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ABSTRACT

The work function of carbon nanotubes might depend on their diameters and the number of walls, and be different for their tips and sidewalls.
Here we report the work function measurement of single-walled, double-walled, and multiwalled carbon nanotubes by investigating the thermionic
emission from the middle of their bundles. It is found that the sidewall work functions of the three kinds of carbon nanotubes are all around
4.7-4.9 eV; the diameter and the numbers of walls have no obvious influence on their work functions. For the carbon nanotube bundle with
some tips appearing in the middle, the measured work function is smaller than without tips, indicating that the work function of tips is smaller
than that of the sidewalls. This tip effect also results in a difference in the thermionic emission characteristic, implying non-uniform work
function distribution along the bundle.

Work function is an important parameter of carbon nanotubes The samples are all the CNT bundles synthesized with the
(CNTSs) for its many different kinds of interesting applica- chemical vapor deposition (CVD) on a silicon wafer with a
tions. The applications on nanoelectrics will be focused on patterned catalyst island. We have controlled the synthesis
the sidewall work function because it will decide the contact process to alleviate the effects of tips along the bundle.
properties with the foreign materials and influence the per- Therefore the work function of sidewalls can be measured
formance of devices. Applications on field emission will be separately. We at first discussed the relation between work
focused on the work function of tips because the electrons function and diameter and the number of walls of CNTs
emitted from there. There are a lot of measurements andin this experiment. To study the work function of the tips,
calculations of the work function of CNTs with different we have further investigated the thermionic emission of
methodst 16 we have also measured the work function of the CNT bundles with some tips along them which is
multiwalled CNT (MWCNT) yarns with the thermionic emis-  also realized by controlling the synthesis condition. The
sion method/ which has advantages such as accurate work function difference between the tips and sidewalls is
measurement and automatic elimination of adsorbates, etcdiscussed.
However, there are still some experimental issues that need The measured sidewall work functions of SWCNTs,
to be clarified. The first one is the relations between work DWCNTSs, and MWCNTSs are around 4-4.9 eV. This result
function and the diameter or number of walls of CNTs. shows that the diameter or number of walls has no obvious
Although there are also some theoretical predictioRgx- influence on the work function of the CNTs in our experi-
perimental verification is still needed. Another concern of ment. The study about the tips shows that their work function
the experimental work function measurement is the difference is smaller than that of the sidewalls. It is in accordance with
of the sidewall and tips. Theoretical calculatibhave shown  our previous work function measurement for the MWCNT
that the work functions of tips and the sidewall are different, yarns.
but the accurate experimental measurement for each of them The CNT samples are all the bundles picked out from the
separately is still scarce. The experimental difficulty lies in CNT arrays synthesized with a CVD method on the silicon
that the CNTs are usually entangled together. The work wafer with patterned catalyst islands. Figure-tahow their
functions of tips and sidewalls are difficult to separate. ~ Scanning electron microscope (SEM) images from the top
In this paper, with the thermionic emission method, we VIEW.
measured the work function of the single-walled CNTs _ The height of the CNT bundles is around 4@D0 «m.

(SWCNTSs), double-walled CNTs (DWCNTSs), and MWCNTs, Therefore, the electrode structures with conventional size will
not be suitable to study their thermionic emission. We have
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Figure 1. SEM images (top view) of (a) SWCNT, (b) DWCNT, and (c) MWCNT arrays synthesized with the CVD methe)typical

transmitted electron microscope (TEM) images of the SWCNT, DWCNT, and MWCNT samples in our experiment, respectively. The scale

bars in the TEM images are all 5 nm.

result. However, this process usually happened a little while

after the growth starts; therefore if we choose the part of
/ bundles near the starting end for research, the tip effects can

ITO glass\ / be alleviated. For SWCNT and DWCNT samples, we have
[ ] chosen the part near the starting ends to study, which is
shown in Figure 3a and b. The thin ends are the bottom ends

- Heating curent - /A] (the stopping end in the bottom growth mé4¥), and the
CNT _/Pt bundle diameters between the two electrodes are uniform.
bundle —W For the MWCNT bundles, we have stopped the growth

\Sim intentionally a little while later after the growth started so
\Si that there are still not many tips appearing. The insets in

Figure 3a-c show that the edge of the bundle is uniform

. . . and there are no tips along them.
Figure 2. Schematic electrode structure to measure the sidewall .
work function of CNTSs. The CNT bundles were heated in a vacuum chamber at

the base pressure of2 10-° Pa with a source meter at the
DC mode (Keithley 2410). Figure 3d are the incandes-
The electrode structure was formed on the silicon wafer cgnce images of the SWCNT, DWCNT, and MWCNT

with the SiQ layer. We at first defined the electrode patterns pyndles. We can find that they are mostly heated in the
with a photoresist by lithography technologies (EVG 620), middie part. It shows that there is no large difference for
and then the metal electrode layers were electron-beamhe resistance along the bundle, and the CNT density along
evaporated onto the wafer (Anelva L-400EK). A lift-off  the pundle is uniform. The thermionic emission current was
process was adopted to remove the resist after that. At last,cglected by an indium tin oxide (ITO) glass anode with
a dry etching process was performed (Anelva Helicon DFR) another source meter (Keithley 237). The incandescence light
to form the trench. The CNT bundles were then welded on yansmitted from the ITO glass was collected by a spectro-
the electrodes with a wire bonder (Kulicke and Soffa 4523). \54iometer (Konica-Minolta CS 1000A) with a small area

The metal layer of W is to improve the adhesion between o5 (CS 1000S) and was fit with the black body emis€igh
wafer and electrode materials, and the Al layer serves as;q cglculate the temperatures.

the r_e5|st layer in the dry etching process and improves the The work function was calculated according to
welding property of the electrode at the same time. The Richardson’s formulal

trench is designed to suspend the CNT bundles to reduce ’
the thermal dissipation during the heating.

Figure 3a-c show the SEM images of the SWCNT, i, =AT? exp(— ﬂ)
DWCNT, and MWCNT bundles bonded on the electrode KT)
structures. As we have mentioned, it is important to exclude
the tip effects in the work function measurement for the wherej, is the zero field thermionic emission current density,
sidewalls. According to our synthesis experiments, usually A is Richardson’s emission constarf, is the absolute
there will be some CNTs which stopped growth earlier than temperatureyp is the work function of the cathode at absolute
the others and their tips will appear along the bundle as azero temperaturek is the Boltzmann constant.
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Figure 3. (a—c) SEM images of SWCNT, DWCNT, and MWCNT bundles bonded on the microelectrodes, respectively; insetsaie a
their enlarged SEM images at the edges of the bundled) (Bheir corresponding incandescence images.
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Figure 4. (a—c) ThermioniclV curves and (ef) the Inl — VV curves of SWCNT, DWCNT, and MWCNT bundles shown in Figure 3,
respectively. The label of each curve shows the corresponding temperature of the bundles in Kelvin.

The “zero field thermionic emission currenfy can be recorded by Keithley 237, can be easily derived. Figure 4
calculated from thdV curves according to the Schottky shows thelV and In1 — vV curves of the SWCNT,

effect??

o e,/ eH4me,
Ja=Jo€X kT

DWCNT, and MWCNT samples shown in Figure 3.

We have measured three samples for each of the three
kinds of CNT bundles. The measured work functions are
listed in Table 1.

The work function is very close to the values measured

wherej, is the thermionic emission current densigyjis the by the photoemission method in refs 6 and 7. It is easy to
electron chargeE is the electric field on the thermionic understand because the photoemitted electrons for the

cathode surface, ang is the vacuum dielectric constaif. samples in refs 6 and 7 are also mostly come from the
can be substituted by.,/U,+U. Here a is a constant  sidewalls. The diameters of the SWCNT, DWCNT, and
determined by the geometry of electrode structutésis MWCNT measured from the TEM images are respectively

the anode voltage in voltgl. is the contact potential between 2.2 £ 0.8 nm, 4.9+ 0.8 nm, and 8. A4 1.7 nm, and the
the cathode and anode, which is usually belbV and can number of walls are 1, 2, and4. Although the diameter
be neglected in the calculation. According to the data or number of walls of the SWCNT, DWCNT, and MWCNT
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Table 1. Work Function of CNT Bundles

temerature work

sample range function

number (K) (eV) type
1 1826—2128 4.70 +0.03 SWCNT
2 1874—-2136 4.89 £+ 0.02 SWCNT
3 1817—-2129 4.92 +0.03 SWCNT
4 1880—2148 4.85 +0.03 DWCNT
5 1865—2151 4.85 +0.01 DWCNT
6 1846—2092 4.87 +0.05 DWCNT
7 1826—2115 4.91 4+ 0.03 MWCNT
8 1808—2088 4.80 +0.03 MWCNT
9 1747-2100 4.82 4+ 0.04 MWCNT

Figure 5. (a) SEM images of the MWCNT bundles which stopped
growth naturally; (b) the incandescence images of the bundle; (c
and d) the enlarged SEM image of the top and bottom ends.

varied, their work functions are still very close. It shows
that the diameter or number of walls have no obvious
influences on the work function of the CNTs in our
experiment. This result is also in accordance with the
theoretical calculations in refs 1 and 2 which show that the
work function of CNTs will approach the same value when
their diameters are larger than 1 nm. The diameters of our
samples are all beyond this limit. This conclusion is easy to
understand because the graphite layers of CNTs will exhibit
the same property when the curvature effect become minus.
To study the tip effect on the work function of CNT , ) , . , ,
bundles, we have also synthesized the CNT bundles with 0 100 200 300 400 500
some tips appearing along the bundle. By allowing the CNT Voltage (V)
bundles to naturally grow to death, there will be some tips
appearing along the bundle due to some CNTs which stopped
growth earlier. We have investigated the thermionic emission
characteristics of of this kind of CNT bundles. Figure 5a
shows the SEM images of the MWCNT bundles which has
naturally stopped growth. Under the bottom growth m&de,
the CNTs at the bottom end is more sparse and disorderd
than those at the top end, as shown in Figure 5c and d.
Therefore, when they were heated with current, the bottom
end will be much hotter and brighter than the top end as
Figure 5b has shown for its higher resistance. The thermionic
emission current from the samples will be the mixture from rigyre 6. (a and b) Thermioni¢V and Inl — vV curves of the
the tips and sidewalls. sample shown in Figure 5. The label of each curve shows the
Figure 6 is the thermionic emissid¥ curves of the CNT ~ corresponding temperature of the bundles in Kelvin.
bundle. The work function calculated from thermionic
emission data is 4.4% 0.03 eV, which is smaller than that regime®?in the Inl — VV curves in Figure 4 are alt7 on
of the sidewall. Our previous measurements for the MWCNT the horizontal axis (50 V in thdV curves), while the
yarns also give a smaller work function than the sidewalls. transition point in Figure 6 is at9 on the horizontal axis
It strongly shows that the work function of CNT tips is lower (80 V in thelV curves). According to the thermionic emission
than that of the sidewalls. The difference in work functions theories?® it can be interpreted by the “patch field” effect
of tips and sidewalls may originate from their different which is shown in Figure 7.
electronic structures and image potentials. Zhou et al. have [f the work function on the cathode surface is not uniform,
discussed the influence of the different electronic structures there will be the contact potential and the “self-constructed
of tips and sidewalt. Furthermore, because the tips and field”. The anode voltage have to neutralize this electric field
sidewalls have different atomic and geometric structures, thefirst before drawing out the thermionic electrons. Therefore
image potential of an emitted electron felt at the tips and the transition voltage from retarding field regime to ac-
sidewall will also be different, which can also induce the celerating field regime is increased for CNT bundles with
work function difference of the tips and sidewalls. non-uniform work function distribution.
The thermionidV curves of the bundle with tips are also In conclusion, we have reported the measurement of the
different from that without tips. The transition points from work function of SWCNT, DWCNT, and MWCNT bundles
the “retarding field regime” to the “accelerating field with thermionic methods in this paper. The work functions
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