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Work functions and valence band states of pristine and Cs-intercalated
single-walled carbon nanotube bundles
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The electronic structures and the work functions of pristine and Cs-intercalated single-walled carbon
nanotube bundles were investigated using ultraviolet photoemission spectroscopy. The valence
bands of the pristine bundles were considerably altered from those of graphite. A spectral shift to the
higher binding energy side was observed in the Cs-intercalated sample. The work function of the
pristine bundles was found to be 4.8 eV, which is 0.1–0.2 eV larger than that of graphite. A drastic
decrease of the work function to about 2.4 eV was observed in the Cs-intercalated sample. ©2000
American Institute of Physics.@S0003-6951~00!05326-2#
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Recently, the investigation of the electronic properties
carbon nanotubes is becoming important in view of th
potential applications in areas, such as electron fi
emission.1–3 Experiments have shown that emitters made
single-walled carbon nanotubes~SWNTs! have low electron
emission threshold field and high current capability co
pared with conventional emitters.3 Although the low thresh-
old field is generally attributed to the large field enhancem
factor at the nanotube tip, precise understanding of the e
sion properties has been difficult due to uncertainty in
emitter geometry and the nanotube work function. Estim
tion of the work function based on the Fowler–Nordhe
model4 has suffered from the uncertainty of the loc
geometry.5 Although carbon nanotubes have been inve
gated using various experimental techniques, only a
studies have used photoemission spectroscopy, which
provide the valence band electronic structure in a wide
ergy range. Moreover, photoemission spectroscopy has
advantage that it directly provides the work function witho
employing any uncertain parameters. Recently, Chenet al.6

and Agoet al.7 reported ultraviolet photoemission studies
multiwalled nanotubes~MWNTs!. However, as far as we
know, a corresponding investigation of the SWNTs is s
lacking. In this letter, we applied ultraviolet photoemissi
spectroscopy~UPS! to investigate the electronic structures
pristine and Cs-intercalated SWNTs, and their work fun
tions, which are crucial to understanding the field emiss
properties.

The SWNT bundles were synthesized by the laser a
tion method.8 The raw material was purified by ultrasoni

a!Electronic mail: ssuzuki@will.brl.ntt.co.jp
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assisted filtration and was then deposited on doped G
substrates by a spray method.9 The thickness of the SWNT
film was estimated to be 0.5mm. Transmission electron mi
croscopy measurements9 indicated the purified material con
tained mostly SWNT bundles. The average diameter of
nanotubes and bundles were evaluated to be 1.4 and 20
respectively, by x-ray diffraction intensity simulation.10

From a nuclear magnetic resonance~NMR! measurement,11

the ratio of metallic and semiconducting tubes was estima
to be 1:2, suggesting a random helicity distribution.

Photoemission measurements were carried out at ro
temperature using an He discharge lamp~He I: hn
521.22 eV) and an angle-integrated-type electron ene
analyzer. The base pressure of the analysis chamber w
31029 Torr. The sample was biased by about29 V during
the work function measurements to accelerate the low ene
secondary electrons. The position of the Fermi level w
calibrated by measuring the Fermi edge of an evapora
gold film. The typical probing depth of the UPS measu
ment was estimated to be a few nm. Thus, before the m
surements, the pristine SWNT sample was annealed
500 °C in a vacuum to remove adsorbates on the surface.
Cs-intercalated sample was prepared by depositing Cs a
on the pristine sample at room temperature using an alk
metal dispenser. Our previous studies8,12 using an analytical
electron microscope revealed that the alkali–metal atoms
posited on SWNT bundles intercalate into the bundles.

Figure 1 shows the valence band spectra of the pris
SWNTs and graphite. The prominent features of graph
observed at about 3, 5, and 8.2 eV can be identified as thp
band, the top of thesband1pband, and the bottom of the
pband1sband, respectively, by referring to a previou
study.13 According to the previous UPS study,6 the spectrum
7 © 2000 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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of MWNTs with diameters of 15–20 nm is very similar t
that of graphite. In contrast, the spectra of the SWNT~diam-
eter: 1.4 nm! bundles and graphite are considerably differe
although the three corresponding features are also visib
the spectrum of the SWNTs. The electronic structural diff
ence between the SWNTs and MWNTs originates mainly
the difference in the tube diameters rather than in
graphene sheet numbers. This is because the density of s
of a MWNT can be roughly understood in terms of a sup
position of that of individual nanotubes due to a weak int
layer interaction.

The variation of the valence band spectrum caused

FIG. 1. Valence band photoemission spectra of the pristine SWNT bun
and graphite.

FIG. 2. Valence band photoemission spectra of the pristine and
intercalated SWNT bundles. The Cs deposition times are denoted.
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the Cs intercalation is shown in Fig. 2. The peak grown w
the Cs deposition is due to the Cs 5p3/2. From the relative
intensity of the peak, the Cs/C compositional ratio at t
deposition time of 30 min was estimated to be of the orde
0.1, by referring to a previous photoemission report14 on Cs-
intercalated graphite. In the figure, one can see a shift tow
the higher binding energy side of the shoulder structures
and 8.4 eV in pristine SWNTs. This indicates an upwa
shift of the Fermi level because of the electron transfer fr
Cs to C. The energy splitting of the two shoulder structu
remained almost constant within the experimental error,
dicating that the observed energy shifts can basically be
scribed in terms of the rigid band shift. The binding ener
shifts are about 0.25, 0.4, and 0.55 eV, respectively, for
deposition times of 5, 15, and 30 min. Thus, at first, t
Fermi level rapidly shifted with the increase of the Cs co
centration, and then, the movement gradually slowed. T
can be ascribed to an increase of the density of states a
Fermi level caused by the intercalation.

Figure 3 shows the spectra around the secondary e
trons threshold regions of the pristine SWNTs and graph
The prominent peak of graphite at the nominal binding e
ergy of about 13.6 eV is due to a large density of states in
unoccupied states,13 and was assigned to the interlayer ba
that has large charge densities between carbon planes.15 The
corresponding peak almost disappears in the SWNT sp
trum. This is quite reasonable because of the lack of
two-dimensional interlayers in a SWNT bundle.

As clearly seen in the figure, the threshold energy of
SWNT sample shifted by 0.1–0.2 eV to the lower bindi
energy side. This means that the SWNTs have a slig
larger work function than graphite. The increase of the wo
function in the SWNTs is completely opposite from the r
cent UPS results6,7 on the MWNTs, in which work function
decreases by 0.1–0.2 eV relative to graphite were obser
Furthermore, the actual values of the work functions o

es

s-

FIG. 3. Photoemission spectra around the secondary electron thresho
gions of the pristine SWNT bundles and graphite.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tained in this study are different from those of the previo
reports. The work functions of the SWNT sample and gra
ite were determined to be about 4.8 and 4.6–4.7 eV, res
tively, from the spectra in Fig. 3. The value for graph
determined in this study is fairly consistent with previo
reports~4.6 eV!.13,15 On the other hand, Chenet al.6 ~esti-
mated from the spectra in Ref. 6! and Agoet al.7 gave values
of about 5.7 and 4.3 eV for MWNTs, and 5.8 and 4.4 eV
graphite. It is unlikely that the relatively large work functio
value of the SWNTs is due to oxidation of the nanotub7

because we did not observe any prominent oxidized com
nent in C 1s x-ray photoelectron spectrum. The effect of s
face contamination can also be excluded because the sa
was annealed before the measurement, as previously st
The precise reason for the discrepancies is not clear. H
ever, we stress that our experiment gives precisely the ac
value of the work function of graphite, as mentioned abo

It is uncertain whether the work function of the SWNT
can be directly linked to their field emission properties at
present stage. It should be noted that the work function
nanotube could be different at the tip and the side. It is c
sidered that electrons are emitted from the nanotube
rather than the sides even in the case of unaligned nano
film.3 On the other hand, the spectra measured in this st
~as well as in Refs. 6 and 7! seem to be dominated by th
contribution from the tube sides, because the nanotube
the sample were not aligned.

Interestingly, the work function of the SWNT samp
drastically decreased when Cs was deposited on the sam
as shown in Fig. 4. The threshold energies after Cs dep
tions ~another run! of 11 and 41 min moved to the highe
binding energy side by 1.7 and 2.4 eV, resulting in the wo

FIG. 4. Photoemission spectra around the secondary electron thresho
gions of the pristine and the Cs-intercalated SWNT bundles for various
deposition times.
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functions of 3.1 and 2.4 eV, respectively. The reduction m
be partly due to Cs atoms remaining on the bundle surfa
which will induce an electric dipole moment at the surfa
due to the electron transfer. However, half a day after the
deposition, the degraded surface of the intercalated sam
~prominent contaminant peaks were observed at about
and 9.7 eV! also showed a small work function of 2.55 eV
which is close to the value for the 41 min deposited samp
This suggests that the reduction is associated with the b
property of the Cs-intercalated SWNTs. These results in
cate that it would be interesting to measure the field emiss
properties of Cs-deposited carbon nanotubes.

In summary, the electronic structures of pristine and C
intercalated SWNT bundles were investigated using pho
emission spectroscopy. The valence band states of
SWNTs were significantly different from that of graphit
Rigid band shift behavior was observed in the valence b
states of the Cs-intercalated SWNT bundles. The work fu
tion of the pristine SWNTs was 0.1 to 0.2 eV larger than th
of graphite, and it drastically decreased with the Cs dep
tion. The result suggests that Cs-intercalated SWNTs sho
have a lower electron emission threshold field than that
the pristine material.
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