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Electronic Structure and Optical Limiting Behavior of Carbon Nanotubes
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Carbon nanotubes prepared by catalytic (CO) disproportionation were studied using TEM,
UPS, XPS, and optical spectroscopies. In comparison with graphite, the carbon nanotubes show
interplanar distance, smaller work function, steeper Fermi edge, negative core-level shift, and s
plasma excitation. Their valence band is basically the same as that of graphite, with lower inten
the binding energy region of 2–7 eV. The carbon nanotubes exhibit a strong optical limiting e
superior to both carbon black and C60. [S0031-9007(99)08764-5]

PACS numbers: 71.20.Tx, 61.48.+c, 78.20.–e
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Carbon nanotubes possess many unique properties
can be used for 1D quantum wires, optical switchers, na
transistors, and other essential electronic compone
They have been recognized as a fascinating material ab
to trigger a revolution in nanodevices, optical compu
ing, optical communication, carbon chemistry, and ne
functional structural materials, generating intense resea
activities in recent years [1–8]. In regard to their ele
tronic and optical properties, many of the investigatio
were theoretical predictions, with few experimental me
surements reported so far. In this paper, transmiss
electron microscopy (TEM), x-ray diffraction (XRD),
ultraviolet photoemission spectroscopy (UPS), x-ra
photoemission spectroscopy (XPS), and nonlinear opti
studies were applied to determine the atomic arrangem
electronic structure, and nonlinear optical properties
carbon nanotubes.

The carbon nanotubes in this investigation were p
pared by catalytic CO disproportionation, which has be
developed to be able to produce highlys.95%d purified
tubes in desired sizes ranging from 7 to 35 nm und
control, as described elsewhere [9]. XRD measureme
were conducted on a Philips PW 1710 diffractomete
UPS and XPS investigations were performed on a V
ESCALAB Mk II machine, using He I (21.2 eV), He II
(40.8 eV) resonance lines, and MgKa (1254.6 eV) as
ionization sources, respectively. The binding energy v
ues reported below are all referenced to the Fermi lev
Low-resolution TEM and electron diffraction studies wer
conducted on a JEM-100CX electron microscope. Hig
resolution TEM observation was carried out on a Phil
FEG CM300 electron microscope. Optical absorptio
spectra in the visible region were recorded on a Hitac
UV-3410 spectrophotometer, while nonlinear transmissi
measurements were made using laser pulses of 7-ns
ration produced by aQ-switched Nd:YAG laser or a dye
laser. To generate 532-nm laser pulses or pump the
laser, a second-harmonic-generation crystal was used.
lasers were operated in single-shot mode. The laser be
was focused on samples with a spot radius of,30 mm.

As observed by TEM, the sample in this study is com
posed of carbon nanotubes, which are small and even
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size (diameter 15–20 nm), consisting of multilayers
graphene sheets, rolled up like a hollow cylinder. Litt
s,5%d non-nanotube materials such as metal (cataly
particles, amorphous carbon, disordered carbon, etc. w
observed from careful TEM inspection as well as hig
temperature hydrogen etching. The XRD pattern (n
shown here) of the carbon nanotubes is similar to that
graphite [though the main peak (002) is much weaker a
broadened], indicating that the hexagonal ring structure
graphene sheets remains unchanged in the carbon n
tubes. The shift of the (002) reflection from2u ­ 26.4±

for graphite to 25.6± for the carbon nanotubes revea
an increase in the interlayer distance from 0.335 nm
graphite to 0.347 nm for the carbon nanotubes. This
sult has been confirmed by the electron diffraction me
surements of the same sample. Annealing at 1370 K
shown an enhanced crystallinity of the carbon nanotu
sample. The (101) reflection of the annealed carbon na
tubes can become fairly strong and even sharper than
of graphite.

Figure 1 displays the UPS He II spectra obtained fro
the annealed carbon nanotubes and graphite. As expec
the valence band structure of carbon nanotubes is b
cally the same as that of graphite. Nevertheless, the
tensity in the binding energy (BE) region between 2
and 7.6 eV is noticeably lower for the nanotubes th
graphite. According to previous photoemission spectr
scopic data and theoretical band structure calculations
graphite [10], this energy region is assigned to2p-p,
which overlaps with the top of2p-s and is contributed
by the graphene2p-p electrons. The reduction in the
pp electron density for carbon nanotubes is thus und
standable, resulting from the curvature of graphene she
A small increase in the intensity around a BE of 11.5 e
which is attributed top-s contribution [10], can be simul-
taneously observed in Fig. 1. This is further evidence
thes-p hybridization effect resulting from the formation
of carbon tubes [8].

Theoretical calculations [6,8,11] have predicted that
certain cases, depending on the size of carbon nanotu
the energy gap of carbon nanotubes may become alm
zero and some density of state appear near the Fe
© 1999 The American Physical Society
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FIG. 1. UPS He II valence band spectra of the carbo
nanotubes (solid line) and graphite (dotted line).

level. We have indeed observed these changes in car
nanotubes by measuring and comparing the thresh
of the secondary electron tail and the Fermi edge
the He I spectra for the carbon nanotubes and graph
samples. As shown in Fig. 2, the secondary electron t
threshold is shifted to higher binding energy by 0.2 e
while a steeper Fermi edge is detected for the carb
nanotubes as compared with graphite. Since in UPS H
spectra the vacuum level can be determined at the posit
21.2 eV apart from the secondary electron tail thresho
the 0.2 eV shift of the secondary electron cutoff mea

FIG. 2. The secondary electron tail threshold and the Fer
edge for the carbon nanotubes (solid line) and graphite (dot
line), determined by He I UPS.
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a 0.2 eV decrease in the nanotubes’ work function; i.
their work function is closer to the Fermi level by 0.2 e
than that of graphite. This change is regularly observa
for carbon nanotubes of various sizes in our studies. T
lower work function of carbon nanotubes compared w
that of graphite was recently reported in a conferen
document, relying on theoretical and thermal electr
emission studies on carbon nanotube thin films [12].

The XPS study has also revealed the difference betw
graphite and the carbon nanotubes in the C1s core level
energy position, full width at half maximum (FWHM), and
its energy loss fine structures. As usual, the C1s peak
is detected at a BE of 284.6 eV for graphite. It shifts
lower binding energy by 0.3 eV for carbon nanotubes, w
a larger FWHM of 1.1 vs 1.0 eV of graphite. The neg
tive shift of the C1s peak may be ascribed to weake
c-c binding caused by the curvature of graphene sheet
well as the larger interlayer distance of the carbon na
tubes. Again the larger FWHM is regularly observed f
carbon nanotubes of various diameters, and may indic
a shorter lifetime of the holes of C1s photoemission in
nanotubes in comparison to that of graphite. Figure 3
the normalized XPS C1s core-energy-loss spectra for th
carbon nanotubes and graphite. They demonstrate a s
peak at,6.6 eV loss energy and a very broad loss featu
around 27 eV, corresponding to collectivep ands 1 p

plasma excitation, respectively [13–15]. In comparis
with those of graphite, both (low- and high-energy tra
sition) loss features are stronger for carbon nanotubes
good agreement with those previously reported [14]. T

FIG. 3. The C1s core-energy-loss spectra for (a) the carbon
nanotubes; (b) graphite; and (c) C60. The spectra have been
normalized to the C1s main peak and relocated with the los
energy of the main peaks all being zero. The spectrum of60
is moved down for clear presentation.
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appears to be related to the curved nature of the graph
sheets in carbon nanotubes. In graphite, the carbon2p-p
electron density is symmetrically distributed with respe
to the flat graphene plane, whereas in nanotubes it is re
calized with most of the wave function being outside th
curved graphene layers, which is favorable top electron
plasma transitions [11]. In addition to the above differen
in the intensity of loss features, some extra low-ener
transitions (p electron plasmon) are observable at,5.4 eV
for carbon nanotubes. This phenomenon is also obse
able and most evident on C60 samples [see Fig. 3(c)]. The
energy position of thep plasma loss peak is known to
be related to the delocalization of2p-p electrons. Ac-
cording to the literature [15], the dispersion coefficient
2p-p electrons is 0.5 for graphite and 0.25 for C60. It can
be estimated that the corresponding coefficient for carb
nanotubes would be between 0.25 and 0.5.

Figure 4 displays the optical limiting behavior of th
carbon nanotubes (in diameters between 15 and 20 n
suspended in ethanol, measured with 532-nm [see
open circles in Fig. 4(a)] and 1064-nm [Fig. 4(b)] lase
pulses. At incident fluences of less than0.06 Jycm2 the
energy transmittance is a constant. However, in exc
of 0.06 Jycm2, the transmittance decreases as the in
dent fluence increases, a typical limiting property. E
periments have been performed on the carbon nanotu
with different diameters (e.g., 5–10 nm, 15–20 nm, a
25–35 nm), producing similar results under the iden
cal conditions (see Fig. 5). For a comparison, Fig.
also shows the nonlinear limiting effect of the C60 dis-
solved in toluene solution (the crosses) and the carb
black which is aggregates of small carbon particles s
pended in distilled water (the solid triangles). The e
e linear
spectra
and C

entation.
FIG. 4. Nonlinear transmission of the carbon nanotubes in ethanolssd; C60 in toluenes1d; and carbon black in distilled water
smd. The nonlinear transmission was measured with 7-ns laser pulses at (a) 532-nm, and (b) 1064-nm wavelength. Th
transmittance of the three systems has all been normalized to unity. The inset of (a) shows the optical transmission
recorded in the wavelengths between 200 and 1200 nm for the carbon nanotubes suspended in ethanol (top curve)60
dissolved in toluene (bottom curve). The transmission spectrum of the nanotubes has been shifted vertically for clear pres
The spectrum of the carbon black suspension is identical to that (the top curve) of the carbon nanotubes.
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periments have been conducted under the same co
tions, while the concentration of the C60 and carbon
black in the tested solutions has been adjusted in s
a way that its linear transmittance is,50% at 532 nm,
close to that of the carbon nanotubes. In Fig. 4,
linear transmittance is normalized to unity to facilita
the comparison. The limiting threshold, defined as t
incident fluence at which the transmittance falls to h
of the linear transmittance, is around1.0 Jycm2 for the
carbon nanotubes, lower than those of C60 and carbon
black as shown in Fig. 4(a). Figure 4(b) clearly demo
strates that the carbon nanotubes are a broadband
iter up to 1064 nm (inclusive of 700 nm, though th
data are not shown), whereas at 1064 nm carbon b
has much higher threshold value, and limiting pheno
ena totally vanish for the C60 solution. In C60, excited
state absorption has been identified as a dominant me
nism for optical limiting [16]. Indeed the optical ab
sorption spectrum in the inset of Fig. 4(a) does show
ground-state absorption at 532 nm for C60. The ground-
state absorption promotes electrons into excited sta
giving rise to the excited-state absorption. No groun
state absorption at 1064 nm in the inset of Fig. 4(a)
plains why there is no limiting response from C60 at
this wavelength. For the carbon nanotubes, the grou
state absorption is absent at 532 and 1064 nm. On
other hand, our electronic structure study discussed ab
shows that the carbon nanotubes have a lower work fu
tion, lower electron binding energy, and stronger plas
excitation. These and the broadband limiting respo
appear to suggest that the limiting property of the c
bon nanotubes may mainly result from another mec
nism, i.e., nonlinear scattering, which has been identifi
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FIG. 5. Nonlinear transmission of the carbon nanotubes
ethanol, measured with 7-ns laser pulses at 532 nm for carb
nanotubes with diameter of 5–10 nmshd, 15–20 nmssd, and
25–30 nmsnd.

to be the dominant process for carbon black suspensio
[17–19]. In this process, heating due to the presence
the laser pulses can lead to vaporization and ionizati
of carbon particles or nanotubes, and then form rapid
expanding microplasmas. In return, these microplasm
strongly scatter light from the transmitted beam direction
leading to the decrease in the measured transmitted lig
energy. The carbon black in this study was observed (
TEM) to consist of carbon particles in the size similar t
that of our carbon nanotubes, and its linear transmittan
was adjusted to the same level of the carbon nanotub
Hence, though it is still difficult to understand the dif-
ference between the behavior of carbon black and nan
tubes, the excellent optical limiting effect of the carbo
nanotubes may be related to their stronger plasma e
citation, lower electron binding energy, and lower wor
function as discussed previously.
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