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A full vacuum-sealed macrofocus x-ray tube with a vertically-aligned ring-shaped carbon nanotube
(CNT) emitter grown by microwave plasma enhanced chemical vapor deposition is presented in
this paper. The external grid allowed the CNT-based x-ray tube to exhibit transient switching on
and off. The total emission current was 200 μA, which corresponds to a maximum emission current
density of 10.1 A/cm2 from the ring-shaped CNT emitter when the grid voltage was 2.4 kV. The
optimized focus electrode controlled the beam convergence on the target to produce a very small
x-ray focal spot size less than 5 μm. Consequently, this microfocus x-ray tube could produce x-ray
images with very high spatial resolution. X-ray fluoroscopy images of a multilayer printed circuit
board (PCB) and field programmable gate array show distinct gold PCB traces with approximately
20 μm width. Published by the AVS. https://doi.org/10.1116/1.5099697

I. INTRODUCTION

Carbon nanotubes (CNTs) are a very attractive field
emitter for vacuum electronic devices due to their high
aspect ratio, high electric conductivity, and high mechanical,
chemical, and thermal stability.1–5 Field emission with more
than 2 A/cm2 current density from CNT emitters has been
reported.6–11 The development of CNT-based electron field
emitters has prompted the creation of a new class of elec-
tronic vacuum devices, such as field emission displays,
microwave amplifiers, and x-ray tubes.12–17

CNT field emission x-ray tubes provide fast switching,
digital addressing, and rapid snapping with potential applica-
tions in a number of fields. A prototype of CNT-based x-ray
tube and CT system with a CNT x-ray source was developed
by Zhou,s group.18–21 Cho reported a miniaturized x-ray tube
with small, flat-tipped CNT emitters with the diameter of
0.8 mm.22 Fully vacuum-sealed CNT-emitter x-ray tubes
without an active pump were reported by several research
groups,21–29 in which diode or triode structures were config-
ured and focusing lenses were used to produce a small focal
spot in some cases. Conventional thermal-cathode x-ray
tubes cannot act as monochromatic x-ray sources, but field
emission technology could provide monochromatic x-rays. A
direct quasimonochromatic x-ray source based on CNT
emitter was developed successfully by favoring the L-peak
emission over the Bremsstrahlung part.30

Generally, a CNT emitter plays a key role in those x-ray
tubes mentioned above. There are two typical methods for
fabricating a CNT emitter. The first is a two-step method,
where CNTs are initially grown and then mounted on a sub-
strate by screen printing21–24 or electrophoresis.8,31 This is an
economic and efficient method, but it is difficult to vertically

align and evenly distribute the CNTs while wiping off the
residual product from the paste. The second is a direct syn-
thesis method, where CNTs are grown on a substrate to form
an emitter using various chemical vapor deposition (CVD)
methods.6–9 However, the natural limitations on their opera-
tional characteristics, which arise due to electric field screen-
ing effects in CNT arrays, thermal effects, and statistical
spread in parameters of individual nanotubes, have become
critical issues that hinder their application in power devices,
where CNTs must emit a large stable current. The CNT
emission current density in these devices was low and
should be improved.

Here, we report a CNT-based x-ray tube with small focal
spot, in which a ring-shaped CNT emitter was grown by
microwave plasma CVD, yielding a field emission cathode
with stable emission current. An electron gun with a grid
gate and a focus electrode were designed for this x-ray tube
to provide a micrometer level x-ray focal spot. The full
vacuum-sealed microfocus CNT-based x-ray tube exhibited
reliable digital operation at high emission current density
with fast switching.

II. EXPERIMENT

A. CNT fabrication

In order to produce a smaller symmetric electron beam
focus and sufficiently large field emission current, the cathode
pattern was designed as a cylindrical array pattern with a
maximum diameter of 50 μm according to our simulations, as
shown in Fig. 1. There are three circles in this pattern. The
largest circle was 50 μm in diameter, the next smaller ring was
20 μm in diameter, and the thickness of the circles was 2 μm.
The diameter of the central circle was 5 μm.

A standard lithographic method was used to pattern cata-
lyst layers for CNT growth on a silicon wafer. CNT arrays
with high current density, stable current, and high adhesion
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strength to the substrate were obtained by designing a unique
stacked multilayer metal structure to grow CNTs. These
CNTs will have larger current density. First, a thick layer of
TiN (200 nm) was deposited on a silicon substrate by sputter-
ing and was subsequently covered with a photoresist pattern.
Next, copper and aluminum layers with 100 and 5 nm thick-
ness, respectively, were deposited through evaporation as a
buffer layer. The TiN and copper layers both increase the
adhesion strength of the CNTs and increase the electrical
and thermal conductivities. The aluminum layer has a dis-
persing and limiting effect on the iron particles such that the
iron catalyst particles can be dispersed uniformly without
significant agglomeration, which prevents the CNT density
from becoming too large in a partial region.8 Finally, a layer
of iron (2.5 nm) was evaporated to act as a source for the
catalyst particles. The catalyst pattern was obtained after
stripping the photoresist layer.

CNT growth was performed in a microwave plasma
CVD reactor operating at 2.45 GHz.32 CNTs were grown at

1 kW microwave power, 25 mbar internal reactor pressure,
and 200 sccm gas flow rate with a CH4 + H2 mixture at a
9:1 ratio. A radio frequency heater was used to preheat
the sample to the deposition temperature of approximately
650 °C, and the hydrogen plasma was ignited with an
additional energy source. After keeping the sample at a
constant temperature of 650 °C for 5 min, the thin Fe-layer
was converted into nanoparticles and then methane was
injected into the hydrogen plasma to induce CNT growth
for 1–3 min.

B. X-ray tube fabrication

The electrodes were optimized based on a series of the
electron optics simulation conducted with OPERA 3D software.
Figure 2 shows the electron gun simulation structure.

A grid with a 200 μm diameter round hole with 0.1 mm
thickness was used as a gate to extract electrons from the
CNT cathode. The distance between the CNT emitter and

FIG. 1. Model of the carbon nanotube emitter.

FIG. 2. Electron gun simulation structure. (a) Schematic model of the microfocus x-ray tube based on CNT array using OPERA 3D simulation software. (b) Final
optimized electron gun simulation structure.
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grid was about 250 μm. The focusing electrode is an essen-
tial component in a field emission electron gun. It plays a
key role in converging the electron beam to a small spot on
the anode. We designed a focusing electrode with two focus-
ing rings with different diameters. In our design, the focus
voltage ranged from 0 to 500 V to produce fine convergence.
The simulated focal spot size on the target was less than
5 μm when the anode voltage was 80 kV.

Table I shows the effects of the manipulated variables on
the focus spot size (FSS) of the electron beam. Five different
parameters, in turn, were simulated and optimized to get
focus spot size.

1. Effect of the applied voltage at the grid

The voltage range of the grid from 1 to 5 kV was applied
to investigate the influence to the electron beam. The simula-
tion results show that the FSS decreased as the voltage at the
gate increased.

2. Effect of the axial distance of the first electrostatic
lens

In our simulation results, the beam radius increased when
the axial distance increased from 2 to 5 mm away from the
cathode. However, the FSS started to decrease after the axial
distance is more than 5 mm because the lens moved nearer
the second focus lens.

3. Effect of the geometrical inner diameter of the first
focus lens

The geometrical inner diameter of the first focal lens was
changed from 3 to 7 mm. As the inner diameter of the lens
increased from 3 to 5 mm, the FSS decreased. However, the
FSS increased when the inner diameter continues to increase
from 5 to 7 mm.

4. Effect of the axial distance of the second
electrostatic lens

The axial distance of the second electrostatic lens was
varied from 5 to 9 mm with respect to the cathode assembly.
It was observed that as the distance of the anode increased
from the cathode assembly, the FSS also increased. Beyond
8 mm, the FSS started to decrease.

5. Effect of the geometrical inner diameter of the
second focus lens

As the inner diameter of the lens increased from 5 to
8 mm, the FSS decreased from 67 to 16 μm. However, when
the inner diameter continues to increase from 8 to 9 mm, the
radius of the beam increases from 16 to 31 μm.

Eventually, we obtained an optimized FSS value based on
the results obtained above. The simulation structure parameters
with the FSS of 5 μm were obtained. Figure 3 shows the simu-
lation results for the optimized electron gun.

TABLE I. Effects of the manipulated variables on the FSS. Each set of data surrounded by gray boxes represents a situation in which a parameter changes in a
trend. The last row of data represents the optimal parameters.

Condition
Voltage of grid

(mm)
Position of focus lens

1 (mm)
Inner diameter of
focus lens 1 (mm)

Position of focus lens
2 (mm)

Inner diameter of focus lens
2 (mm)

FSS
(μm)

1 1 4 5 7 7 48
2 4 5 7 7 34
3 4 5 7 7 26
4 4 5 7 7 15
5 4 5 7 7 9

2 3 2 5 7 7 21
3 3 5 7 7 23
3 4 5 7 7 26
3 5 5 7 7 35
3 6 5 7 7 25

3 3 4 3 7 7 71
3 4 4 7 7 26

3 4 5 7 7 6
3 4 6 7 7 15
3 4 7 7 7 25

4 3 4 5 5 7 8
3 4 5 6 7 15
3 4 5 7 7 26
3 4 5 8 7 33
3 4 5 9 7 31

5 3 4 5 7 5 67
3 4 5 7 6 43
3 4 5 7 7 26
3 4 5 7 8 16
3 4 5 7 9 31

6 3 4 5 7 8 5
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Based on the simulation results, an electrostatic gun was
designed for this microfocus x-ray tube. A cylinder copper
anode with a takeoff angle of 14° was used as a target. This
causes x-rays emitted along the vertical direction to be com-
pressed, and the width of the x-ray beam will be thinner. A
tungsten plate was welded on the anode surface where elec-
trons bombard with high energy.

The electron gun and anode were housed in a glass tube to
form an unsealed x-ray tube. The unsealed tube was pumped
down to 5 × 10−6Pa with a mechanical pump and a turbo
molecular pump, subsequently followed by baking at 550 °C
for 12 h. An evaporable getter was mounted beneath the CNT
cathode to ensure that the vacuum in the x-ray tube remained
high in order to guarantee stable operation at 80 kV.

C. Measurement of field emission

Figure 4 shows a schematic of the direct radiography testing
system. A high voltage generator with voltage ranging from
0 to 90 kV was applied to the anode of the x-ray tube, and the
cathode was set to zero potential. In order to achieve better
focusing in the x-ray tube, the focusing electrode was connected

to a voltage source that could be accurately controlled from 0 to
500V. The gate of the x-ray tube, which was connected to an
adjustable high voltage DC power supply, provided a strong
electric field to the tip of CNTs to extract electrons from the
CNTs. The x-ray detector received penetrated x-rays to form an
image signal, which was then transferred to a computer.

Field emission measurements of CNT arrays were gathered.
First, we tested the field emission current of the x-ray tube. At
this time, the anode voltage was set as the working voltage
and remained unchanged. When the grid voltage gradually
increased, the field emission from the CNT cathode began
once a threshold was reached. The total current could be mea-
sured by sampling the voltage drop across a resistor.

III. RESULTS AND DISCUSSION

A high-resolution field emission scanning electron micro-
scope (FE-SEM, Inspect FEI) was used to examine the
as-grown CNT electron emission source. SEM images of the
as-grown CNT array are shown in Fig. 5.

SEM images of the as-grown CNT array show that the
CNT-bundles have a length of about 15 μm with 10 μm

FIG. 3. Simulation results. (a) Electron beam trajectories, (b) FSS of the cross section on the target.

FIG. 4. Digital radiography system schematic.
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pitch. All CNT-bundles were oriented vertically on the sub-
strate and formed an excellent emitter pattern throughout the
sample. Uniformity in the height of CNTs plays an important
role in providing a stable field emission current, where every
CNT contributes to the field emission current. The sample
can provide a homogenous emission current from every
emitter at any electric field, preventing the formation of hot
spots and burning of individual CNTs that stick out from the
cathode plane. Beside, Strong adhesion between carbon tube
and substrate can be produced as a result of unique stacked
multilayer metal structure.

The current from the fully vacuum-sealed x-ray tube was
measured. Figure 6 shows the prepared x-ray tube, and
the diameter and the overall length of the tube are 30 and
70 mm, respectively. The I-V curve is shown in Fig. 7. A
total emission current of 200 μA was obtained at 2.4 kV gate
voltage. The corresponding emission current density could
reach more than 10.1 A/cm2. At present, the current density
emitted from most CNT field emission cathodes is below
5 A/cm2. The threshold field, corresponding to an emission
current density of 10 mA/cm2, is about 4 V/μm, which is
also higher than that reported by others.5,8,19

The reason why the threshold field is higher could be due
to the electric field shielding because the CNT bundle is
very short. Simulations show that the emitter could exhibit
optimized performance when the distance between rings in
the array is equal to the height of the CNTs, as this balances
field screening effects.20

The resolution test pattern based focal spot measurement
technique has been widely used. We used a line test pattern
to make a preliminary assessment of the spatial resolution of
the CNT-base x-ray tube. The resolution test pattern con-
sisted of seven segments ranging from 2.5 to 20 line pairs
per mm. Figure 8 shows the experimental measurement of
the spatial resolution. As can be seen from Fig. 8, the image
is still very sharp when the line density is 20 pairs per milli-
meter. It can be judged that its true resolution is better than
20 lp/mm.

Finally, we analyzed some images gathered with our
x-ray tube. Images of a multilayer memory module were
gathered at approximately 6× magnification to gather images
of the inner structure of the printed circuit board (PCB). The
pixel size of the detector was 75 × 75 μm2, as shown in
Fig. 9. Traces on the inner layers of the PCB can be seen in

FIG. 5. SEM image of an as-grown CNT array. (a) Overall shape of the CNT array. (b) Higher resolution image of the CNT array.

FIG. 6. Picture of the fully sealed x-ray tube.
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FIG. 8. Experimental measurement of the spatial resolution.

FIG. 7. Field emission I-V test curve. The anode voltage was set to 80 kV and the gate voltage was adjusted from 1 to 2.5 kV.

FIG. 9. X-ray image of a memory module on a PCB.
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the x-ray image, indicating that the x-ray focal spot size of
the CNT-ray tube is very small.

Figure 10 shows the distribution of leads inside a 1 mm
thick FPGA. The image in this figure was gathered at
80 kV and is magnified by a factor 10 to allow the very
thin electrical leads to be seen clearly. The finest gold
wire in the chip was approximately 20 μm wide, and its
position can be seen clearly. As the results show, the
small x-ray focal spot size could produce x-ray images
with high spatial resolution.

IV. CONCLUSIONS

Fine-patterned CNT arrays for field emission were fabri-
cated by microwave plasma enhanced chemical vapor deposi-
tion. These CNT arrays produced very high emission current
density of 10.1 A/cm2. An electron gun with two ring-shaped
focusing electrodes was optimized to produce fine electron
beam convergence. Finally, a fully sealed x-ray tube was fabri-
cated and tested. Anode operating current can reach 200
μA. Also, we analyzed x-ray projection images to determine
the actual resolution of the x-ray tube. The x-ray tube can
produce x-rays with resolutions higher than 20 lp/mm. The
finest gold wire with a diameter of 20 μm in the FPGA chip
can be clearly distinguished. Whether it is the working current
of the tube or the resolution, it has reached the leading level in
the field of microfocus x-ray tubes.
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