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Thermionic emission and work function of multiwalled carbon nanotube yarns
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Thermionic emission from multiwalled carbon nanotubes (MWNTs) was investigated by using MWNT
yarns. The work function of MWNT and thermionic emission constant of the yarn sample were both calculated
from the thermionic emission data. The measured work function of MWNT is about 4.54-4.64 eV. The
emission constant is larger than conventional thermionic cathode. Thermionic emission electron energy spectra
at various temperatures have also been measured by using the MWNT yarn as the thermionic cathode in an
electron momentum spectra instrument. The full width at half maximum of the spectra show a linear relation
with the temperature. The carbon nanotube yarn may be used as thermionic cathode to replace the conventional

cathode for their special properties.
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I. INTRODUCTION

Thermionic and field electron emission phenomena have
been studied for a long time and are widely applied in sci-
entific instruments nowadays. Due to their distinguished
electrical conducting capability, high aspect ratio, chemical
inertness, and structural stability, carbon nanotubes (CNTSs)
possess a great potential in field emission applications such
as field emitters in flat panel displays and other vacuum elec-
tronic devices. Consequently, field electron emission from
CNTs has been intensely studied.'~* Since the work function
of CNTs is the most fundamental parameter in field emission,
many efforts have been put on measuring or calculating
it.*~17 As is well known, there are three commonly adopted
methods to measure the work function, namely contact po-
tential difference (CPD), photoelectron emission spectros-
copy (PEES), and thermionic emission (TE).'® CPD (Refs.
12 and 13) and PEES (Refs. 7-11) have been employed to
measure the work function of CNTs. However, there is no
CNTs work function data derived from TE method until now.
The difficulty lies in how to eliminate the thermionic emis-
sion from the heating element if it is not made of pure CNTs.

In 2002, we had developed a method to prepare super-
aligned multiwalled nanotube (MWNT) arrays from which
continuous pure MWNT yarns can be directly drawn like silk
being drawn from a silkworm cocoon.! After this, Baugh-
man’s group developed a draw-twisting method to make it a
rope,?’ then they demonstrated more applications such as
transparent conducting film.?! Recently, the synthesis has
been expanded to 4 in. wafer scale and a new method was
invented to process raw yarns. The processed yarn is both
elastic and pliable, and can be easily manipulated and shaped
to any desired shape,?> which gives us great convenience for
experimental study. Also the pure yarn can be current heated
to incandescence in vacuum and the temperature can be pre-
cisely determined by fitting the luminescence spectra with
black body radiation.?® We therefore are able to study the TE
from MWNTs. Here we show our investigation of the TE
from MWNTs, from which the work function of MWNTSs
was determined, ranging from 4.54—4.64 eV. The thermionic
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emission constant of the yarn sample has also been calcu-
lated. We found it is larger than that of the conventional
metal thermionic cathode. We also measured the thermionic
emission electron energy spectra at various temperatures by
using the MWNT yarn as the thermionic cathode in an elec-
tron momentum spectra instrument. The full width at half
maximum (FWHM) of the spectra shows a linear relation
with temperature.

II. THERMIONIC EMISSION AND DETERMINATION
OF THE WORK FUNCTION

The freshly drawn MWNT yarns appear as very thin rib-
bon of several microns thick and several centimeters
wide.!%?? After passing through ethanol, the MWNT yarn
shrinks to a thin thread typically 20—30 microns in diameter,
in which MWNTs form a tight bundle.?? This treated yarn
shows good mechanical properties and can be easily manipu-
lated by hand.”?> A 2 cm long treated yarn was cut from our
continuous yarn, and then bent to an angle shape. After that,
two arms of the angle-shaped emitter were mounted on two
nickel rods, respectively. To ensure good contacts between
yarn and electrode, we first rolled the yarn on the nickel rod
to increase the contact area and then silver paste was used to
fix it and further improve the contact. The measured resis-
tance of 2 cm long yarn is only 500 (), and there is no ob-
vious overheating near the contact points. A molybdenum
plate facing the angle-shaped yarn is used as the anode. The
anode voltage is applied by a source meter (Keithley 237),
which can simultaneously measure the emission current. Fig-
ure 1(a) is the schematic diagram of the electric circuit. The
MWNT yarn can be uniformly heated up by passing a cur-
rent through it. Figure 1(b) shows the optical image of the
heated yarn. A spectrum analyzer (Konica-Minolta CS-
1000A) was utilized to acquire the luminescence spectra of
the heated yarn. The temperature can be accurately measured
by fitting the spectra with that of black body radiation as we
have reported.”® Figure 2(a) is a scanning electron micros-
copy (SEM) image of a typical tip of the angle-shaped yarn,
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FIG. 1. (Color online) (a) Schematic electric circuit of the ex-
perimental setup. (b) Optical image of the MWNT yarn, heated to a
temperature of 1333 K by a dc current. The image is taken by a
digital camera at F2.0, 1/80 s shutter. The dashed white lines indi-
cate the positions of the electrodes.

which is the cathode emitter. Figure 2(b) is the typical high
resolution transmission electron microscope (HRTEM) im-
age of the MWNT used in our experiment. The experiment is
carried out in a vacuum chamber of base pressure
5X 107 Pa.

Figure 3(a) displays the measured electron emission I-V
curve of the MWNT yarn at various temperatures. According
to our room temperature field emission data, there is no vis-
ible field emission current at a voltage below 200 V. We
therefore attribute the high temperature emission currents be-
low 200 V to thermionic emission. The thermionic emission
can be further divided into two regimes. At voltages below
about 30 V [Fig. 3(a)], the emission current changes drasti-
cally with voltages, which is called retarding field regime.
Above 30 V, the emission current follows a saturationlike
behavior, which is called accelerating field regime. It is clear
that the higher the temperature, the larger the saturated cur-
rent in this regime. However, the thermionic emission cur-
rent is not truly saturated, but increases slowly with anode
voltage increasing due to the Schottky effect,* i.e., the low-
ering of work function caused by applied electric field. When
the voltage and temperature are both high enough, the emis-

FIG. 2. (a) The typical SEM image of a MWNT yarn emitter,
taken at 1000X; scale bar is 20 um. (b) The HRTEM image of a
MWNT derived from the yarn; scale bar is 5 nm.
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FIG. 3. (a) The I-V curve at the full voltage region. (b) Typical
thermal field emission curves, similar to the earlier calculation by
Dyke and Dolan (Ref. 25).

sion enters into the so-called thermal field emission. Note
that the field emission starts at a low voltage as little as
400 V, which implies a large field enhancement factor.
Therefore the thermionic emission is mainly coming from
the yarn’s surface, but the field emission is coming from a
few MWNTS’ tips protruding out of the yarn [see Fig. 2(a)].
Figure 3(b) is a plot of 1g I versus inverse of voltage, which
is usually utilized to characterize the thermal field emission.
The curves have the same feature as the thermal field emis-
sion from tungsten formerly investigated by Dolan and
Dyke.?’ (In this paper, “lg” represents logarithms to the base
10.)

For thermionic emission, the emission current density de-
pends on the work function and temperature of the cathode,
which can be described by the famous Richardson’s
formula®

a2 @
Jo=AT exp{ kT}' (1)
Here j is the zero-field current density, A is the Richardson’s
emission constant, 7 is the absolute temperature, ¢ is the
work function of cathode at absolute zero temperature, and k
is Boltzmann constant. If we have the zero-field current den-
sity value at various temperatures, we will be able to obtain
the work function of the MWNT from the slope of 1g j,/T?
versus 1/7.

Here we use the Schottky effect to determine the zero
field emission current density j,. The emission current den-
sity versus external electric field in the accelerating field re-
gion can be expressed as>*

ef
4e,
kT

ja=j0 exp (2)

Here j, is the anode current density, e the electron charge, £
is the external electric field, and €, the vacuum dielectric
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FIG. 4. (a) The lgI— VU curve. The straight lines represent the
results of linearly fitting in accelerating region. (b) Experimental
data (solid square) and fitted line in Ig I,/ T> versus 1/T plot.

constant. Conducting logarithm operation on both sides, we
obtain the following expression:

V€

lgj,=1gjo+ 1.906?. (3)

&€ can be assumed as a(U,+U,), U, is anode voltage in V,

U. is contact potential between the cathode and anode, and «

is a constant in cm™! determined by the electrode geometry,
then Eq. (3) can be expressed as

—
Voo ————
lgj,=lgjo+ 1.9067\r(Ua+ U,). (4)

It is clear that if we plot lg j, against \U,+ U,, by linearly
fitting the curve, the intercept on the y axis should be 1g j,.
Because the work function of the anode material, molybde-
num, is 4.21 eV, which is very close to that of graphite,
4.6 eV. Therefore we can neglect the contact potential be-
tween anode and cathode U, just linearly fitting Ig j, against
\E to get lg j,. In practice, we do linear fit on 1g I, versus
vU, and get the zero field current 1g /,, as is shown in Fig.
4(a). By linearly fitting 1g I,/ T? versus 1/T, we can obtain
the work function of the MWNT yarn as shown in Fig. 4(b).
Here, 1g I,=1g(j,S), S is the emission area, which can be
estimated by assuming the cathode as a 20 um diameter and
2 cm length wire. S is included in the intercept of curve
lg I,/ T* versus 1/T, and will influence the Richardson’s
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emission constant. However, S does not influence the slope
of 1g I,/ T? versus 1/T and the work function.

III. RESULT AND DISCUSSION

Four different samples have been investigated in a tem-
perature range of 1500—2200 K, of which the derived work
functions are between 4.54—4.64 eV (see Table I). The ther-
mionic emission constants are also included in the table. In
the experimental literature,*' the reported work functions
of MWNTs scattered from less than 1.0 to 7.3 eV, which are
mainly derived from four methods.

The first method is based on fitting the field emission data
with the Fowler-Nordheim (FN) equation.*-® However this
method has been pointed out to be unsuitable for determining
MWNT’s work function,® because the estimation of enhance-
ment factor usually introduces large uncertainty.

The second method is based on the measurement of con-
tact potential difference (CPD) between CNT and a reference
electrode,'?!3 which is a relative measurement. Cui and col-
leagues determined the work function of SWNT to be 0.1 eV
higher than highly oriented pyrolytic graphite (HOPG).'? By
using gold as reference electrode, Gao and colleagues ob-
tained MWNTs’ work function with a large variation
(4.6-5.6 eV).13,

The third method is involved in using photoelectron emis-
sion spectroscopy (PEES) to determine the MWNT’s work
function. Many groups have employed PEES to determine
the work function of both HOPG and CNTs.”-*%10 However,
their results also show a relatively large variation in both
HOPG (4.4-4.8 ¢V) and CNTs (4.3-5.05 eV).

The fourth method is based on measuring the energy spec-
tra of field emission electrons, as is shown by Groning et al.
in Refs. 11 and 14. Their result is 5+0.3 eV for MWNT.
However, this method adopted the free electron model to
approximate the true density of states particularly for carbon,
which can also affect the result.?’

Here we would like to stress two points in measuring the
work function of CNTs. The first is that the adsorbates on
CNT tip will alter the work function. According to Refs. 28
and 29 and our results, the adsorption of water molecule will
result in a decrease in work function. We also found that
adsorption of organic molecules on the CNT tip will result in
a higher work function. Therefore to accurately measure the
work function, a desorption step in vacuum is imperative.
The second point is that different graphitization level of
CNTs also give rise to different work functions. According to
Ago and colleagues,” plasma oxidized CNTs resulted in
amorphous carbon deposition on CNTs, which will further
increase the work function substantially. Therefore, to mea-

TABLE 1. The measured work function and corresponding temperature range.

Sample number 1 2 3 4
Work function (eV) 4.64 4.61 4.63 4.54
Richdson’s emission constant (A cm™ K~2) 824 579 807 228
Temperature range (K) 1523—2118  1489—2207  1497—2188  1468—2195
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sure the intrinsic work function of CNTs, thermal annealing,
or air oxidization is suggested to remove amorphous carbon.
In this study, both requirements are automatically fulfilled by
thermionic emission, which is the merit of the TE method.

However, our approach shown here also has deficiency.
According to Zhou and colleagues,’® the local density of
states at the tip make the work function different from the
sidewalls. Since the yarn is composed of end-to-end jointed
MWNTs, the measured thermionic emission current was con-
tributed by both sidewalls and tips. In principle, the work
function we measured should be a mixture of sidewalls and
tips. Fortunately, due to the small area of tip (10 nm diam-
eter) and long length of MWNTs (several hundreds of mi-
crons), a majority of the thermionic emission currents was
contributed by the sidewalls. Therefore the work functions
we measured here are mainly attributed to the sidewalls of
MWNT.

As to Richardson’s emission constant, theoretical value is
120.4 A cm™2 K~22* Experimentally determined constants
for real metals are smaller than this value.'® However we can
see that the measured values in our experiment are all larger
than the theoretical result. This may be due to the rough
estimation of emission area. The theoretical calculation for
emission constant is based on a smooth surface metal, while
the surface roughness of the cathode will increase the emis-
sion area and the emission constant,3! which is just the case
for CNT yarns.

IV. ENERGY SPECTRA OF THERMIONIC ELECTRONS
FROM CNT

The yarn is used as the thermal emission cathode of an
electron momentum spectroscopy instrument. Figure 5(a)
shows the structure of cathode part. CNTs yarns replaced the
tungsten cathode. The energy spectra of thermal emitted
electrons were measured at various temperatures. Fig. 5(b) is
a typical energy spectrum at 2024 K and shows a FWHM
about 0.8 eV. The inset of Fig. 5(b) is the relation between
the FWHM and temperature. The FWHM increases linearly
with temperature, which is in good accordance with theoret-
ical predictions.'®?* Because CNTs have almost the same
work function as tungsten, their FWHMs are very close.
Compared with tungsten, CNT yarn has the merits of struc-
tural stability, chemical inertness, and high emission con-
stant, which makes it a good candidate to replace the tung-
sten wire cathode in commercial instruments.
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FIG. 5. (a) The carbon nanotubes yarn was used in the electron
momentum spectrum instrument as the cathode. (b) The typical en-
ergy spectra of thermionic emission. In the inset is the curve of
FWHM with temperature.

V. CONCLUSION

In conclusion, by using MWNT yarn we have measured
the work function of CVD-grown MWNT, which ranges
from 4.54 to 4.64 eV. The yarn shows a larger emission con-
stant than the conventional thermionic cathodes. The energy
spectra of thermionic emission at various temperatures have
also been measured by using the MWNT yarn as the thermi-
onic cathode in an electron momentum spectra instrument.
The FWHM of the spectra show a linear relation with the
temperature. The MWNT yarn may be used as thermionic
cathode to replace the conventional tungsten cathode.
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