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Small tip-type CNT emitters with the diameter of 0.8 mm were fabricated for miniaturized X-ray tubes. The CNT emitters were
prepared by dropping CNTs and silver nanoparticles on a flat surface of a W metal tip followed by annealing at 800◦C for 2 h
under vacuum. The CNT emitters exhibit good field emission properties with the threshold electric field of 1.15 V/μm and the
field enhancement factor of 12,050. CNTs were well attached to a flat W tip surface without coating on the side plane of the tip,
and thus beam divergence could be minimized. Consequently, a miniaturized X-ray tube with the inner diameter of 5 mm was
successfully demonstrated using the tip-type CNT emitter.

Nanostructured materials are widely used for electron emit-
ters because of their good field-emission properties [1–7].
Among them, carbon nanotubes (CNTs) are mostly used as
electron emitters because of their excellent electron emission
property, chemical inertness, and high electrical and thermal
conductivity [8–11]. Recently, miniaturized X-ray tubes [12–
17] are being developed based on CNT emitters for the
applications to brachytherapy [12, 16, 17], a cavity-inserted
X-ray imaging [15, 18], nondestructive X-ray radiography,
and a compact X-ray spectrometer [13, 15]. The diameter of
miniaturized X-ray tubes is generally less than 10 mm, and a
thermionic cathode of which operating temperature should
be normally higher than 1000◦C can induce a serious heating
of the small X-ray tube. High operating temperature of
miniaturized X-ray tubes limits the applications of the tubes,
for example, to brachytherapy. Consequently, a cooling
device is required for the operation, but the cooling device
increases the size of the miniaturized X-ray tube. In this
sense, CNT emitters are proper electron sources because
electrons are generated through field emission, and hence
the cold emission process does not increase the temperature
of the X-ray tube. In addition, CNT emitters are also
promising electron emitters for microfocus X-ray tubes [19].

X-ray image quality based on a microfocus X-ray tube is
determined by the electron beam size of the tube. Therefore,
the diameter of an electron beam source should be very
small for the applications to miniaturized X-ray tubes or
microfocus X-ray tubes.

Tip-shaped CNT emitters where CNTs are coated on a
metal tip with the diameter less than 1 mm can satisfy the
requirements of an electron beam source for miniaturized
X-ray tubes or microfocus X-ray tubes. A few methods have
been developed to prepare such tip-shaped CNT emitters.
For example, a sharp-tip CNT emitter where CNTs are
coated on a sharp metal tip that is chemically etched was
developed. CNTs can be coated on the sharp metal tips by
chemical vapor deposition (CVD) [19–22] or electrophoresis
[23]. However CNT tips fabricated by these methods have a
serious weakness for a real application to X-ray tubes: weak
adhesion between CNTs and the metal substrate. X-ray tubes
are operated at high voltages, and electrical breakdown can
occur during the operation. CNT emitters must withstand
electrical breakdown for a stable operation, but the CNTs
coated on a metal tip by CVD or electrophoresis tend
to be easily detached when breakdown occurs [24–27]. In
addition, sharp geometry also has some disadvantages for
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Figure 1: (a) SEM image of a flat-tip CNT emitter with CNTs coated on the side plane of a W tip. (b) Trajectories of electrons emitted at
different positions of a flat-tip emitter. (c) Characterization of the electron beam diameter at the anode position using the emitter shown in
(a) and a phosphorous screen.
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Figure 2: (a) Schematic diagram to display the fabrication process of a flat-tip CNT emitter. (b) Optical image of a CNT drop on a W tip
surface. (c) SEM image of a fabricated flat-tip CNT emitter. Inset: the magnified SEM image of the surface of the emitter. (d) Characterization
of the electron beam diameter at the anode position using the emitter shown in (c) and a phosphorous screen.
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Figure 3: Current density-electric field profile of the fabricated flat-
tip CNT emitter. The inset is the F-N plot of the tip.
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Figure 4: Schematic diagram of the miniaturized X-ray tube.

the applications to miniaturized X-ray tubes or high-power
X-ray tubes. Due to the sharp and inclined geometry,
electron emission positions are different and furthermore
an electron beam is diverged radially. As a result, the beam
quality is not so good and a device to focus the electron beam
is necessary. Furthermore, the number of useful CNTs on a
sharp metal tip is limited and hence each CNT must emit
a high electron current to get an enough high total beam
current for the practical application to an X-ray tube. As a
result, CNTs can be easily damaged by high joule heating,
reducing the lifetime of the CNT emitters. To overcome
these, we proposed a flat-tip CNT emitter, where CNTs were
coated on a flat end surface of a metal wire with a small
(<1 mm) diameter. The electric field at the surface of a
sharp-tip emitter is radially outward, but the electric field
at the surface of a flat-tip emitter is parallel to the beam
axis. Moreover, the useful number of CNTs on a flat surface
is higher than that on a sharp surface. Consequently, an
electron beam with a smaller diameter and a higher beam
current can be obtained.

One problem that must be solved in the flat-tip CNT
emitters is to prepare uniform CNTs on a small metal tip.
Particularly, CNTs tend to be attached to the side surface of
a metal tip because of the small geometry of the metal tip,
as shown in the field-emission scanning electron microscope
(FESEM) image of Figure 1(a). These CNTs attached to the

side surface also act as electron emitters but badly affect
the operation of an X-ray tube. Figure 1(b) displays the
trajectories of electrons emitted at different positions of
a flat emitter. The calculated was carried out using the
EGN2 code [28]. In the calculation, a diode type composed
of a flat-tip cathode emitter, a focusing electrode, and an
anode was employed. The diameter of the emitter is 0.8 mm,
and the emitter is inserted inside a focusing electrode. If
there is no focusing electrode, the electron beam that is
produced from an emitter is dramatically diverged. The
distance between the emitter and the anode is 13 mm, and
the applied voltage between the emitter and the anode is
50 kV. As shown in Figure 1(b), electrons emitted from a flat
surface of the tip do not spread so much (electrons �1 and
�2 in Figure 1(b)). An electron generated from the outermost

position of a flat surface (electron �2, 0.4 mm far from the
center of the tip) reaches the anode by 1.36 mm apart from
the center. On the other hand, the electrons generated from
the side surface of the tip diverge seriously even though
a focusing electrode strongly prevents the divergence. An
electron generated at 0.3 mm apart from the edge of the
flat surface reaches the anode by 2.63 mm away from the
center (electron �5). This was also experimentally verified. A
diode gun as shown in Figure 1(a) was fabricated: a CNT
tip emitter shown in Figure 1(a) was used for the electron
emission. A phosphorous screen was installed at the anode
position to measure the beam diameter at the anode position.
Electrons were emitted from the CNT emitters through
field emission and arrived at the phosphorous screen. The
diameter of the electron beam at the phosphorous screen was
∼5.5 mm. Due to the diverged electrons, the inner diameter
of an X-ray tube cannot be reduced. An electrically insulating
material should be used between the focusing electrode and
the anode. An insulator with a smaller diameter must be
used for a miniaturized X-ray tube. However, the diverged
electrons can hit the insulator. This leads to the electrical
charge builds upon the insulator and finally high voltage
breakdown can occur. This prevents a stable operation of an
X-ray tube. Consequently, if CNTs are coated on a side plane
of a tip, the radial size of an X-ray tube cannot be decreased
below a certain diameter because electrons generated from
the side plane can induce an unstable operation.

For the realization of a smaller miniaturized X-ray tube,
a method to develop CNT tip emitters without CNTs coated
on the side plane of a tip was developed (Figure 2). At first,
a CNT solution was prepared: the solution is composed of
a 4 w% multiwalled CNTs (CM-95; Hanwha Nanotech Inc.)
and 2 w% silver nanoparticles (NPs) (DGH; Advanced Nano
Products Co., Ltd.) in a dichlorobenzene solvent. A 1 μL drop
of the solution was carefully attached to the flat surface of
a tungsten (W) wire. The end surface of the W wire was
polished, and its diameter was 0.8 mm (Figure 2(a)). The
dropped solution keeps a hemispherical morphology on the
W surface because of a surface tension (Figure 2(b)). The
solution was completely dried at ambient condition, which
removes dichlorobenzene from the solution while leaving
CNTs and Ag NPs on the tip surface. Subsequently, the
tip with the CNTs and Ag NPs was thermally annealed at
800◦C for 2 h under vacuum. The annealing process melts
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Figure 5: (a) Current-voltage behavior of the miniaturized X-ray tube. (b) Energy spectrum of the X-rays produced from the miniaturized
X-ray tube. The spectrum is normalized by the highest peak of 17.48 keV Mo Kα1 characteristics X-ray. (c) A radiograph of a line pair
phantom.

Ag NPs to form Ag film on the W surface. This Ag film
acts as an adhesive to strongly bind CNTs to the W surface.
If the amount of the Ag NPs is properly chosen, one end
of a CNT is emerged in the melted Ag film and the other
end is exposed to the surface. An FESEM image displays
the fabricated CNT tip emitter: CNTs are well attached to
a flat W tip surface, and no CNTs are coated on the side
plane of the tip (Figure 2(c)). The electron emission result
using the fabricated CNT emitters shows that the diameter
of an electron beam reaching at the anode was ∼2.5 mm
(Figure 2(d)), which was much decreased compared to
Figure 1.

The emission property of the fabricated CNT tip emitter
was characterized using a diode geometry. The same focusing
electrode as shown in Figure 1 was used for the character-
ization. The cathode-anode distance was 1.3 mm. Figure 3
shows the measured current density-electric field profile of
the emitter. The profile follows the Fowler-Nordheim (F-N)
equation very well: a linear relationship between ln(J/E2)
and 1/E was observed as shown in the inset of Figure 3.
The threshold electric field corresponding to an emission
current density of 10 mA/cm2 was 1.15 V/μm. The field
emission enhancement factor derived from the F-N plot was
approximately 12,050. These results indicate that the flat-tip
CNT emitter exhibits a comparatively good field-emission
performance.

In order to investigate the real device performance of
the flat-tip CNT emitters, a miniaturized X-ray tube was
fabricated using the CNT emitters. The schematic diagram of
the miniaturized X-ray tube is shown in Figure 4. The X-ray
tube consists of a flat-tip CNT emitter, a focusing electrode,
and an X-ray target. The X-ray target acts as an anode. An
alumina ceramic tube was used for an electrical insulator
between the focusing electrode and the X-ray target. The
inner diameter of the alumina tube was 5 mm, the outer
diameter of the tube was 7 mm, and the total length of the
X-ray tube was 40 mm. The X-ray target has a simple planar
shape, and the target was prepared by coating molybdenum
(Mo) on a thin beryllium X-ray window. All of the parts
were vacuum tightly brazed in a vacuum furnace, and a
getter was used to sustain a vacuum inside the X-ray tube.
Consequently, the X-ray tube can be operated without an
external vacuum pump. Figure 5(a) displays the measured
current-voltage curve of the miniaturized X-ray tube. The
X-ray tube could be stably operated up to 50 kV without
any voltage breakdown after a short voltage conditioning
[29]. The electron current reaching the X-ray target at
50 kV was 213 μA. Figure 5(b) shows the energy spectrum
of the X-rays generated from the miniaturized X-ray tube.
The energy spectrum was measured at 40 keV with an X-
ray spectrometer (model: Amptek XR-100T-CdTe) that was
150 cm away from the X-ray target. In addition to the
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broad bremsstrahlung X-rays, Mo characteristic X-rays of
Kα1 at 17.48 keV and Kβ1 at 19.61 keV were clearly observed.
Figure 5(c) shows a radiograph of a line pair phantom that
was achieved by the miniaturized X-ray tube and a CMOS
197 photodiode array detector (Vatech Xmaru0505CF, pixel
pitch 24 μm). Up to 10 line pairs/mm was clearly resolved.

In summary, we fabricated flat-tip CNT emitters for
miniaturized X-ray tubes and successfully demonstrated the
operation of a miniaturized X-ray tube with the inner
diameter of 5 mm. The tip CNT emitter was prepared by
coating CNTs on a flat surface of a W metal tip using
Ag nanoparticles as an adhesive. The CNT emitters exhibit
good field emission properties, and the beam divergence was
minimized. We believe that flat-tip CNT emitters are very
useful to realize smaller miniaturized X-ray tubes and high-
brightness microfocus X-ray tubes.
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