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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 Published by Elsevier B.V.
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.
tronomy,University of Louisville,

anasekera).

sevier B.V.
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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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.
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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.
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.
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



Fig. 1. SEM images of array of CCNTs on Ptwire: (a) sample 1. On graphite foil: (b) sample 4, (c) sample 5 and (d,e) sample 6 with insets showing the enlarged view of the corresponding
CCNT tip. The image (e) shows presence of microhorns structure along with CCNTs with inset showing top part of the microhorn. Images were obtained using NOVA Nano SEM 600.
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of emission currentdensity J on electricfield is expressed by the Schottky
equation [26],

J ¼ t J0e
C
ffiffi
E

p
kT

� �
: ð1Þ

Where, C ¼
ffiffiffiffiffiffiffiffi
e3

4πε0

q
ε0 is a dielectric constant for vacuum; e charge

of electron. t= t(E,T) is the transmission coefficient depending on
properties of a particular material and its surface. Since the depen-
dence of t on the field and the temperature is weak, we neglect this
dependence of t on E and T [27,28].

E is the electric field at the cathode (sample) surface and can be
expressed in terms of the voltage drop between anode and cathode
U as E=αU, where α is a constant that depends on the geometry of
the cathode structure and the inter-electrode distance [4].
J0 is the zero field current density and its dependence on temper-
ature is described by Richardson–Dushman formula [26]

J0 ¼ AT2e−
Φ
kTð Þ ð2Þ

where Φ is the work function of given material; k is the Boltzmann
constant. A is a constant which could be expressed by A=λB⋅ t0 ⋅A0

[28]. Where A0 is the Richardson constant; λB is correction factor re-
lated to the band-structure of an emitting material and t0 is the trans-
mission coefficient for E=0. A could differ from the value of
Richardson constant A0 [27,28]. It has been shown that for different
metal surfaces, the experimental value of A differed from Richardson
constant, depending on the crystal face and the metal surface rough-
ness [27]. For thermionic emission of the carbon nanotube yarns, the
determined experimental value of A was larger than A0 due to rough
estimation of emission area in comparison with actual area [5].



Fig. 2. Field emission/thermionic emission measurement set-up for CCNTs grown on: (a) Pt wire; (b) graphite foil.
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In practice, instead of current density J and electric field Ewe consid-
er current I dependence on temperature T and applied voltage U. Zero
field emission current, I0, is determined from thermionic I–V (Fig. 4a)
characteristics and Ln Ið Þvs

ffiffiffiffi
U

p
curves (Fig. 4a) for each temperature

[26–28]. I–V curves have a characteristic shape for FETE. For the I–V
curves one can distinguish a low voltage regionwith a dramatic increase
of the emission current with the voltage (retarding field regime)
followed by a saturation-like region at higher voltages (accelerating
field regime) [26]. By extrapolating linear saturation part of Ln Ið Þvsffiffiffiffi
U

p
curves one can obtain the value of zero field current I0 modifying

Eq. (1),

LnJ ¼ LnJ0 þ
C
kT

ffiffiffi
E

p
: ð3Þ

Once the values of I0 are known, by plotting Ln I0
T2

� �
vs 1

T (Fig. 4(b))
one can find the work function from the slope. The temperature de-
pendence of zero field current, J0 is plotted in Fig. 4(c), which follows
Richardson–Dushman model. Since current density, J is defined as
current per unit area, J= I/S and use of Ln Jð Þ ¼ Ln I

S

� �
in Eq. (3) implies

that intercept Ln(I0) constitutes the emission area S [5]. However, the
slope (work function) of the linear fit, Ln I0

T2

� �
vs 1

T does not depend on
the size of the area S.

The value ofwork function for CCNTs grown on platinumwire is cal-
culated to be ~4.1 eV. This is significantly lower than values reported for
carbon nanotubes, which are usually on average ~4.6–5 eV (Table 1).

For the samples with CCNT's grown on graphite foil the value of
work function was obtained using the same method.
Fig. 3. (a) Emission current versus applied voltage at different temperatures for CCNT grown on
(b) I–U curve for various temperatures same as in (a) but the current I (for clarity) in logarith
Fig. 5(a) shows the thermionic current, I vs. the cathode–anode
voltage, U for various temperatures. Fig. 5(b) shows I vs U1/2 plot
for each temperature which will be used to extract I0 values as de-
scribed earlier. Fig. 5(c) shows the Ln (I0/T2) versus (1/T) plot for
each temperature with the best linear fit whose slope is used to calcu-
late the work function, Φ. The temperature dependence of the zero
field current, I0 satisfies the Richard–Dushman model as shown in
Fig. 5(d). The analysis yields a value of 4.1 eV for Φ for sample 4
and for samples 5 and 6—4.3 eV and 4.7 eV, respectively. Thermionic
emission results for all samples are shown in Table 3.

It has been found that this value of 4.1–4.3 eV for samples 1–5 (except
sample 6) is smaller than the value claimed for most of the multi-wall
carbon nanotubes. The onset of thermionic emission occurs at a temper-
ature as low as 900 °C which is lower than the reported temperatures in
thermionic emission of theMWNT [4]. These properties could possibly be
attributed to the local electric field enhancement. It was shown that
CCNTs have high aspect ratio and excellent field enhancement factors
in addition to sparse distribution, reducing the screening effect [24].
The previously described structural differences of sample 6 in compari-
sonwith other CCNT samples (presence of microhorns) could be the rea-
son for the higher observed value for work function.

In order to determine thework function byUltraviolet Photoemission
Spectroscopy (UPS), CCNTs grownonly onplatinum (significantly higher
work function) wires were studied. Fig. 6 shows the low kinetic energy
part of the He-I emission spectra of CCNT arrays on a platinum wire.
The work function was then determined from the intersection of
low-KE cut-off tail with the background level. Value of 4.5 eV was
obtained for sample with CCNT arrays on platinum wires.
platinumwire, sample 1; (the inset showsmagnified I–U curves at lower temperatures);
mic scale.



Fig. 4. (a) Ln(I) vs U1/2 curves showing low voltage retarding field regime followed by linear higher voltages accelerating field regime for sample 1; (b) Ln (I0/T2) versus (1/T) plot;
(c) Zero field current I0 vs T.

Fig. 5. Sample 4 grown on graphite foil: (a) I–U characteristic; (b) Ln(I) vs U1/2; (c) Ln (I0/T2) versus (1/T) plot with best linear fit; (d) Richardson–Dushman curve, I0 vs T.

5A. Sherehiy et al. / Diamond & Related Materials 34 (2013) 1–8



Table 3
Summary of the work function values of each CCNT sample grown on graphite foil and
on platinum substrate.

Sample # Work function,
Φ (eV)

dβ/dx
(slope)

β
(value at 120 μm)

Aspect ratio,
d/l

Platinum
wire

1,2 4.1 18.09 ~2000 ~100
3 4.2 (TE)

4.5 (UPS)
Graphite
foil

4 4.1 15.71 1536 10–30
5 4.3 8.52 1040 4–30
6 4.7 7.39 1134 15–30

(1.7–10)

Fig. 7. The field enhancement factor, β vs. cathode–anode separation d for the four
CCNT representative samples grown on graphite foils.
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As mentioned, room temperature field emission properties of all
the samples were studied for different anode–cathode separation dis-
tances d. These measurements could provide additional important in-
formation that can help understand the wide range ofΦ values for the
six samples with different morphologies on different substrates. Fig. 7
shows a dependence of experimentally derived enhancement factor β
on d, plotted for each of the three samples. The value of β is de-

termined using simplified Fowler–Nordheim equation J ¼ aE2loc
Φ e−

bΦ
3
2

Eloc

[24,28]; where, a=1.54·10−6 (eV)A/V2; b=6.83·109 V/(eV)3/2m.
And Eloc=β·Eapp; Eloc — local(effective) electric field; Eapp — applied
electric field, Eapp=U/d.

Value of Φ is obtained from thermionic emission measurements.
It is known that β depends on the inter-electrode distance (d) and

other factors such as tip radius, aspect ratio [24,29] and field screen-
ing effect [24,30]. In the case of CCNTs grown on different substrates,
the discrepancy can be attributed to the structural characteristics of
these conical morphologies with open edges on the outer surface act-
ing as emission sites. From Fig. 7 it is clearly seen that field enhance-
ment is increasing with distance at a higher rate for samples with
lower work function. At a separation distance ~120 μm, β values for
samples 1 and 4 are above 1500, while for samples 5, 6 it remains
less than 1000. It should be noted that samples 1 and 4 have larger as-
pect ratio and higher density of the CCNTs compared to samples 5 and
6 (Tables 2, 3).

The reduction of work function of CCNTs could be related to geo-
metric electric field enhancement β which allows induction of local
large fields at the tip of the CCNT. The presence of such local fields
at the tip of CCNT could lead to the field penetration effect, which
causes a reduction of the effective work function [31]. It was shown
in a theoretical study that for SWNT (with open tip), field penetration
Fig. 6. a) Low kinetic-energy He-I (21.23 eV) spectra of CCNT arrays on platinum wire
(sample 3) with the inset b) showing low kinetic cut-off energy positions indicative of
work function.
can reduce the value of effective work function even by ~1.8 eV [32].
It has been reported that the magnitude of the electric field to which
SWNT was exposed is ~0.33 V/Å. A. Mayer et al. have shown that the
field penetration effects could be more pronounced for the MWNT,
especially the one with open convex tip [33].

A specific structural feature of CCNTs studied in this work is that
they consist of an MWNT at the core along the axis of the CCNT. Con-
centric graphene layers are deposited around MWNT during the sub-
sequent synthesis [25]. The number of graphene layers is gradually
reduced towards the tip, where MWNT is exposed, which allows us
to apply a field penetration model for CCNTs.

For a cathode–anode separation of ~2000 μm, the maximum ap-
plied electric field at the tip of the cathode, Eapplied,max=0.25 V/μm
during the thermionic emission measurements. Assuming a value of
β of 2000 extracted from the field emission measurements for the
largest cathode–anode separation of 200 μm for the sample 1, the
local electric field for sample 1 will be

Eloc ¼ β � Eapplied;max ¼ 2000 � 0:25V
.

μm
¼ 500V

.
μm

:

Electric field of such magnitude according to the proposed field
penetration model for SWNT [32] will reduce the potential barrier
by ~0.4 eV. While it is a rough estimation and one must consider
the fact that the CCNTs have an exposed MWNT at the tip, we argue
that our results of thermionic emission are consistent with the
model in which field penetration is the main contributor for lowering
the potential barrier and reduction of the value of the effective work
function. It is also important to note that low densities of the CCNTs
make the screening effect negligible [24].

The relationship between the values of effective work function and
field enhancement factors for other samples (Table 3) seems to be in
agreement with this model with the exception of sample 6. Even
though this sample has a higher value of work function (~4.7 eV), the
β value is higher than that for sample 5. It might be due to the presence
of horn-like structures (microhorns) on the graphite foil in addition to
CCNTs. Microhorns do not have exposed MWNTs and the aspect ratio
is smaller compared to CCNTs (Table 2, Fig. 3(e)). However, the density
of microhorns is comparable to that of CCNTs. As a result, microhorns
could contribute to the increase of the value ofwork function for sample
6. It is important to note that the influence of the field enhancement on
thermionic emission properties of CCNTs in relation to the screening
and field penetration effects is a more complex problem; it can depend
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on various parameters such as density, aspect ratio, magnitude of ap-
plied electric field, and temperature.

The difference between the values of the work function obtained by
UPS (Fig. 6) and thermionic emission for sample 1 is also consistent
with the field penetration model. As stated before, the presence of an
electric field can cause a reduction of the potential barrier of CCNTs. This
is obviously not the case for UPS. In addition, though UV photo-electro
spectroscopy analysis was done under UHV conditions, the samples pre-
viously exposed to air were not annealed. Absorption of the gases at the
tip of the CCNTs could have affected the UPS measurements.

Finally, we would like to comment on the field penetration effect
in relation to previously published works presenting values of work
function of carbon nanotubes obtained by similar methods (field en-
hanced thermionic emission) [4–8]. Influence of the field penetration
effect has not been discussed in any of these articles.

The earliest thermionic emission results from random films of
SWNT and MWNT (purified nanotube paper) showed unusually low
values of work function for CNT: 1.2 eV [7] and 3.46 eV [8]. These
values are not in agreement with theoretical predictions or experi-
mental results obtained by other methods [9–12]. The authors do
not provide information about field emission measurements or field
enhancement factors, nor many details about experimental proce-
dure and number of tested samples. Hence it is hard to comment on
these results in the context of the field penetration effect.

Thermionic emission measurements fromMWNT yarn [5] and bun-
dles of SWNT/DWNT/MWNT [5] produced results in agreement with
theoretical calculations and other experimental methods (Table 1).
The authors performed field emission measurements from the yarn
and concluded that field emission comes mostly from carbon nanotube
tips protruding out of the yarn (values of field enhancement β are not
presented) and most of the thermionic emission comes from the CNT
sidewalls. Primary factors for neglecting thermionic emission from the
tips are small density of the exposed CNT tips in the yarn, small area
of the tips (10 nm) and long length of the MWNT (several hundreds
of microns). Based on these facts and presented work function results,
it is hard to concludewhether field penetration effect should be consid-
ered in this case.

The same reasoning concerning field penetration effect could be ap-
plied to results of thermionic emission from the SWNT/DWNT/MWNT
bundles [4]. It was reported that for the MWNT bundle with some tips
appearing in the middle, the measured work function is smaller than
without tips (Table 4). Zhou et al. indicates that the work function of
the tips is smaller than for sidewalls due to different electronic structure
and image potentials [19]. The authors do not present field emission
data for CNT bundles and do not discuss field enhancement on the
tips of the carbon nanotubes. Again, it is hard to conclude whether
field penetration effect should be considered in these measurements.

The last cited article on thermionic emissionmeasurements presents
results from a vertically aligned carbon nanotube array [6]. The obtained
value of work function 4.2 eV is lower than the predicted value for CNT
tip: ~4.4 eV [19]. The authors performed field emission measurements.
Table 4
Estimated values of current densities for the whole sample and for individual CCNT.

CCNT
sample

T
[K]

I0
[μA]

IFETE
a

[μA]

Pt wire 1 1381 0.74 1.37
1531 17.5 60

Graphite foil 4 1393 0.91 2.5

a IFETE,i — field enhanced thermionic emission (FETE) current value for applied voltage U
b Emission is considered from entire deposition area of the sample.
c JFETE — current density for the entire sample (or array of CCNTs) CCNT for U=500V (Ea
d J0,i — zero field current density per individual CCNT.
e JFETE,i — current density per individual CCNT for U=500V (Eapp=0.25 V/μm).
The calculated value of field enhancement factor is comparable to ours
— β=1404 (no information is provided about separation distance).
No reasons for smaller work function for pristine CNT are provided.
We speculate that the work function could be reduced because of the
field penetration effect.

Ultimately, it would be beneficial to estimate the values of therm-
ionic emission current densities of CCNTs. First the surface of the en-
tire sample was considered. Though the average effective area (area
of deposition of CCNT) of Pt wire is smaller (0.02 cm2) than that of
graphite foil (0.5 cm2), the density for CCNTs on platinum wire is
much higher and an estimated number of CCNTs would still be larger
than in the case of graphite foil. Also for Pt wire emission area we es-
timated 0.01 cm2 as only one semicircular arc of the wire is exposed
to the anode. Using this value of area and measured currents, we es-
timated values of the zero field current density J0 and field enhanced
current density JFETE which are presented in Table 4. The values of
current densities from Table 4 were calculated using as the effective
emission area of the area of the whole sample (CCNTs deposition
area). For the whole sample area of sample 1, values of current densi-
ties are significantly larger than for sample 4. Considering the current
density per individual CCNT, the values for sample 1 are only slightly
larger than for sample 4.

Only for vertically aligned CNT arraywas reported value of FETE cur-
rent density of the whole sample and it is comparable with ours [6]. At
temperature T=1386 K and applied electric field Eapp=0.25 V/μm,
current density is JFETE~50 μA/cm2. None of the referred articles on
thermionic emission from carbon nanotubes (with similar method of
measurement) reported the values of current densities per individual
carbon nanotube. The reportedmaximum value of thermionic emission
current density from individual MWNT sidewalls was estimated to be
−2 A/cm2 at temperature ~2900 K [34]. This value was derived using
a different experimental method – SEM in-situ measurements from
MWNT sidewalls –with the assumption that the value of carbon nano-
tube work function was about 4.95 eV.
4. Conclusions

In summary, CCNT samples were synthesized on Pt wire and graph-
ite foil with different densities, tips sizes, lengths, and wall structures.
The work function Φ was determined by thermionic emission, while
the range of Φ values for each sample could be indirectly related to
the morphological characteristics such as aspect ratio, density, and
wall structure of CCNTs. The observed lower values forΦ are significant-
ly smaller than reported for multi-walled carbon nanotubes (MWNTs).
The reduced Φ values could be attributed to the local electric field en-
hancement of the CCNTs and as a consequence, field penetration effects
that are capable of significantly reducing potential barrier. The UPS
measurement of CCNTs grown on Pt wires shows higher value of
work function than measurements of work function by thermionic
emission method.
Whole sampleb Per CCNT

J0
[μA/cm2]

JFETE
c

[μA/cm2]
J0,i

d

[nA/cm2]
JFETE,i

e

[nA/cm2]

74 137 0.74 1.37
1750 6000 17.50 60
1.82 5 0.18 0.5

=500 V.

pp=0.25 V/μm).



Fig. 8. I–U characteristic at different temperatures for bare graphite foil and CCNTs on graphite: a) comparison of emission properties between bare graphite and CCNT on graphite
foil at same temperature in logarithmic I scale; b) emission properties for bare graphite foil at different temperatures.
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It is reported that values of the work function of the Conical Carbon
Nanotubes (CCNT) determined by Thermionic Emission method differ
from the values for regular Carbon Nanotubes. Possibly due to electric
field penetration effect.
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Appendix A

We performed the control experiment with bare graphite foil and
bare platinumwire at high temperatures and did not observe any sig-
nificant emission at the given anode–cathode separation (1 mm). The
data for bare graphite foil are presented in Fig. 8.

Measurements were performed on 1 cm2 sample of pristine graph-
ite foil. Separation distancewasmaintained at ~1 mm. At maximum at-
tainable temperature, T=1397 K maximum value of the current is
52 nA for applied voltage U=500 V. This is an order of magnitude
smaller than the emission current for CCNTs under similar conditions.
In Fig. 8(a) are compared I–V curves for CCNT samples 1 and 4 (Pt
wire and graphite foil) with the I–U curve for pristine graphite foil
with no CCNTs. Fig. 1(b) shows emission current measurements at dif-
ferent temperatures for bare graphite foil.

References

[1] A.G. Rinzler, J.H. Hafner, P. Nikolaev, L. Lou, S.G. Kim, D. Tomanek, D. Colbert, R.E.
Smalley, Science 269 (1995) 1550–1553.

[2] W.A.D. Heer, A. Chatelain, D. Ugarte, Science 270 (1995) 1179–1180.
[3] J.M. Bonard, J.P. Salvetat, T. Stöckli, W.A. de Heer, L. Forró, A. Châtelain, Appl. Phys.

Lett. 73 (1998) 918.
[4] Peng Liu, Qin Sun, Feng Zhu, Kai Liu, Kaili Jiang, Liang Liu, Qunqing Li, Shoushan
Fan, Nano Lett. 8 (2) (2008) 647–651.

[5] Peng Liu, Yang Wei, Kaili Jiang, Qin Sun, Xiaobo Zhang, Shoushan Fan, Shufeng
Zhang, Chuangang Ning, Jingkang Deng, Phys. Rev. B 73 (2006) 235412.

[6] Feng Jin, Yan Liu, Christopher M. Day, Appl. Phys. Lett. 88 (2006) 163116.
[7] R.P. Raffaelle, B.J. Landi, J.D. Harris, S.G. Bailey, A.F. Hepp, Mater. Sci. Eng. B 116

(2005) 233–243.
[8] Geoffrey A. Landis, Isay L. Krainsky, Sheila G. Bailey, Jeffrey M. Elich, Brian J. Landi,

Thomas Gennett, Ryne P. Raffaelle, NASA Glenn Research Center (2004), http://www.
grc.nasa.gov/WWW/RT/2003/5000/5410landis2.html (2012).

[9] Masashi Shiraishi, Masafumi Ata, Carbon 39 (2001) 1913.
[10] S. Suzuki, Y. Watanabe, Y. Homma, S. ya Fukuba, S. Heun, A. Locatelli, Appl. Phys.

Lett. 85 (2004) 127.
[11] H. Ago, Th. KugIer, F. Caciaili, K. Petritsch, R.H. Friend, W.R. Salaneck, Y. Ono, T.

Yamabe, K. Tanaka, Synth. Met. 103 (1999) 2494.
[12] S. Suzuki, C. Bower, Y. Watanabe, O. Zhou, Appl. Phys. Lett. 76 (26) (2000) 4007.
[13] R. Gao, Z. Pan, Z.L. Wang, Appl. Phys. Lett. 78 (2001) 1757.
[14] X. Cui, M. Freitag, R. Martel, L. Brus, P. Avouris, Nano Lett. 3 (2003) 783.
[15] Jiang Li, Vance S. Robinson, Yang Liu, Weijie Lu, Timothy S. Fisher, Charles M.

Lukehart, Nanotechnology 18 (2007) 325606.
[16] Jijun Zhao, Jie Han, Jian Ping Lu, Phys. Rev. B 65 (2002) 193401.
[17] Xiao Zheng, GuanHua Chen, Zhibing Li, Shaozhi Deng, Xu. Ningsheng, Phys. Rev.

Lett. 92 (2004) 106803.
[18] Bin Shan, Kyeongjae Cho, Phys. Rev. Lett. 94 (2005) 236602.
[19] Gang Zhou, Wenhui Duan, Gu. Binglin, Phys. Rev. Lett. 87 (2001) 095504.
[20] Q.H. Wang, T.D. Corrigan, J.Y. Dai, R.P.H. Chang, A.R. Krauss, Appl. Phys. Lett. 70

(1997) 3308.
[21] M. Sveningsson, R.E. Morjan, O.A. Nerushev, Y. Sato, J. Backstrom, E.E.B. Campbell,

F. Rohmund, Appl. Phys. A Mater. Sci. Process. 73 (2001) 409.
[22] R.C. Mani, X. Li, M.K. Sunkara, K. Rajan, Nano Lett. 3 (2003) 671.
[23] B. Chernomordik, S. Dumpala, Z.Q. Chen, M.K. Sunkara, Chem. Vap. Depos. 14

(2008) 256–262.
[24] Santoshrupa Dumpala, Abdelilah Safir, David Mudd, Robert W. Cohn, Mahendra

K. Sunkara, Gamini U. Sumanasekera, Diamond Relat. Mater. 18 (2009)
1262–1266.

[25] Santoshrupa Dumpala, Jacek B. Jasinski, Gamini U. Sumanasekera, Mahendra K.
Sunkara, Carbon 49 (2011) 272–2734.

[26] A.L. Reimann, Thermionic Emission, Wiley, New York, 1934.
[27] C. Herring, M.H. Nichols, Rev. Mod. Phys. 21 (1949) 185.
[28] A. Modinos, Field, Thermionic and Secondary Electron Emission Spectroscopy,

Plenum Press, New York, 1984.
[29] L. Nilsson, O. Groening, C. Emmenegger, O. Kuettel, E. Schaller, L. Schlapbach, H.

Kind, J.M. Bonard, K. Kern, Appl. Phys. Lett. 76 (2000) 2071.
[30] N.S. Xu, Y. Chen, S.Z. Deng, J. Chen, X.C. Ma, E.G. Wang, J. Phys. D: Appl. Phys. 34

(2001) 1597.
[31] F.A.M. Koeck, R.J. Nemanich, Diamond Relat. Mater. 15 (2006) 2006–2009.
[32] C.-W. Chen, M.-H. Lee, S.J. Clark, Appl. Surf. Sci. 228 (2004) 143.
[33] A. Mayer, N.M. Miskovsky, P.H. Cutler, Phys. Rev. B 65 (2002) 155420.
[34] D.C. Cox, R.D. Forrest, P.R. Smith, S.R.P. Silva, Appl. Phys. Lett. 85 (2004) 2065.

http://www.grc.nasa.gov/WWW/RT/2003/5000/5410landis2.html
http://www.grc.nasa.gov/WWW/RT/2003/5000/5410landis2.html

	Thermionic emission properties and the work function determination of arrays of conical carbon nanotubes
	1. Introduction
	2. Experimental
	3. Results and discussion
	4. Conclusions
	Prime novelty statement
	Acknowledgments
	Appendix A
	References


