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Since single-walled carbon nanotubes (SWNTs) were
discovered in 1993,1 their unique physical and electronic
properties have attracted considerable interest. SWNTs have

been used as field emission sources of field emission display
devices because of their unique structures and prominent
stability.2 It is well-known that adsorption of various gases
on SWNTs leads to different field emission characteristics.
For example, exposure of SWNTs to oxygen gas increases
the turn-on voltage and decreases the field emission current,3

whereas intercalation of Cs atoms decreases the turn-on
voltage by a factor of 2.1-2.8 and increases the field
emission current by a factor of 10 to the power of 6.4

Organosilicon compounds, in which extensive delocaliza-
tion of σ electrons takes place along the silicon chain, have
many unique and interesting electronic properties.5 In this
account, we report novel hybrid materials prepared from
SWNTs and organosilicon compounds. Interestingly, the
hybrid materials exhibit significantly enhanced field emission
efficiency compared with pristine SWNTs.

SWNTs produced by the pulsed laser vaporization method
of a metal/carbon target in a furnace at 1100°C and purified
by a previously reported procedure were obtained as toluene
suspension from the Tubes@Rice. For the addition of silyl
radical, the SWNTs were dispersed in benzene by ultrasoni-
cation. Irradiation of a degassed benzene suspension contain-
ing SWNTs (2 mg) and 1,1,2,2-tetraphenyl-1,2-di-tert-butyl-
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1,2-disilane (1, 10 mg) with a low-pressure mercury-arc lamp
resulted in formation of the silylated SWNTs (SWNTs-1).
The SWNTs-1 were collected and washed by toluene to
remove residual silicon compounds. The SWNTs on which
organosilicon compounds are adsorbed (SWNTs/1) were
prepared from the ultrasonic treatment of a mixture of 2 mg
of SWNTs and 10 mg of organosilicon compounds in 10
mL of benzene at room temperature. SWNTs/1 were col-
lected by filtration using a membrane filter, washed with
benzene to remove free organosilicon molecules, and then
dried. The carbene adduct of SWNTs (SWNTs-CH2) was
prepared from the reaction of SWNTs and diazomethane.6

A SWNTs (50 mg) dispersion in toluene was added to the
ether solution of diazomethane (large excess) at 0°C and
then stirred at room temperature under an Ar atmosphere in
the dark. The reaction mixture was heated to 100°C and
then was collected and washed by toluene. The diazomethane
was prepared fromp-tolylsulfonylmethynitrosamide and
Carbitor by the literature method.7 (Diazomethane is toxic
and explosiVe.)

Figure 1a is a scanning electron microscope (SEM) image
of the SWNTs-1. SWNTs-1 are clean and uniformly dis-
tributed in the form of bundles. The existence of silicon in
the SWNTs-1 was demonstrated clearly by energy dispersive
X-ray spectrometry (EDS) line analysis, as shown in Figure

1b. Raman spectroscopy is useful for characterizing SWNT
features.8 As shown in Figure 1c, the typical Raman pattern
of the SWNTs excited at 488 nm was observed. It shows
the well-defined radial breathing mode at 200 cm-1, a strong
tangential mode at 1590 cm-1, and a disorder mode with
very low intensity at 1350 cm-1. It is well-known that charge-
transfer between SWNTs and dopant, such as alkali metals,
shifts the tangential modes remarkably.9 No significant
difference in the tangential mode between pristine SWNTs
and SWNTs-1 was observed, although theoretical calcula-
tions (see below) reveal that about 0.7-0.8 electron is
transferred from SiH2 to SWNT. It may be due to the small
number of silicon substituents on the sidewall of SWNTs
bundles.

The field emission currents were measured as a function
of applied voltage at a pressure of 1.0× 10-7 Torr for a
spacer of 10 mm between a cathode of the SWNTs tips and
an anode of the Faraday cup. Isosceles triangle-shaped
SWNTs tips were cut out from the mats of SWNTs, SWNTs-
1, and SWNTs/1 using a razor and were fixed on top of hair-
pin shaped wires using Ag paste to measure the field
emission properties, respectively. The anode was electrically
grounded, and the negative bias was applied to the cathode
(up to 500 V). Weak and unstable currents were observed
for each sample only at the first rising of the voltage around
150-200 V; these suggest removal of adsorbates. Current-
voltage (I-V) properties were measured from 500 to 0 V.9

From theI-V characteristics (Figure 2a), the turn-on voltage
decreases from 400 to 200 V/0.1 pA by silylation, and the
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Figure 1. (a) SEM image of SWNTs-1. (b) EDS analysis of SWNTs-1.
(c) Raman spectra of SWNTs and SWNTs-1.

Figure 2. Plots of the field emission current vs voltage of SWNTs, SWNTs-
1, and SWNTs-CH2. (a) First scan. (b) Second scan.
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field emission current increases from 10-8 to 10-6 A at a
voltage of 500 V. SWNTs-CH2 also show a lower gate
voltage (350 V/0.1 pA) than SWNTs.10 These results suggest
that the chemical functionalization improves field emission
properties of SWNTs significantly. The second measurements
of the same SWNT tips showed the result similar to theI-V
properties of the first measurements, as shown in Figure 2b.

We have reported that the covalent combination of C60

and organosilicon compounds produces a new class of
silylfullerene. The combiningπ andσ conjugated compounds
have interesting characteristics, and the silylfullerene has
lower oxidation and higher reduction potentials than the
analogous carbon substituted derivatives as well as C60

itself.11 This unique electrochemical property is the electron-
releasing nature of silicon relative to carbon. In addition to
the covalent combination, a noncovalent combination of C60

and organosilicon compounds was realized by Wang et al.,
who reported that doping of fullerene into polysilane
enhances its charge-generation efficiency significantly.12 We
compared the field emission properties between SWNTs and
the adsorbed adduct (SWNTs/1). SWNTs/1 shows a lower
gate voltage (250 V/0.1 pA) than SWNTs, suggesting that
the intermolecularσ-π interaction between SWNTs and the
organosilicon compound also enhances effectively the field
emission of SWNTs.

To understand the above experimental results, we have
studied the interaction of SiH2 and Si2H6 with the semicon-
ducting (10,0) SWNT and that of SiH2 with the metallic (5,5)
SWNT by using local density functional theory. In the case
of Si2H6-(10,0), a supercell containing double unit cells of
the (10,0) SWNT is constructed, while in the case of SiH2-
(5,5), a supercell containing three unit cells of the (5,5)
SWNT is constructed. Full geometry optimization was
performed for both the atomic positions and lattice lengths
by using the ultrasoft pseudopotential plane-wave program,13

CASTEP,14 with a cutoff energy of 240 eV. The convergence
tolerance of force on each atom is 0.01 eV/Å. Static total
energies of the relaxed structures are calculated with a larger
310 eV cutoff energy. An all-electron double numerical
atomic orbital basis set13 is employed to calculate the
electronic energy bands. SiH2 is adsorbed on the sidewall
of the (10,0) SWNT (Figure 3a), and the adsorption energies
are 2.11, 4.34, and 8.02 eV for one , two, and four SiH2

groups per super cell, respectively (the corresponding ratio
of Si:C is 2.5%, 5%, and 10%, respectively). The band gap
of the (10,0) SWNT is reduced from 0.81 to 0.73, 0.53, and
0.23 eV, respectively, as a result of the formation of new
bands in the band gap by SiH2 addition (Figure 3b). Each
SiH2 group induces a new band in the band gap of the
nanotube and donates about 0.7-0.8 electrons to the nano-

tube. Notably, the Fermi level of the (10,0) SWNT is elevated
by 0.24, 0.46, and 1.06 eV, respectively, by one, two, and
four SiH2 additions per unit cell, suggesting a corresponding
reduction of 0.24, 0.46, and 1.06 eV in the work function
(in the first approximation, the work function is equal to the
negative Fermi level).15 Similarly, the Fermi level of the (5,5)
SWNT is elevated by 0.10 and 0.50 eV by one and six SiH2

additions per supercell (the corresponding ratio of Si:C is
1.7% and 10%, respectively). These remarkable reductions
in the work function are in agreement with the measured
remarkable reduction in turn-on voltage of field emission of
SWNT upon silylation.

Covalent functionalization by CH2 elevates the Fermi level
of SWNTs in a less significant way than that by SiH2. The
Fermi level of the (10,0) SWNT is only elevated by 0.59
eV upon four CH2 additions per unit cell, half the value of
SiH2 addition. This appears qualitatively consistent with the
observed smaller enhancement in field emission upon CH2

addition than organosilicon addition as shown in Figure 1.
Si2H6 is physisorbed on the surface of the nanotube (Figure
3a) with an adsorption energy of 0.19 eV. The shortest atom-
to-atom distance between Si2H6 and the (10,0) SWNT is 2.88
Å. No significant shift of the Fermi level is found at this
concentration, but 0.01 electrons are transferred from Si2H6

to the nanotube. If the concentration of Si2H6 is increased
by a factor of 10, the number of transferred electrons would
be increased to about 0.1. These transferred electrons are
likely to fill the conduction band rigidly and elevate the Fermi
level as in the case of Cs doping.16 Therefore, the mechanism
of enhanced field emission upon physisorption of organo-
silicon can be understood in terms of a simple electron-
transfer picture.

Extensive delocalization ofσ electrons takes place along
the silicon chain, giving rise to many interesting electronic
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Figure 3. (a) Optimized structures of Si2H6-physisorbed (10,0) and SiH2-
adsorbed (10,0) SWNTs with one, two, and four SiH2 per unit cell. (b)
Electronic band structures of pure and SiH2-adsorbed (10,0) SWNTs with
one, two, and four SiH2 per unit cell.
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properties. For example, because of thisσ-conjugation, the
ionization potential is very sensitive to the silicon backbone.
We attempted to expand this approach to other oligosilanes
and polysilanes. TheI-V characteristic of the absorptive
adducts SWNTs/1-7 under the same condition also has an
enhanced emission when compared to pristine SWNTs, as
shown in Figure 4. All organosilicon compounds have
improved the filed emission property of SWNTs. But the
field emission property of these hybrid materials was not
sensitive to the oxidation potential of the organosilicon
compounds (Table 1). It was reported that not only oxidation
potential but also the structures of the organosilicon com-
pounds are important for the charge-generation efficiency
of fullerene toward polysilane.12

In conclusion, the SWNT-organosilicon hybrids were
prepared. In accordance with the significantly reduced work
function found by density functional theory calculations,
silylation of SWNTs significantly increases the field emission
properties of SWNTs. The physisorption of organosilicon
compounds on the surface of SWNTs is also effective for

improvement of the field emission properties of SWNTs.
Unlike the classical alkali metal doping, the hybrid materials
of SWNTs with organosilicon compounds are stable under
oxygen. This simple modification suggests a great potential
industrial utilization as building blocks for field emission
sources.
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Figure 4. Plots of the field emission current vs voltage.

Table 1. (a) Turn-On Voltages for Various Film Field Emitters and
(b) the Anodic Peak Potentials of Organosilicon Compoundsa

a. Turn-On Voltages

compound V (V) compound V (V)

SWNTs/c-(Et2Si)5 (2) 220 SWNTs/Ph(SiPh2)3Ph (5) 260
SWNTs/(Hex2Si)n (3) 220 SWNTs/c-(Ph2Si)5 (6) 270
SWNTs/Ph3Si(SiMe2)2-

SiPh3 (4)
240 SWNTs/(PhMeSi)n (7) 280

SWNTs/(tBuPh2Si)2 (1) 250 SWNTs 400

b. Anodic Peak Potentialsa

compound V vs SCE compound V vs SCE

c-(Et2Si)5 (2) 1.62 Ph(SiPh2)3Ph (5) 1.74
(Hex2Si)n (3) 1.60b c-(Ph2Si)5 (6) 1.61
Ph3Si(SiMe2)2SiPh3 (4) 1.76 (PhMeSi)n (7) 1.00b

(tBuPh2Si)2 (1) 1.90

a The first anodic peak potentials scan rate; 50 mV/s, 0.1 M TBAP of a
CH2Cl2 solution.b Miller, R. D.; Michl, J. Chem. ReV. 1989, 89, 1359.
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