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Thermionic emission properties of conical carbon nanotubes (CCNTs) grown on platinum wires and planar
graphite foils were investigated. The work function (Φ) values extracted from the thermionic emission
data range from 4.1 to 4.7 eV. The range of Φ values is attributed to the morphological characteristics, such
as tip radius, aspect ratio, density, and wall structure of CCNTs. The observed lower values for Φ are signifi-
cantly smaller than that of multi-walled carbon nanotubes (MWNTs). The reduced Φ values are attributed
to field penetration effect as a result of the local field enhancement from these structures having high aspect
ratio and an excellent field enhancement factor. The high amplification of the external field at the apex of the
nanostructures is capable of reducing both the barrier height and the width, in turn contributing to the im-
proved emission current at lower temperatures. The ultraviolet photoemission spectroscopy data of CCNTs
grown on Pt wires are in reasonable agreement with the thermionic emission data. The conical carbon
nanotubes may be potential candidates for thermionic cathodes with superior performance over convention-
al cathodes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Their superior structural, mechanical, electrical, and thermal prop-
erties make carbon nanostructures suitable for many applications, in-
cluding effective field emitters and thermionic emitters. Carbon
nanotubes have especially been proven to be a promising material
for field emission cathodes. Various configurations based on these
materials have been shown to produce high current densities and
low turn on voltages [1,2]. Carbon nanotubes are known to be me-
chanically, chemically and electrically robust. In contrast, metal ox-
ides are not suitable for high current emission because they have
too-high electrical resistivity and cause serious joule heating, which
quickly damages the emitter when operating at high current density.
It has been shown that poor vacuum conditions do not destroy carbon
nanotube emitters, though it lowers their performance [3]. The geo-
metrical properties, such as the small tip size and the high aspect
ratio of carbon nanotubes, are believed to be responsible for the ad-
vantage of carbon nanotubes over other conventional materials. As a
result, carbon nanotubes are considered to have great potential for
field emission and thermionic emission applications.

More importantly, the fundamental parameter that governs the
field emission and thermionic emission is the work function Φ,
since the current density increases exponentially as the work func-
tions decreases. There have been a wealth of results on experimental
measurements and theoretical calculations of the work function of
carbon nanotubes [4–20] (Table 1). The main advantages of the
thermionic emission-based method of obtaining work function of
CNT are the (i) accuracy of the measurement and (ii) elimination of
the adsorbents [4]. It was shown by Peng Liu et al. that values
obtained by thermionic emission method [4,5] are consistent with
the theoretical prediction [17–19] and roughly agree with photoelec-
tron emission (PEES) measurements (Table 1). Results of the study by
Peng Liu et al. showed that values of the work function vary slightly
from sample to sample, and there is no clear evidence of the depen-
dence on the number of walls in the case of MWNT sidewalls. The
value of work function for tips obtained from measurements was
smaller than in the case of the sidewalls [5] of the CNT, which is in
agreement with theoretical predictions [19]. It is clear that for side-
walls of the carbon nanotubes with a diameter larger than 1 nm, in-
dependent of the number of walls, the work functions lie in the
range of 4.6 eV–5 eV.

Field emission properties of various carbon nanotubes, including
single-walled carbon nanotubes (SWNTs), multi-walled carbon
nanotubes (MWNTs) [1–3,20,21] and conical carbon nanotubes
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(CCNTs) [22–25] have been extensively studied. There has been lim-
ited work on the thermionic emission of carbon nanotubes [4,6,7]
and carbon nanotube yarns [5].

Here we report thermionic emission properties of conical carbon
nanotubes directly grownonplatinumwires and graphite foils. Previous-
lywe reportedenhancedfield emissionproperties of such structures [24].
These structures consist of a central carbon nanotube surrounded by he-
lical graphene sheets. The thermionic emission results were used to ex-
tract the work function values of CCNTs and further confirmed from
ultra-violet emission spectroscopy.

2. Experimental

CCNT samples studied in this paper were grown bymicrowave plas-
ma assisted chemical vapor deposition (MWCVD) on two different sub-
strates: (i) platinum wire (Alfa Aesar, 300 μm diameter, 99.9% (metals
basis)) [22–24] and (ii) graphite foil (Alfa Aesar, 130 μm thick, 99.8%
(metals basis)) [25]. Total length of the Pt wire samples were ~3–4 cm
and average area of deposition was 0.02 cm2 (~2 mm section of Pt
wire on one end). For graphite foils, average area of deposition was
0.5 cm2 and total area of the sample ~1 cm2. Samples grown on Pt
wire are labeled 1, 2 and 3 while samples on graphite foil are labeled
4, 5 and 6 (Table 2). The experimental procedure of the growth has
been described in detail elsewhere [22–25]. However, we changed the
growth process for samples with CCNTs grown on graphite foil. The ex-
perimental procedure is still similar to that of previouswork [25], except
for the addition of a two-step process with a change in the gas phase
composition to vary the structural characteristics of CCNTs. Step 1 con-
sists of carbon deposition using 2.5 vol.%methane in 200 sccmof hydro-
gen followed by a deposition and etchingwith 2 vol.%methane in step 2.
These changes include only samples with CCNTs grown on graphite foil.

Thermionic emission and field emission measurements were
performed on each sample in a vacuum chamber at a base pressure
about 10−7 Torr. Two different arrangements of measurements were
used for the CCNTs grown on (i) platinum wire and (ii) graphite foil
(Fig. 2).

In the case of the platinumwire, the samplewas placed in a V-groove
of amolybdenumplate (Fig. 2(a)). A flatmolybdenum anodewas slowly
moved toward the CCNTs bymeans of amicromanipulator. In the second
case, conducting graphite foil with synthesized CCNTs was placed on a
thin ceramic plate (BoronNitride) supported on a Pyrolitic BoronNitride
(PBN) heater (Fig. 2(b)). A conducting molybdenum wire was attached
mechanically to the graphite foil so that wire and foil act as the cathode.
Amolybdenumanodewas arranged over the sample and attached to the
micromanipulator (Fig. 2(b)). Zero distance (d=0) between cathode
(sample) and anode was established by observing a sudden electrical
short when the anode just touched the sample. Measurements were
performed at a set distance (d) for different temperatures by sweeping
the voltage U from 0 to 500 V while recording the current I using a
pico-ammeter (Keithley 6487) equipped with a built-in variable voltage
source. PBN heater was connected to a separate power supply. Temper-
atures were measured using an infrared pyrometer (Raytek MA2SCCF;
Infrared; single color; Spectral response: 1.6 μm).

After loading the samples into the chamber and reaching desired
pressure, field emission measurements were performed. I–U character-
istics of the CCNTs were studied at room temperature for varying sepa-
rations between the cold cathode and the anode. This was done in order
to define conditions for which field enhanced thermionic emission will
be the dominating mechanism of the electron emission to the vacuum
and to obtain information about field emission properties of our sam-
ples. Separation distances between anode and cathode for thermionic
emission measurements were typically 1000–2000 μm.

UPSmeasurementswere performed usingmulti-chamber ultra-high
vacuum (UHV) surface science facility (VG Scientific/RHK Technology)
comprising of a 150 mm radius CLAM 4 hemispherical analyzer. CCNT
arrays on platinum wire were studied using He-I (21.23 eV) and He-II
(40.81 eV) UV excitations. A stable bias was provided to avoid the in-
strumental cutoff in the lens system of the analyzer at low kinetic
energy (KE) for all the UPS spectra measurements. The external bias
and the spectra were shifted back to zero-bias position through data
post-processing. The calibration of theUPS spectrometerwas performed
bymeasuring and validating the absolute position of the Fermi level of a
standard gold sample.

3. Results and discussion

As a result of the MWCVD growth, samples were obtained with an
array of randomly scattered Conical Carbon Nanotubes (CCNTs) on the
substrates. Fig. 1 shows the SEM images of the four CCNTs samples
under investigation. There are visible variations in density, morphology,
and aspect ratio. The insets show the enlarged view of the individual
CCNT tip. The close-up view of sample 6 as shown in Fig. 1(e) shows
the presence of “horn-like” structures with blunt tips along with
CCNTs. The characteristics for the CCNT samples are summarized in
Table 2.

CCNTs grownonplatinumwire are usually smaller in sizewith aspect
ratio higher than in the case of graphite foil. The density of the growth of
the CCNTs for Pt wire is on average significantly larger (107/cm2) in
comparison with graphite foil samples: sample (4) — 104/cm2; sample
(6) — 102/cm2 for both CCNTs and microhorns, respectively. However,
these density values are rough estimates, as it is considered as an array
of randomly grown CCNTs.

The thermionic Current–voltage characteristics measured at vari-
ous temperatures are shown in Fig. 3a,b.

Field enhanced thermionic emission (FETE) was used to determine
the work function value of the as-grown conical carbon nanotubes.
FETE is also known in the literature as a Schottky effect, and dependence

Table 1
Values of CNT'swork function obtained bydifferent groups and using different techniques.

Method Material Work function,
Φ [eV]

Reference

Thermionic
emission

a) Sidewalls
SWNT 4.70–4.92 [4,5]
DWNT 4.85–4.87
MWNT 4.80–4.91

b) Tips
MWNT 4.41
MWNT yarns 4.54–4.64 [5]
CNT 4.2 [6]
BaO/SrO coated CNT 2.1

PEES HOPG 4.80 [9,10]
SWNT ~4.73–5.05
MWNT 4.95

CPDa SWNT 4.6–4.8
4.7

[11,12]

a Contact potential difference.

Table 2
Characteristics of the CCNTs grown on graphite foil.

CCNT sample Lengtha,
l [μm]

Base
diametera,
D [μm]

Tip diametera

d [nm]
Aspect ratio,
l/D

Pt wire 1–3 5–10 0.1–0.5 10–20 50–100
Graphite
foil

4 15–30 2–4 30–50 10–30
5 2–15 0.5–1 50–100 4–30
6
(CCNT)

15–25 1–2.5 60–100 15–25

(“microhorns”) 0.5–50 3–4 500–2000 1.7–10

a Length and diameter of CCNT are averaged values obtained from characterization
of several different areas of each sample.
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