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Electronic structure at carbon nanotube tips studied by photoemission spectroscopy
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The valence band and GJIphotoemission spectra were measured from the tips and the sidewalls of mul-
tiwalled carbon nantoubes grown on Si substrates. The results show an overall spectral shift to the higher-
binding-energy side, a larger density of states at the Fermi level, and a lower work function at the tips. These
results can be explained by assuming that the Fermi level is slightly shifted upward and located inside the
conduction band at the tips. We suggest that the electronic structure at the tips is considerably affected by
defects.
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[. INTRODUCTION emission properties, without employing any uncertain pa-
rameters. Therefore, it is worthwhile to investigate the
Since the discovery of carbon nanotubes, their electronielectronic structure of carbon nanotubes using photoemission
structure has attracted much attention because of thefipectroscopy.
nanometer-scale highly one-dimensional structure. More in- We measured the valence band andsQphotoemission
terestingly, a specific electronic structure is expected at théPectra and work functions of vertically aligned and random
tips of nanotubes, where the graphene cylinders are believddWNT's grown on Si substrates. The spectra from the

to be closed by insertion of the five-member rings in the@ligned MWNT's were considered to be dominated by pho-

graphene network. The investigation of the electronic prop{0€mission from the tips. We found that the aligned

erties of nanotube tips is also important for understanding th¥WNT's showed a larger density of states at the Fermi level
electron field-emission properties of nanotubes. and a smaller work function. A slight energy shift of the
The local electronic structure of carbon nanotubes haSVerall electronic states to the higher-binding-energy side
been extensively studied using scanning tunneling spectrod/@s lso observed. The results will be discussed in terms of
copy (STS. As predicted by theor§jt has been confirmed the electronic structural differences between the tips and
that nanotubes have a wide variety of electronic structure§idewalls of the carbon nanotubes. We suggest that defects in

and become metallic or semiconducting, depending on thf!® MWNT's play an important role in explaining the experi-

helicity® Furthermore, the local density of states at nanotub&nental results.

tips has also been reported. Sharp resonances in the vicinity

of th'e Fermi level have been observed at the tips of both a Il EXPERIMENT

multiwalled nanotub® (MWNT) and a single-walled

nanotubé (SWNT). The STS peaks observed in the band The MWNT'’s aligned perpendicularly on a Si substrate

gaps were basically interpreted as the localized electronivere grown using the microwave plasma-enhanced chemical

states induced by the five-member rings. The energy posiapor depositionMPB-CVD) method. A typical scanning

tions of the peaks in the band gaps were found to oscillatelectron microscopéSEM) image of the MPB-CVD-grown

along the tube axes near the tube fips. aligned MWNT'’s is shown in Fig. ®). The diameter and
Although STS is a unique analytical technique for inves-length of the MWNT’s were about 30 nm and 10n, re-

tigating the local density of states of a nanotube, one of itspectively. Details of the synthesis are described elsewhere.

disadvantages is that the energy range of the spectra ®he random MWNT'’s, whose typical diameter was 20—50

strictly limited near the Fermi levdtypically =1 eV). Thus, nm, were also grown on a Si substrate using the thermal

the overall band structure cannot be probed. In contrast, ph&VD technique Fig. 1(b)].

toemission spectroscopy can provide information about the Photoemission measurements were carried out at beam

electronic structure over a wide energy range including cordine BL-1C, Photon Factory, High Energy Accelerator Re-

levels. Moreover, it can directly determine the work func- search Institute, Japan, using an angle-integrated-type hemi-

tion, which is crucial for understanding the electron field-spherical electron energy analyzer. Both monochromatized
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FIG. 2. Valence-band photoemission spectra of the aligned
MWNT’s taken at different incident angles.

45° and 0°, respectively. As shown in the figure, no distinct
polarization dependence was observed in the valence-band
spectra of the aligned sample, although the nanotubes were
highly oriented. The slight spectral difference observed
above ~15 eV may mainly be due to a difference in the
FIG. 1. SEM image of théa) aligned MWNT's andb) random  sjgnal-to-background ratios, because the spectral difference
MWNT's. The insets ar¢002) x-ray diffraction patterns that show \vas much reduced by background subtraction, assuming
that the nanotubes afe) vertically aligned andb) randomly ori- Shirley-type background&ot shown. This result indicates
ented. that the spectra from the aligned MWNT’s were dominated
by photoemission from the tube tips rather than by that from
synchrotron radiation light and a He discharge lamp werghe sidewalls. This is not surprising because the nanotube
used as light sources. The measurements were carried out@ps were exposed at the sample surface as shown in Fig.
room temperature. The overall energy resolutions, whichi(a) and because the photoemission technique is very surface
were mostly determined by the Fermi-Dirac distribution sensitive(typical probing depth is a few nanometer®n the
function, were estimated to be 0.1 eV for the valence-ban@ther hand, spectra from the random MWNT’s are consid-
spectra and 0.2 eV for the Glspectra(second-order light ered to be dominated by photoemission from sidewalls, be-
was usedl Before the measurements, the samples were artause nanotubes are much longer than the tip radii.
nealed at 300°C in a vacuum to remove adsorbates on the Figure 3 shows the valence-band spectra of the aligned
surfaces. The base pressure of the analysis chamber wasahd random MWNT's taken at a photon energy of 100 eV.
X 10~ ® mbar. The position of the Fermi level was calibrated
by measuring the Fermi edge of an evaporated gold film. T T T[T I T [T T T T[T I T T[T T TT]

aligned

Ill. RESULTS

As is well known, the excitation probability of the optical
transition is proportional td(f|A-Pli)|2, whereli) and |f)
are initial and final electronic state&,is the vector potential
of the incident photon, ané® is the momentum operator.
Because the initial electronic statéis in a nanotube are
highly anisotropic, it can be expected that the photoemission
spectrum from a nanotube sidewall depends on the polariza-
tion direction determined by. On the other hand, the pho- hv=100 eV
toemission from a nanotube tip is considered to be indepen-
dent of the polarization direction because it is hemispherical. NS FEEEE EN S N R T
Figure 2 shows the valence-band spectra of the aligned 25 20 15 10 5 0
MWNT’s taken at different polarization directions. In the
figure, 6; denotes the angle between the incident synchrotron
radiation light and the surface normal of the sample. The FIG. 3. Valence-band photoemission spectra of the aligned and
photoemission take-off anglek, were 0° and 45° fo, of  random MWNT's.
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FIG. 4. Ultraviolet photoemission spectra of the aligned andof the aligned and random MWNT’s and the SWNT’s.
random MWNT's.
Figure 6 shows the Cslspectrum of the aligned and ran-

7 1 5

Hereafter, we show the spectra obtained at the normal emi§lom MWNT's. Previously, some authd?s® concluded,
sion condition @,=0°). We can sayhat the spectral inten- from analyses of C4 spectra obtained by conyentlonal
sity around the 3.5-eV peak is predominantly due to the XT@y photoelectron spectroscopXPS), that multiwalled
bands, and the 8-eV peak and higher-energy region are dipanotubes are considerably oxidized. According to their
to o bands, respectively, on the basis of a previous X_ra}purve—fitting analyses, the oxidized components were located
emission spectroscopy study on graphfteAlthough the ata binding energy about 1 eV abpye the main peak _and at
overall spectral features are quite similar to each other and tgi9ner energies. However, no oxidized component is ob-
the spectrum of unaligned MWNT's obtained in a previousS€"ved in Fig. 6, although the spectra were obtained at a

study!! we can see that the peak positions of the unaligne(ﬂT‘UCh higher energy resolution than conventional XPS. Thus,
MWNT’s shifted to the higher-binding-energy side by aboutWe conclude that the surfaces of both the aligned and random
0.2 eV. Moreover, it is obvious that the spectral intensity at!WWNT's were little oxidized. Both spectra had tails at the
the Fermi level of the aligned MWNT's is much higher than h|gher-'b|nd|ng-energy side, which are indicative of core-hole
that of the random MWNT's. An energy shift similar to that SC"€€ning by conductive glectro’r?sThe spectral asymmetry

of Fig. 3 was observed in the valence-band spectra taken & the aligned MWNT's is larger than that of the random
21.2 eV (He), as shown in Fig. 4. The peaks of the aligned MWNT’s. This is consistent with the above observation of

MWNT's are located at higher binding energy by 0.1—0.2the larger density of states at the Fermi level in the aligned

eV. The larger density of states at the Fermi level of theMWNT's.

aligned MWNT’s was also observed, although it is less As in the case of the valence-band states shown in Figs. 3
prominent than that in Fig. 3.

Figure 5 shows the spectra in the vicinity of the Fermi
level of the aligned and random MWNT'’s taken at 100 eV.
For reference, the spectrum of random SWNTtisbe and
bundle diameter$ of 1.4 and~20 nm is also shown. For
the aligned MWNT'’s, the existence of the Fermi edge is
obvious. Although some valence-band photoemission studies
of unaligned MWNT’s have been report&d® such clear
Fermi edgegFigs. 3—-5 from MWNT’s have not been ob-
served. This strongly suggests a specific electronic structure
at the tips of the aligned MWNT’s. A Fermi-edge-like fea-
ture is also slightly observed in the random MWNT's, al-
though the spectral intensity at the Fermi level is apparently
lower than that of the aligned MWNT’s. On the other hand,
the SWNT’s show a very small spectral intensity at the
Fermi level. Thus, we can conclude that the density of states 287 286 285 284 283
at the Fermi level decreases in order of the aligned
MWNT’s, random MWNT's, and the SWNT'’s. Note that
graphite, as well as the SWNT'’s, shows a very small spectral FIG. 6. C 1s photoemission spectra of the aligned and random
intensity at the Fermi levef MWNT's.
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Hel Here, we discuss a possible interpretation of the observed
results. As stated above, the spectra from the aligned
— aligned MWNT's are considered to be dominated by photoemission
- - - random from tube tips rather than by that from the sidewalls. There-

fore, the results indicate that the binding energy of the over-
all electronic structure, including the core level, at the tips of
the aligned MWNT's is slightly larger than that of the side-
walls of the random MWNT’s. The results also indicate that
the tips of the aligned MWNT’s have a larger density of
states at the Fermi level and a smaller work function.
oy ‘JJM'I T The rigid shift behavior of the overall electronic structure
strongly suggests that the Fermi level is shifted from the
ideal position and is pinned slightly inside the conduction
Binding Energy (eV) band at the tips of the aligned MWNT[ereafter, in this
?ense, we call the Fermi-level movement the “upward Fermi
evel shift,” although the Fermi level should be uniform at
any part in MWNT (see Fig. 9]. Thus, the density of states
. ) ) at the Fermi level should be increased as observed in Figs.
and 4, the peak position of the aligned MWNT's shifts t0-3_5 The smaller work function observed in the aligned
ward the higher-binding-energy side by about 0.1 eV. ThesgwNT's can also be simply explained in terms of the up-
results indicate that the overall electronic structure, includingyard Fermi-level shift, because this shift will reduce the en-
both the valence bands and the core levels observed in thggy difference between the vacuum level and the Fermi
aligned MWNT'’s, is slightly shifted to the higher-binding- |evel.
energy side. As discussed above, the binding-energy shift, the large
Figure 7 shows the secondary-electron threshold spectrdensity of states, and the smaller work function observed in
of the aligned and random MWNT's excited by a He dis-the alighed MWNT’s can be well explained by assuming the
charge lamp. The work function® can simply be deter- upward Fermi-level shift at the tips. However, the origin of
mined from the secondary-electron threshold energybas the Fermi-level pinning is still an open question. A Fermi-
=hv—Ey,, wherehv and Ey, are the photon energy of the level shift caused by adsorption of gas molecules such,as O
excitation light(21.22 eV and the nominal binding energy can be excluded because the sample was annealed just before
of the threshold energy. The work function of the randomthe measurement. Moreover, a recent theoretical calculation
MWNT’s was determined to be about 4.6 eV. This value ispredicted that adsorption of,@n a nanotube surface would
close to the value for graphite obtained in our previouscause a downward Fermi-level shiftwhich is contrary to
study!’ (4.6—4.7 eV and in other photoemission studi&t®  our experimental results. The insertion of the five-member
(4.6 eV). On the other hand, the work function of the alignedrings in the graphene network at tips will induce a singularity
MWNT’s was determined to be 4.4 eV, which is smaller of the density of states near the Fermi le¥&f> However,
than those of the random MWNT’s and graphite. It is worththis cannot explain the large density of states jushat only
noting that this result is consistent with our previous report, nea) the Fermi level that we observed in the aligned
which showed that the threshold voltage of electron fieldMWNT's. The observed spectral differentfeig. 5 between
emission of aligned MWNT'’s is lower than that of random the random MWNT’s and SWNT'’s is not explained by ef-
MWNT's. Interestingly, the work function of the SWNT’s, fects induced by the five-member rings either, because both
in contrast to the aligned MWNT's, was found to be 4.8 eV spectra are dominated by photoemission from the sidewalls.
in our previous study’?! which is a slightly larger value The electronic structure of the graphene sheets should also
than that for graphite. be modified by the curvature of the sheets. The curvature
There have been a few studies on the work function ofeffect may explain why the work functidh?! of SWNT’s is
random MWNT’s, using photoemission spectroscdpy?  slightly larger than that of graphits:orbital mixing into the
Ago et al® reported a value of 4.3 e\graphite: 4.4 eV. 7 states caused by the curvature may decrease the energy of
Chenet al! also reported a slightly smaller work function the 7 states, and thus increase the work functidf® Ac-
for random MWNT's than that for graphite; however, their cording to this idea, however, the work function of the tips,
spectraFig. 2 of Ref. 1] give values of 5.75 eV for random where the electronic structure will be more affected by the
MWNT'’s and 5.85 eV for graphite, which seem to be too curvature, should be larger than that of the sidewalls, and
large. Although the reason for the differences in the actuathis is completely contrary to the experimental result. It is
values is not clear, it seems that the work functions of ranalso difficult to explain, by curvature effects, why the thin
dom MWNT’s and graphite are close. Here, we would like toSWNT's and graphite showed very small densities of states
stress that our results reveal that the work function of the tipsit the Fermi level, in spite of the fact that the thick aligned
of the aligned MWNT'’s is smaller than the work functions of and random MWNT’s showed Fermi-edge-like features. Fur-
the random MWNT’s and graphite. thermore, we should note that the diameter of the aligned
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FIG. 8. TEM image of the tip of a second sta§entercalated
MWNT.

MWNT’s was quite large, about 30 nm. Therefore, it is ex-
pected that, in this case, the electronic structure at the tips is
not significantly affected by the insertion of the five-member
rings or by the curvature. Thus, it seems to be difficult to
explain all the experimental results on the aligned MWNT’s  FIG. 9. Schematic energy diagram of a MWNT proposed in this
and random MWNT’s and SWNT’s assuming that the nanostudy.E,, Eg, and® denote the vacuum level, Fermi level, and
tubes have idedlperfectly closed pack@dtructures. the work function, respectively. Th.e bands whose density of states
The Fermi level can be pinned inside the conduction bandPOS decreases and increases with the energy are the valence
if defect stategin this paper, “defect” means breaks in the Pand. and the conductidar®) band, respectively.
graphene sheets, not the five- or seven-member) ramg
formed inside the conduction band and the defect density ithe side length of the rhombus aadhe length of the unit
sufficiently large. Our previous stutfyusing an analytical vector of a graphene she&tbout 0.25 nm It is expected
electron microscope revealed that most MWNT’s were interthat each carbon atom on the sides of the rhombus forms one
calated by alkali-metal atoms deposited on the MWNT'’s indefect state. Thus, the defect density in the rhombus becomes
vacuum. A typical example of a tip of a second-stage2a/l on average. Thereforé,of ~120 nm gives a defect
K-intercalated MWNT is shown in Fig. 8. The nanotube isdensity of about 0.004 per atom. Our previous transmission
intercalated from the surface to a depth of about 10 nm. Thelectron microscopy (TEM) study’ on deintercalated
intercalation indicates that the nanotube did not have a closeWNT’s revealed that most of the graphene sheets in the
packed structure, but papier machestructuré?” Actually, ~ MWNT’s had continuous lengths of only-10 nm. If the
some breaks in the graphene sheets are clearly observed|éngth corresponds to the typical size of the graphene sheet
the figure(denoted by arrows Such breaks were often ob- in a MWNT, the defect density should be high enough to
served at tips after the intercalati¢although they were sel- account for the observed Fermi-level shift.
dom observed before the intercalatiolt is considered that  Although our TEM observation revealed that both the tips
the aligned and the random MWNT’s measured in this studyand sidewalls of the MWNT'’s were intercalat&tt is likely
were also defective enough to be intercalated, because that the defect density is larger at the spherically curved tips
spectral shift to the higher-binding-energy side and a signifithan at the cylindrically curved sidewalls. Therefore, we
cant increase of the density of states at the Fermi levekhink that one possible explanation for the experimental re-
which are indicative of an intercalation reactiif,' were  sults is that the Fermi level is pinned at a higher energy
observed in the valence-band photoemission spectra after @®sition at the tips than that at the sidewalls due to the larger
deposition in vacuurf® defect densities at the tips as schematically shown in Fig. 9.
If the Fermi-level pinning is caused by the defect statesThe Fermi-level pinning will induce a redistribution of the
the defect density should be large enough for the observeglectrons near the tip region to equalize the Fermi level along
upward Fermi-level shift of 0.1-0.2 eV. We can roughly the tube axes, and the inner electric field induced by the
expect that the density of states in the vicinity of the Fermielectron redistribution causes band bending near the tips.
level of a MWNT is about 0.02 states per electron volt perThis picture is similar to that observed at the GE&JX)
atom, by referring to a band-structure calculation forsurface, where the Fermi level is pinned close to the midgap
graphite?® Thus, assuming an upward Fermi-level shift of in spite of the doping typén or p),%° if the tube tips and
0.2 eV, excess electrons of about 0.004 per af@morder of  sidewalls are replaced by the GaB8l) surface and the
10?°cm™3) are necessary at the tip region in order to partlybulk. It seems that, in contrast to MWNT’s, SWNT’s have
fill the conduction band. The defect density should be at leasthuch less defective structures, because intercalants in an in-
as large as this value. Now, we would like to estimate theercalated SWNT bundle reside between the tubes in the
size of the graphene sheet that gives such a defect densityundle rather than inside the individual tubes if the SWNT’s
For simplicity, we assume that a MWNT consists of smallare capped?3! Thus, the density of states at the Fermi level
rhombic graphene sheets, each of which is similar to the unibf the random MWNT’s being larger than that of the
cell of a graphene sheet. From a simple geometrical consid/SWNT’s can be similarly explained by the larger defect den-
eration, the numbers of carbon atoms in a rhombus and osity in MWNT's. That is, the Fermi level of the MWNT’s is
the sides arel?/a? and 4/a, respectively, wher(I>a) is  slightly shifted toward the conduction band from the ideal
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position even at sidewalls, as also shown in Fig. 9. be dominated by photoemission from tube tips and sidewalls,
Another possible explanation for the results on the alignedespectively. A slight spectral shift to the higher-binding-
and the random MWNT'’s is that the defect density in theenergy side was observed both in the valence band and the C
MWNT’s strongly depends on the method of the synthesisls spectra of the aligned MWNT’s. The aligned MWNT’s
Namely, the MPE-CVD-grown aligned MWNT’s are much also showed a larger density of states at the Fermi level and
more defective than the thermal CVD-grown randoma slightly smaller work function. All the results can be un-
MWNT’s. In any case, we would like to suggest that thederstood by assuming that the Fermi level is slightly shifted
defects play an important role in explaining the observedupward and located inside the conduction band at the tips of
results. Although the electronic properties of carbon nanothe aligned MWNT's. It seems to be difficult to explain the
tubes have been discussed assuming ideal structures, theysults assuming that the MWNT's have perfectly close-
may be considerably affected by the defects, especially ipacked structures. We think that the Fermi level is pinned at
MWNT'’s. the higher energy by the defect states at the tips of the
The experimental results obtained in this study have noaligned MWNT’s. The electronic properties of MWNT's
been clearly obtained in previous STS studies. Other than theay be considerably affected by the defects.
limited energy range of the scanning tunneling spectra, one
of the possible reasons for this is that STS studies have fo- ACKNOWLEDGMENTS
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