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Work functions and valence band states of pristine and Cs-intercalated
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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 samg@00©
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Recently, the investigation of the electronic properties ofassisted filtration and was then deposited on doped GaAs
carbon nanotubes is becoming important in view of theirsubstrates by a spray methd@he thickness of the SWNT
potential applications in areas, such as electron fieldilm was estimated to be 0.,am. Transmission electron mi-
emission 3 Experiments have shown that emitters made ofcroscopy measuremenisdicated the purified material con-
single-walled carbon nanotubéSWNTS9 have low electron tained mostly SWNT bundles. The average diameter of the
emission threshold field and high current capability com-nanotubes and bundles were evaluated to be 1.4 and 20 nm,
pared with conventional emittefsAlthough the low thresh- respectively, by x-ray diffraction intensity simulatioh.
old field is generally attributed to the large field enhancemenfrom a nuclear magnetic resonar®MR) measuremert;
factor at the nanotube tip, precise understanding of the emidbe ratio of metallic and semiconducting tubes was estimated
sion properties has been difficult due to uncertainty in the©® be 1:2, suggesting a random helicity distribution.
emitter geometry and the nanotube work function. Estima- ~ Photoemission measurements were carried out at room

tion of the work function based on the Fowler—Nordheimtémperature using an He discharge laniHe I: hv
modef has suffered from the uncertainty of the local =21.22€V) and an angle-integrated-type electron energy

geometry? Although carbon nanotubes have been investi-analyzer. The base pressure of the analysis chamber was 2
10" ° Torr. The sample was biased by abet® V during

gated using various experimental techniques, only a few

studies have used photoemission spectroscopy, which came work function measurement.s. to accelerate thg low energy
provide the valence band electronic structure in a wide en§econdary electrons. The position of the Fermi level was

ergy range. Moreover, photoemission spectroscopy has th(éa\hbrated by measuring the Fermi edge of an evaporated

advantage that it directly provides the work function withoutgOId film. The_ typical probing depth of the UPS measure-
employing any uncertain parameters. Recently, Gt |6 ment was estimated to be a few nm. Thus, before the mea-

7 . - : surements, the pristine SWNT sample was annealed at
and Agoet al.” reported ultraviolet photoemission studies on o
. 500 °C in a vacuum to remove adsorbates on the surface. The
multiwalled nanotubeSMWNTSs). However, as far as we

S L . . Cs-intercalated sample was prepared by depositing Cs atoms
know, a corrt_aspondmg |nvest|_gat|on Of. the SWNTs 'S ?t'”on the pristine sample at room temperature using an alkali—
lacking. In this letter, we applied ultraviolet photoemission

; UPS 10 | tigate the electronic struct fmetal dispenser. Our previous studifsusing an analytical
spectroscopyUPS to investigate the electronic structures o electron microscope revealed that the alkali-metal atoms de-

pristine and Cs-intercalated SWNTSs, and their work func- osited on SWNT bundles intercalate into the bundles
tions, which are crucial to understanding the field emissio Figure 1 shows the valence band spectra of the p'ristine
properties. _ SWNTs and graphite. The prominent features of graphite
~ The SWNT bundles were synthesized by the laser ablagpseryeq at about 3, 5, and 8.2 eV can be identified asrthe
tion method® The raw material was purified by ultrasonic- band, the top of therband+ 7rband, and the bottom of the
wbandt+ oband, respectively, by referring to a previous
3Electronic mail: ssuzuki@will.brl.ntt.co.jp study*® According to the previous UPS stuflyhe spectrum
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FIG. 1. Valence band photoemission spectra of the pristine SWNT bundlegIG. 3. Photoemission spectra around the secondary electron threshold re-
and graphite. gions of the pristine SWNT bundles and graphite.

of MWNTs with diameters of 15-20 nm is very similar to the Cs intercalation is shown in Fig. 2. The peak grown with
that of graphite. In contrast, the spectra of the SWNIBm-  the Cs deposition is due to the CpJ,. From the relative
eter: 1.4 nmbundles and graphite are considerably different,intensity of the peak, the Cs/C compositional ratio at the
although the three corresponding features are also visible ifeposition time of 30 min was estimated to be of the order of
the spectrum of the SWNTSs. The electronic structural differ-0.1, by referring to a previous photoemission reffosn Cs-
ence between the SWNTs and MWNTSs originates mainly inintercalated graphite. In the figure, one can see a shift toward
the difference in the tube diameters rather than in thehe higher binding energy side of the shoulder structures at 3
graphene sheet numbers. This is because the density of statgsd 8.4 eV in pristine SWNTs. This indicates an upward
of a MWNT can be roughly understood in terms of a super-shift of the Fermi level because of the electron transfer from
position of that of individual nanotubes due to a weak inter-Cs to C. The energy Sp“tting of the two shoulder structures
layer interaction. remained almost constant within the experimental error, in-

The variation of the valence band spectrum caused bWicating that the observed energy shifts can basically be de-

scribed in terms of the rigid band shift. The binding energy
Rt s Ll L VL L s L ) s shifts are about 0.25, 0.4, and 0.55 eV, respectively, for the
os 5p deposition times of 5, 15, and 30 min. Thus, at first, the

o2 Fermi level rapidly shifted with the increase of the Cs con-
centration, and then, the movement gradually slowed. This
can be ascribed to an increase of the density of states at the
Fermi level caused by the intercalation.

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

As clearly seen in the figure, the threshold energy of the
SWNT sample shifted by 0.1-0.2 eV to the lower binding
energy side. This means that the SWNTs have a slightly

Intensity (arb. units)

polventonbenten bt bveeteenl vt bt i

o 10 8 o . > 5 larger work function than graphite. The increase of the work
function in the SWNTs is completely opposite from the re-
cent UPS resulfs’ on the MWNTS, in which work function
FIG. 2. Valence band photoemission spectra of the pristine and csdecreases by 0.1-0.2 eV relative to graphite were observed.

intercalated SWNT bundles. The Cs deposition times are denoted. Furthermore, the actual values of the work functions ob-
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functions of 3.1 and 2.4 eV, respectively. The reduction may
be partly due to Cs atoms remaining on the bundle surface,
— 41 min. ) which will induce an electric dipole moment at the surface
---- 11 min. e , due to the electron transfer. However, half a day after the Cs
“7o7 pristine ; ; deposition, the degraded surface of the intercalated sample
(prominent contaminant peaks were observed at about 5.7
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 sample.
This suggests that the reduction is associated with the bulk
property of the Cs-intercalated SWNTs. These results indi-
cate that it would be interesting to measure the field emission
properties of Cs-deposited carbon nanotubes.
In summary, the electronic structures of pristine and Cs-
________ intercalated SWNT bundles were investigated using photo-
emission spectroscopy. The valence band states of the
19 18 17 16 15 e ) ;
Binding Energy (eV) SWNTS were'S|gn|f|ca.ntIy different from_ that of graphite.
Rigid band shift behavior was observed in the valence band

FIG. 4. Photoemission spectra around the secondary electron threshold rgtates of the Cs-intercalated SWNT bundles. The work func-

gions of the pristine and the Cs-intercalated SWNT bundles for various céion of the pristine SWNTs was 0.1 to 0.2 eV larger than that
of graphite, and it drastically decreased with the Cs deposi-

deposition times.
tion. The result suggests that Cs-intercalated SWNTs should
have a lower electron emission threshold field than that of

tained in this study are different from those of the previous . ;
the pristine material.

reports. The work functions of the SWNT sample and graph-
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