chemical shift of the C 1s level.

IV. CONCLUSIONS

We have measured the spatially resolved electronic st
ture of aligned MWNT’s along the tube axes. We found th
the tips have a larger density of states, which expands d
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to approximately 1 eV below the Fermi level, whereas the
is only a very small shift of the C 1s core-level energy of
about 50 meV between the tips and sidewalls. This diffe
ence in the photoemission spectra is attributed to the stro
influence of structural defects on the electronic structure
MWNT’s: namely, the higher dangling bond density at th
spherically curved tips than at the cylindrically curved side
walls. We suggest that the observed larger electronic den
of states at the tips of aligned MWNT’s may play an impo
tant role for their field-emission properties.
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