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Large field emission current and density from robust
carbon nanotube cathodes for continuous and pulsed

electron sources

Jiangtao Chen, Bingjun Yang, Xiahui Liu, Juan Yang, Linfan Cui and Xingbin Yan"

ABSTRACT Highly adhesive cold cathodes with high field
emission performance are fabricated by using a screen-print-
ing method. The emission density of carbon nanotube (CNT)
cold cathode reaches 207.0 mA cm™ at an electric field of 4.5
V pm™ under continuous driving mode, and high peak cur-
rent emission of 315.8 mA corresponding to 4.5 A cm™ at
the electric field of 10.3 V um™ under pulsed driving mode.
The emission patterns of the cold cathodes are of excellent
uniformity that was revealed by vivid luminescent patterns
of phosphor coated transparent indium tin oxide (ITO) an-
ode. The cold cathodes also exhibit highly stable emission
under continuous and pulsed driving modes. The high adhe-
sion of CNTs to molybdenum substrates results in robust cold
cathodes and is responsible for the high field emission per-
formance. This robust CNT emitter could meet the operat-
ing requirements of continuous and pulsed electron sources,
and it provides promising applications in various vacuum-
micro/nanoelectronic devices.

Keywords: field emission, carbon nanotube, cold electron
source

INTRODUCTION

Field emission electron source called cold cathode electron
source is a promising candidate applied in many vacuum
microelectronic devices. Field emission electron source
has many merits, which is of rapid-response, miniaturiza-
tion and without pre-heating before being used [1], com-
pared to the thermal cathode. Moreover, complicated ther-
mal-management system is unnecessary in cold electron
devices but is required in solid-state devices working at
low frequency and bandwidth regime [2,3]. Field emission
electron source can achieve high current, high current den-
sity, low power consumption and work in a wide tempera-
ture range. In order to get the outstanding cold electron

source which is an important issue for the development
in the field emission display, field emission lamps, X-ray
tubes, ultrahigh-frequency tubes and microwave power de-
vices, the cathode material is a key to solve this issue. For
practical field emission devices, the cathode materials are
required to have low operating voltage, high emission cur-
rent and density, uniformity, stability and long working life.
Many kinds of nanostructured materials have been studied
and potentially used as the electron emitters such as metal
micro-tips, metal oxides, carbides and carbon nanostruc-
tures [4-10]. Among carbon nanostructures, carbon nan-
otubes (CNTs) possess stable chemical characteristic, excel-
lent electrical and thermal conductivity, mechanical prop-
erty and high aspect ratio, and therefore CNT-based emit-
ters exhibit unique field emission performance.
CNT arrays (CNTAs) cold cathodes
turn-on/threshold fields and high current emission density,
and they are fabricated by thermal chemical vapor de-
position (TCVD), plasma enhanced CVD (PECVD), and
microwave PECVD (MWPECVD) techniques [11-13].
Screen-printing is another method to fabricate CNT emit-
ters, by which the raw materials CNTs can be obtained
independently. The screen-printed cathodes also display
good field emission behaviors [14,15]. Although many in-
vestigations have been carried out and explored to develop
the CNT-based field emission devices, some challenges re-
main and prevent the practical applications. For instance,

show low

the field emission current deterioration appears during
long-term testing; acquiring high emission current needs
high operating voltage but the emitters cannot endure
high electric field. Furthermore, the theoretical prediction
shows that CNTs can provide ultra-high field emission
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current and density, while high current and density are
difficult to realize simultaneously in reality. The require-
ment of high power field emission devices is not only high
current density but also high emission current. For X-ray
generation, it requires a current density higher than 0.1-1
A cm™, and to get high-resolution X-ray image, the peak
current should maintain tens of milliampere emission
[16,17]. For applications in vacuum microwave devices,
radar and communications, even higher emission current
and density (in the order of 107! A corresponding to density
of 2-10 A cm™) are required [3,18,19]. Table 1 summarizes
the recent studies on field emission performance of CNT
emitters. We can find that the high current density is
achieved to several A cm™ but relates to lower current
in the order of 10™ A in direct current (DC) continuous
mode. Similarly, highest current density of several A
cm? reaches but the emission current is lower than 10
A under pulsed driving mode. Acquiring high current
correspondingly high current density is important for
the practical applications of CNT cathodes in high power
devices. High emission current and density are closely
associated with emitter uniformity, thermal dissipation,
interface electrical contact and adhesion of CNT emitters.
In order to get both of high emission current and density,
one solution is to enhance the adhesion of CNT emitters
to the substrates, which will bring low electrical contact at
the interface and avoid local destroy of emission sites due

Table 1 Summary of field emission characteristics of CNT cathodes

to over-heating, and improve lifetimes. In this paper, we
develop a highly adhesive CNT paste to fabricate the CNT
cold cathodes with high field emission performance. The
field emission behaviors, emission patterns and stability
of the CNT emitters under DC continuous and pulsed
driving modes are investigated in detail.

EXPERIMENTAL SECTION

Preparation of CNT emitters

The CNT cold cathodes on molybdenum (Mo) substrates
were prepared by the screen-printing method. In this
work, we employed a ball-milling method to prepare highly
homogeneous pastes for screen-printing cold cathodes.
The processes including ball milling for preparing pastes,
screen-printing cathodes and post-thermal treatments
were optimized. Here, single-walled CNTs (SWCNTs,
purchased from Nanjing XFNANO Materials TECH Co.,
Ltd) without further treatment were used as electron emit-
ters. For good dispersion, 0.3 g CNTs and 15 g terpilenol
were ball-milled using ZrC balls (carried on Pulverisette 7,
FRITSCH) for 50 min, and then 0.8 g ethyl cellulose as or-
ganic binder was added and ball-milled again for 100 min
to obtain pristine CNT paste. For improving the adhesion
of the cathode to the substrate, 0.3 g Ni nanopowders were
mixed with terpilenol in advance, and the paste with con-
ductive nanoparticles were obtained. In order to further

Cold cathode Method Imax (MA) (A cm’zjgif um-) Driving mode Ref.
CNTAs PECVD 0.31 0.0025@5 Continuous [12]
CNTs MWPECVD 0.30 6.0 @7.4 Continuous [13]
CNTs Screen printing 102 0.16@4.1 Continuous [14]
CNTs Screen printing 4 0.15@2.5 Continuous [15]
CNTAs MWPECVD / 0.015@1.6 Continuous [20]
CNTs Screen printing / 0.040@3.3 Continuous [21]
Graphene/CNTs TCVD/PECVD 4.0 0.085@2.8 Continuous [22]
CNTAs PECVD / 0.070@7.5 Continuous [23]
CNTs Screen printing 0.22 11.2@18.5 Continuous [24]
CNTs TCVD 2.7 0.27@5.2 Pulsed [11]
CNTs Screen printing 88.0 11.2@12.8 Pulsed [17]
CNTs PECVD 10.0 10.0@14 Pulsed [25]
CNTs TCVD 16.0 0.80@8.0 Pulsed [26]
h-BN/CNTAs TCVD 3.7 0.093@6.5 Pulsed [27]
CNTs Screen printing 5.0 0.207@4.5 Continuous This work
315.8 4.5@10.3 Pulsed This work
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improve the adhesion, highly adhesive CNT paste was pre-
pared by adding 0.5 ml high temperature paint. For brief-
ness, the abbreviations PP, CP and HAP were used to rep-
resent the pristine paste, conductive nanoparticles added
paste, and highly adhesive paste, respectively. The cath-
odes with diameters of 1.7 and 3.0 mm were screen-printed
using patterned screen and pastes mentioned above. The
as-printed cathodes were thermal-treated at 200°C in air for
60 min and subsequently annealed at 700°C in vacuum with
base-pressure of 10~ Pa for 60 min. Finally, the CNT cath-
odes were mechanically activated by conventional adhesive
tape method using 3M scotch tape with no trace left. For
convenience, the CNT cathodes derived from PP, CP and
HAP were denoted as CPP, CCP and CHAP, respectively.

Characterizations and field emission measurements

Raman spectra for CNT emitters were collected by using
a micro-Raman spectroscopy (JY-HR800, the excitation
wavelength of 532 nm). Transmission electron microscopy
(TEM, TECNAI G2 TF20) with an accelerating voltage of
200 kV and field emission scanning electron microscopy
(FESEM, JSM 6701F) were used to observe the structure of
CNTs and surface morphologies of the cathode samples.
The field emission behaviors of the emitters were per-
formed in a diode-type geometry inside a vacuum chamber
with high vacuum conditions of 5.0x107® Pa. During the
measurements, the distance between the cathode and
anode remained 300 pm. The current-voltage (I-V) char-
acteristics of continuous driving mode were measured by
LabVIEW programming through a Keithley 248 power
source with a computer-controlled data-acquisition card.
The I-V characteristics were also studied under pulsed
driving mode. The pulse width was kept at 10 us with
different frequencies of 50, 200 and 400 Hz. The field
emission data under pulsed driving mode were collected
by reading the voltage-drop of series load resistance from
high-precision digital oscilloscope (RIGOL DS2072A).
The schematic of experimental set-up for pulsed mode
testing is shown in Fig. S1 (Supplementary information).
Furthermore, by applying the voltage to indium tin oxide
(ITO) anode coated with the phosphor, the field emission
patterns of cathodes were recorded by a digital camera.
Furthermore, in order to study the adhesion property, the
simple and facile tests were carried out on the CPP, CCP
and CHAP. In these tests, the 3M scotch tape was clung
on the cathode surface, which lasted for 3-5 min. Then
the adhesive tape was stripped off from the surface before
taking the direct observation of the adhesion performance
of the CNTs to the substrates.

April 2017 | Vol.60 No.4

RESULTS AND DISCUSSION

The purchased CNTs were examined by TEM and SEM,
and the images are shown in Figs S2, S3. From the TEM
images, the bundles of CNTs can be observed, but the diam-
eter of an individual CNT cannot be estimated. The length
of CNTs is with several micrometres (as shown in Fig. S3).
Fig. 1a displays the digital photograph of CHAP with 3 mm
in diameter, and the cathode is of uniformity. Fig. 1b shows
the Raman spectrum of the CHAP. The predominant peak
located at 1594 cm™ is corresponding to G band (C-C sp?
bonds) and the weak peak certred at 1345 cm™ is indexed
to D band (C-C sp®bonds) [28]. The Raman spectrum
presents the typical charactertics of the SWCNTs with high
crystallization nature. Fig. 1c, d display the FESEM images
of the CPP and CHAP, respectively. As shown in Fig. 1c,
there are only CNTs observed in CPP. In Fig. 1d, it can be
seen that the additives are distributed among the CNTs of
CHAP.

In order to investigate the adhesion of the cathodes to
Mo substrates, the adhesion tests were carried out and the
photographs of the samples after testing are shown in Fig.
2. Observed from Fig. 2a, the CNTs of CPP are drastically
peeled off from the Mo substrate, indicating weak adhesion
of CNTs. As expected, there is a remarkble reinforcement
in adhesion property for the CCP and especially CHAP, as
shown in Fig. 2b, c respectively. The good adhesion will
reinforce electrical contact of CNTs to the substrate and
improve the field emisison property of the CNT cathodes.

For further verification of the adhesion effect, the field
emission performances of different cathodes were investi-
gated. Field emission performances of CPP and CCP under
pulsed driving mode (200 Hz, 10 ps) are displayed in Fig.
3. The field emission current of pure CNTs (CPP) reaches
151.6 mA corrsponding to 2.2 A cm™ at the electric field
of 7.5 V um™. For CCP, the field emission current reaches
252.6 mA corrsponding to 3.6 A cm™ at the electric field of
8.0 V um™". During field emission testing, the arcing took
place when elevating the electric field furthur for acquir-
ing higher current emission, and this process destroyed the
cathodes (CPP). The arcing did not appear on CCP, and the
CCP obtained higher current emission under higher elec-
tric field. The adding of the conductive nanoparticles en-
hances the field emission of the cathodes and tolerance to
high electric field, which is derived from improvement in
adhesion of CNTs to the substrate.

Fig. 4 shows the field emission performance of the sam-
ple CHAP. Firstly, we examined the field emission of CHAP
under continuous driving mode. Due to limitation of the
power supply of voltage source, the maximum current was
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Figure 1 The photograph (a) and Raman spectrum (b) of CHAP; the surface morphologies of (c) CPP and (d) CHAP.

Figure 2 The photographs of CNT emitters (3 mm in diameter) after adhesion test by using 3M scotch tape: (a) CPP, (b) CCP and (c) CHAP.

recorded within 5.0 mA for continuous driving mode. As
seen from Fig. 4a, the sample with diameter of 1.7 mm can
emit the current of ~5.0 mA corresponding to large density
0f207.0 mA cm at the electric field of 4.5 V um ™. The turn
on and threshold fields are 2.4 and 2.7 V pm™' respectively
for extracting the current density of 0.1 and 1 mA cm™. The
field emission characteristics are further analyzed with the
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Fowler-Nordheim theory described by

3/2

SE

where A and B are the temperature-independent constants
(A=1.54x10°A eV V?and B=6.83x10°eV>**V m™), ¢
is the work function and here assumed to be 5 eV for CNTs

J = Ap~ B E’exp| — , (1)
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Figure 3 Maximum field emission current of CPP and CCP under pulsed
driving mode (200 Hz, 10 ps).

[29,30], B is the field enhancement factor, J and E are the
emission current density and applied electric field, respec-
tively. The plot of In(j/E*) versus 1/E is called the F-N plot
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and f3 is given by the following expression

p=-2_

K

(2)
slope

Based on the xqope from the F-N plot, 8 can be estimated.
Fig. 4b shows the typical F-N plot and presents a nearly
straight line, which indicates that the electrons are from
field emission process controlled by quantum mechanical
tunneling. The «qope is calculated to be —31.42. The f3 can
be calculated to be 2,430. For comparison, the field emis-
sion of CHAP with diameter of 3 mm was investigated by
continuous driving mode, as shown in Fig. S4. The current
density reaches 71 mA cm™ with the current of 4.9 mA (the
power source supplies the max current of 5.0 mA) at the
electric field of 3.8 V um™". From the F-N plot (the inset of
Fig. S4), the f can be calculated to be 4,314. Fig. 4c displays
the pulsed field emission behaviors of the CHAP with 3 mm
in diameter. The pulse width is fixed at 10 ps with different
frenquencies of 50, 200 and 400 Hz. The emission current
of CHAP under 50 Hz reaches 284.2 mA (corresponding to
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Figure 4 Field emission behaviors of CHAP. Continuous driving mode: (a) J (I)-E curves and (b) F-N plot; pulsed driving mode in various frequencies:
(c) J (I)-E curves and (d) F-N plots. For clear observation, the Y-axis for 200 and 400 Hz F-N plots moves up by 0.75 and 1.5, respectively.
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the current density of 4.1 A cm™) at the electric field of
9.5 V um™}, and maximum current of 294.7 mA (corre-
sponding to the current density of 4.2 A cm™) is achieved
at the electric field of 10.1 V um™ under 400 Hz. Further-
more, under 200 Hz driving mode, the highest emission
current of 315.8 mA (corresponding to the current den-
sity of 4.5 A cm™) is obtained at the electric field of 10.3
V um™. No remarkble change of field emission behaviors
is observed under different frenquencies with pulse width
of 10 ps. CHAPs have further enhanced the field emission
performance including high emission current and density,
and endurance of high electric field. The best field emission
characterictic is resulted from the strong adhesion of CNTs
to the substrate, which is reflected by the adhesion tests
shown in Fig. 2. The strong adhesion between CNTs and
Mo substrate brings good mechanical and electrical con-
tacts at the interface, and consequently the highly robust
CNT cathodes were developed. Table 1 shows the compari-
son of field emission characteristics of CNT-based emitters
in present study with those reported previously. The above
results clearly demonstrate that the CNT cathodes devel-
oped in our work possess high emission current and high
current density simultaneously, meeting the operating re-
quirements of high power electronic devices. Fig. 4d shows
the F-N plots of field emission from CHAP under different
frequencies. A nearly straight line indicates that the elec-
tron emission is field emission process. The field enhance-
ment factor § are calculated to be 8,599, 7,996 and 8,890 for
CHAP driving at 50, 200 and 400 Hz respectively. There
is no remarkable difference in § when driven by pulsed
mode. However, f is higher than that of the cathode driven
under continuous mode. Generally, f3 is strongly depen-
dent on the geometrical shape of emitters. The geometry
(such as aspect ratio, surface morphology and roughness,
inter-electrode distance) and work function are identical
for the cathodes tested here. The driving modes will af-
fect the vacuum space charge (accumulation of charge) and
local states of the emitter surface (gas adsorption and des-
orption process), leading to the change in screening effect
and effective work function. In other words, weakening
of screening effect derived from space charge and decreas-
ing of effective work function resulted from change of local
states under pulsed driving mode contribute to the larger
field enhancement factor compared to that of cathode driv-
ing at continuous mode.

The field emission stability of the cathode is shown in
Fig. 5. The field emission stability was monitored for 3600
s at different current densities and driving modes. Under
continuous mode, the stability with initial current densities

340

Pulsed mode

£
(5]
<
- DC mode

0.01}

1E-3 T T T T T T 1

0 600 1200 1800 2400 3000 3600
Time (s)

Figure 5 Emission stability measurements of CHAP in continuous and
pulsed (200 Hz, 10 ps) driving modes.

of 3.5 (black curve) and 9.2 (red curve) mA cm™ at con-
stant and continuous electric fields are shown in Fig. 5.
It is indicated that the CHAP displays good emission sta-
bility without evident degradation. Similarly, CHAP also
displays good emission stability with initial current densi-
ties of 0.55 (green curve) and 1.05 (blue curve) A cm™ at
pulsed electric fields condition of 200 Hz and 10 ps. Due
to self-heating process of the emitter [31-33] particulary at
large current density, a slight increase in emission density
can be found during the test. The long-time stability of the
cathode at initial current density of 1.3 mA cm? under con-
tinuous driving mode is shown in Fig. S5, and there is no
obvious deterioration of emission performance during 45
h testing period.

Figs 6, 7 exhibit the luminescence photographs by uti-
lizing phosphor coated transparent ITO glass as anode
and the electron emission patterns can be observed clearly
when driven by different modes. As shown in Fig. 6, bright
luminescence can be observed at continuous driving mode,
and a spread of the electrons is found according to the size

Figure 6 Luminescence photographs show the emission patterns from
CHAP (3 mm in diameter) under various current emission densities in
continuous driving modes (a-b).
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Figure 7 Luminescence photographs show the emission patterns from
CHAP (3 mm in diameter) under various current densities in pulsed driv-
ing mode (a—c) 200 Hz, 10 ps.

of the spot. Fig. 7 displays the emission patterns from
CHAP under a series of current emission densities in
pulsed driving mode at 200 Hz and 10 us. Attributed to
edge effect, the sites on the edge is prior to emit electrons.

CONCLUSIONS

In conclusion, this work demonstrates the preparation of
highly robust CNT cathodes on Mo substrate and their cor-
responding field emission performance under continuous
and pulsed operation modes. The screen-printed cathodes
are robust, which display high adhesion to the substrate
and endurance to the high electric field. Under continu-
ous driving mode, a high current density of 207.0 mA cm™
is achieved at electric field of 4.5 V um™. Furthermore,
a high peak current of 315.8 mA corresponding to 4.5 A
cm? at electric field of 10.3 V um™ under pulsed driving
mode is obtained. The cold electron emitters show high
performance of field electron emission under continuous
and pulsed driving modes, providing promising applica-
tions in various vacuum-micro/nanoelectronic devices.
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