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ABSTRACT The carbon nanotube (CNT) field emitter was fabricated using a thin free-standing CNT
film, indicating a line-shape CNT field emitter. Field emission properties of the CNT field emitter were
investigated in both diode and triode configurations. The CNT field emitter showed a low turn-on electric
field of 1.8 V/µm and a high emission current of 40.3 mA, corresponding to the emission current density
of 96 A/cm2 in the diode configuration. It also exhibited a high anode current of 40 mA, corresponding
to the anode current density of 95.2 A/cm2 in the triode configuration. In addition, the CNT field emitter
showed a good electron beam transmittance of 86.4% and excellent emission stability without degradation
for 15 h. The main reason for the high performance of our CNT field emitter is caused by the high
density of emission sites at the edge of the CNT film.

INDEX TERMS Carbon nanotube (CNT), field emission, field emitter, Carbon nanotube film.

I. INTRODUCTION
Carbon nanotubes (CNTs) have attracted attention as promis-
ing field emission materials due to their excellent electrical
and thermal conductivity, good mechanical strength, sta-
ble chemical endurance, and high aspect ratio [1]–[4].
CNT field emitters have been studied to obtain high
emission current and good emission stability for several
applications to electron beam sources, lamps, microwave
amplifiers, and X-ray sources [5]–[9]. CNT field emit-
ters have previously been fabricated using various meth-
ods: (i) an as-grown CNTs [10]–[12], (ii) electrophoresis
attached CNTs [13], [14], (iii) a CNT paste using organic
binder [15]–[19], and (iv) a CNT yarn [20], [21]. CNT paste
emitters have been mainly used because they showed good
mechanical adhesion between the CNT paste and the cath-
ode substrate and indicated a relatively high emission current
density [18], [19]. However, organic binder material which
is used to fabricate a CNT paste often makes a drawback
of CNT paste emitters due to outgassing originated by the
residue of organic binder [22], [23]. The key to realizing

high-performance CNT field emitters is to increase both
the emission current and the emission current density by
increasing the emission site density, and also guarantee good
emission stability by reducing outgassing. In this work, we
suggest a unique CNT field emitter made by a free-standing
CNT film. The proposed CNT field emitter uses a cross-
section of the free-standing CNT film as an emission site. It
is fabricated using a simple method that clamps the CNT film
with metal plates [24]. As an organic material is not used to
fabricate the CNT field emitter, there is almost no outgassing.
As a result, stable electron emission is induced. Our CNT
field emitter shows extremely high emission current density
and also indicates a good emission stability.

II. EXPERIMENTAL DETAILS
Fig. 1(a) shows schematics of the fabrication method of the
CNT field emitter with a line-shape using a free-standing
CNT film. The free-standing CNT film was fabricated using
single-walled CNTs (SWCNTs). SWCNTs were produced by
an arc discharge method, and the IG/ID ratio of the SWCNTs
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FIGURE 1. (a) Schematics of fabrication method of the CNT field emitter
with a line-shape using free-standing CNT film. (b) Vacuum chamber used
for field emission. The field emission measurement in the diode
configuration (c) and triode configuration (d).

was 48, indicating very high crystallinity without any defects.
The SWCNT powder was added to a 0.1 wt% sodium dode-
cyl sulfate solution and dispersed using the ultrasonication
method. The dispersed solution was filtered through anodic
aluminum oxide (AAO) membrane using a vacuum filtra-
tion method and a free-standing CNT film was produced
by eliminating the AAO membrane [25]. The CNT film
became completely dense and had high purities through the
post-treatment process. After cutting the free-standing film
into a uniform rectangular shape using a razor, the stain-
less steel metal plates were clamped from both sides of
the film to fix it firmly. The height and height uniformity
of the inserted CNT film were controlled using a support-
ing jig. The CNT film and the metal plate had a contact
surface of 1 mm in three directions (left, right, and bot-
tom). The contact resistance between the CNT film and the
metal plate was 0.22 � with a contact area of 10 mm2.
The cathode electrode has a cavity with a depth of 1 mm
to enable the uniform distribution of the electric field in the
length direction. Fig. 1(b) shows an optical photo image of
vacuum chamber used for the field emission measurement.

FIGURE 2. (a) SEM image of surface morphology of CNT film. (b) SEM
image of top view of the edge of CNT film. (c) SEM image of the side view
of the edge of CNT film. (d) SEM image of tips of CNT bundles at the edge
of CNT film.

The field emission characteristics of the CNT field emitters
were measured in a vacuum pressure of ∼9×10−8 Torr.
Fig. 1 (c) shows schematics of the field emission mea-
surements in a diode configuration. The diode configuration
consisted of a SUS304 anode and cathode. The CNT field
emitter had a thickness of 7 µm and a length of 6 mm.
The gap between the two electrodes was set to 0.5 mm. The
anode voltage was applied using a voltage source (TECHNIX
SR15-P-1500). The emission current was measured using a
source meter (Keithley 2400) in a direct current (DC) oper-
ating mode. Fig. 1(d) shows schematics of the field emission
measurements in a triode configuration. The triode config-
uration consisted of a SUS304 anode, slit-shape gate, and
cathode electrodes. A gate electrode with a slit-shaped hole
was inserted between the anode and cathode electrodes. The
slit of the gate electrode has a width and length of 1.5 mm
and 6 mm respectively. The gap between the anode and gate
electrodes was set to 20 mm, and the gap between the gate
and cathode electrodes was set to 0.5 mm. The field emission
characteristics were measured in the pulse operating mode
with a frequency of 1 kHz and duty of 10%. A constant
voltage of 15 kV was applied to the anode electrode using
a high voltage source (Spellman SL1200) with the mea-
surement of the anode current. The emission current was
measured using an oscilloscope (Tektronix TDS2012C) and
the gate leakage current was measured using a source meter
(Keithley 2290). The field emission pattern was obtained
using phosphor-coated indium tin oxide (ITO) glass as an
anode electrode under the same conditions.

III. RESULTS AND DISCUSSION
Fig. 2(a) shows an SEM image of the surface morphol-
ogy of the CNT film. The morphology of the CNT film was
analyzed using scanning electron microscopy (SEM) (Hitachi
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FIGURE 3. Simulation of the cathode electrode structure for the CNT field
emitter. (a) The electric field distribution along the length direction (x-axis)
of the film. (b) The electric field distribution along the thickness direction
(y-axis) of the film. (c) The top-view electric field distribution in the x-y
plane.

S-4800). The CNTs are tightly entangled by van der Waals
force and form a high density CNT network without impu-
rities. Fig. 2(b) shows an SEM image of the top view of the
edge of the CNT film, which indicates the cross-section of
the film. The CNT film has a uniform thickness of 7 µm over
the entire length. Fig. 2(c) shows an SEM image of the side
view of the edge of the free-standing CNT film after razor
cutting. Fig. 2(d) shows a high-magnification SEM image
of tips of CNT bundles in the white box of Fig. 2(c) which
indicates that several SWCNT bundles are aligned in the
upward direction, which is favorable for electron emission
properties. The simulation results for the electric field distri-
bution of the CNT field emitter with a length of 6 mm, which
is dependent on the structure of the cathode electrode are
shown in Fig. 3(a)∼(c). All simulation results were obtained
in a diode configuration using the CST Studio program. The
gap between the cathode and the anode electrodes was set
to 0.5 mm, and a voltage of 1000 V was applied to the
anode electrode. The electric field distribution simulation

was performed 1 µm above the tip of the CNT field emitter.
The emission sites were set uniformly in the cross-section of
the CNT film, and the Fowler–Nordheim equation was used
to evaluate the field emission characteristics of each emission
site of the SWCNTs. Fig. 3(a) shows simulation results of
the electric field distribution of the CNT field emitter along
the length direction (x-axis) of the CNT film. A planar-type
cathode electrode (P-cathode) was produced by clamping a
rectangular CNT film with two flat metal plates. It shows a
sharply increased electric field distribution at both ends of
the CNT film, which is caused by an excessively concen-
trated electric field at the end of the protruding CNT film. On
the other hand, the cavity-type cathode electrode (C-cathode)
was produced by clamping a rectangular CNT film with two
cavity-shaped metal plates. The CNT field emitter with the
C-cathode exhibited a uniform electric field distribution over
the entire length of the CNT film because of effective sup-
pression of the electric field at the end of the CNT film.
The electric field was saturated to a level similar to that of
the P-cathode when the width of the C-cathode was greater
than 4 mm. Fig. 3(b) shows simulation results of the electric
field distribution of the CNT field emitter along the thick-
ness direction (y-axis) of the CNT film. The electric field is
concentrated at the CNT film regardless of the cathode type,
and the electric field is also saturated to a level similar to
that of the P-cathode when the cavity width of the C-cathode
is more than 4 mm. Fig. 3(c) shows simulation results of the
top-view electric field distribution of the CNT field emitter.
The electric field distribution is illustrated as a colormap of
the x-y plane. For the P-cathode, the electric field is highly
concentrated at the end of the CNT film as shown in the
magnified image. On the other hand, for the C-cathode, the
electric field was uniformly distributed throughout the CNT
film. Fig. 4(a) shows the emission current (I) versus the
applied electric field (Ea) curve of the CNT field emitter
in the diode configuration. The turn-on electric field at the
emission current density of 0.1 mA/cm2 is 1.8 V/µm, and
the threshold electric field at the emission current density of
1 A/cm2 is 2.5 V/µm. The maximum emission current is
40.3 mA in an electric field of 3.8 V/µm, which corresponds
to the maximum emission current density of 96 A/cm2. In
general, it is difficult to obtain both a high emission current
and a high emission current density simultaneously because
of the screening effect [26], [27]. However, the CNT field
emitter exhibits both a high emission current and a high
emission current density. This is caused by the high density
emission sites of approximately 1.9 × 106 ea/cm2 at the
edge of the CNT film, which is calculated by an emission
current obtained at the emission area. As a result, the CNT
field emitter shows much better emission performance than
the other CNT paste field emitters [16], [19], [28], [29]. The
inset of Fig. 4(a) shows the Fowler-Nordheim (F-N) plot
derived from the I-Ea curve. Nonlinearity in the slope of the
F-N plot is attributed to the conduction band current satura-
tion of semiconducting characteristics of SWCNT at the high
electric field [30]. The linear curve (red color) in the low
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FIGURE 4. Field emission characteristics of the 6 mm CNT field emitter in
the diode configuration. (a) I-Ea characteristics of the CNT field emitter.
The inset shows the F-N plot derived from the I-Ea curve. (b) Electron
emission pattern of the CNT field emitter (6.0 mm × 0.8 mm).

electric field region reveals the quantum tunneling behavior.
For the CNT work function is 5 eV [31], the field enhance-
ment factor (β) was evaluated to be 1561. Fig. 4(b) shows
the emission pattern of the CNT field emitter in a diode con-
figuration. In this work, an ITO glass coated with phosphor
was used as the anode electrode. The gap between the anode
electrode and the emitter was 0.5 mm, and the emission pat-
tern was obtained at an emission current of 1 mA. The
emission pattern (6 mm × 0.8 mm) reveals that the electron
beam is evenly emitted from the entire edge of the CNT
film with a length of 6 mm. Fig. 5(a) shows the emission
current (I) versus the applied electric field (Ea) curve of the
CNT field emitter in the triode configuration. The cavity
width of the C-cathode was 4 mm, and the slit of the gate
electrode had a width of 1.5 mm and a length of 6 mm.
The gap between the anode and gate electrodes was 20 mm,
and the gap between the gate and cathode electrodes was
set to 0.5 mm. In the triode configuration, the field emission
characteristics were measured in the pulse operating mode
with a frequency of 1 kHz and 10% duty to minimize the
heat accumulation phenomenon at the gate electrode during
the field emission operation. The maximum anode current
was 40 mA at a gate voltage of 2.3 kV, corresponding to

FIGURE 5. Field emission characteristics of the 6 mm CNT field emitter in
the triode configuration. (a) I-Ea characteristics of the CNT field emitter.
The inset shows the electron emission pattern of the CNT field emitter
(10.0 mm × 14.9 mm) (b) Long-term emission stability of the CNT field
emitter. The inset shows the fluctuation of the emission current.

the maximum anode current density of 95.2 A/cm2. The
obtained emission properties are much higher than those of
other CNT paste field emitters [32]–[39]. As mentioned in
the field emission characteristics of the diode configuration,
both the high emission current and the high emission cur-
rent density are attributed to the high density of emission
sites at the edge of the CNT film. In addition, the electron
beam transmittance through the gate electrode was calcu-
lated to be 86.4% at an anode voltage of 15 kV, which
indicates a low gate leakage current. This means that the
proposed gate electrode with a slit-shaped hole is appro-
priate for line-shape CNT field emitters. Interestingly, the
threshold electric field of the CNT field emitter in the triode
configuration is 2.7 V/µm. Compared to the diode configu-
ration, the threshold electric field in the triode configuration
marginally increased. This is attributed to a slightly reduced
electric field owing to the hole of the gate electrode. The
inset of Fig. 5(a) shows the electron emission pattern of the
CNT field emitter in a triode configuration. The emission
pattern was obtained at an emission current of 1 mA. The
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FIGURE 6. Comparison of the emission current density according to CNT
field emitters.

electron beam reaching the phosphor screen through the gate
electrode had a rectangular shape with a size of 10 mm along
the length direction (x-axis) and 14.9 mm along the thickness
direction (y-axis). The size of the electron beam was larger
in the thickness direction. This is attributed to the bending
of the equipotential line applied to the microscopic region
at the end of the film along the thickness direction (y-axis)
is very strong as shown in Fig. 3(b). Therefore, the electron
beam spreads more in the thickness direction. Fig. 5(b) shows
the long-term emission stability of the CNT field emitter in
the triode configuration. The measurements were performed
for 15 h in the pulse operating mode. The peak cathode
current is increased from 5.8 mA to 6.2 mA during the emis-
sion stability test. The increased emission current is caused
by the electrical annealing effect of the emitter tip, which
contributed to field electron emission [25]. The CNT field
emitter indicates stable operation behavior without current
degradation or deformation of the gate electrode. The good
emission stability is primarily attributed to two factors. The
first is the uniformly distributed electric field at the entire
edge of the CNT film as shown in Fig. 3(a) and (c). The
second is that no organic materials are used to fabricate the
CNT field emitter using the free-standing film. The inset
of Fig. 5(b) shows the current fluctuation rate of the emis-
sion current during the long-term emission stability of the
CNT field emitter. The current fluctuation rate was calcu-
lated as the rate of change of current compared to the current
at the previous time (�I/I×100(%)). The fluctuation range
of the emission current was found to range between −2.9
and 2.8%, and the average fluctuation rate was approxi-
mately 0.66%. The obtained results indicate that the CNT
field emitter has good emission stability without emission
current degradation and small fluctuation in the pulse operat-
ing mode. Fig. 6 shows a comparison of the emission current
density according to CNT field emitters [10], [11], [16],
[19], [28], [29], [32]–[41]. To investigate the performance
of the CNT field emitter exactly, we compared the emission

current density of each CNT field emitter because CNT field
emitters indicated a different emission area. The CNT field
emitter using a free-standing CNT film exhibited a very high
emission current density of 100 A/cm2. On the other hand,
CNT field emitters made by as-grown CNTs showed a low
current density below 30 mA/cm2 [10], [11], [40], [41] and
the CNT field emitters made by CNT paste showed a current
density below 10 A/cm2 [16], [19], [28], [29], [32]–[39]. For
cold cathode X-ray sources, it is necessary for CNT field
emitters to have both the high emission current and the high
emission current density. Therefore, our CNT field emitter
using a free-standing CNT film can be considered to be
very appropriate for cold cathode X-ray source applications
compared with other CNT field emitters.

IV. CONCLUSION
We fabricated a CNT field emitter with a line-shape using
a free-standing CNT film and investigated its field emission
characteristics. The CNT field emitter indicated both the
high emission current and the high emission current density,
which is important to several applications of field emission
devices. The high emission current density of the CNT field
emitter is particularly attributed to the high-density emission
sites at the edge of the CNT film. In addition, the organic
binder free fabrication process and a uniformly distributed
electric field at the edge of the CNT film help increase the
field emission stability. It is suggested that the CNT field
emitter can be used for diverse applications such as X-ray
sources, deep UV sources, and electron beam sources in the
future.
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