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Design and Fabrication of CNT-Based E-Gun
Using Stripe-Patterned Alloy Substrate
for X-Ray Applications

Jongmin Lim, Amar P. Gupta, Seung Jun Yeo, Mallory Mativenga™, Moonkyoo Kong,
Chong-Gil Cho, Jeung Sun Ahn, Seung Hoon Kim, and Jehwang Ryu

Abstract—We report the enhancement of carbon
nanotube (CNT) field emitters by growing them directly
on stripe-patterned alloy substrates. For a gate voltage
of 1300 V, CNT field emitters grown on full and stripe-
patterned alloy substrates achieved respective emission
currents of 0.22 and 2.32 mA, corresponding to tenfold
performance enhancement. Performance enhancement is
attributed to the reduced screening effect (as a result of
the spacing between strips) during field emission and a
damage-free patterning process. To verify the ability of
the stripe-patterned CNT field emitters to generate X-rays,
we designed and assembled an electron gun through
brazing. With the open type X-ray system, an X-ray image
of human teeth was successfully obtained, verifying the
potential of the stipe-patterned CNT emitters in X-ray
applications.

Index Terms— Carbon nanotube (CNT), field emission,
X-ray.

I. INTRODUCTION

ARBON nanotube (CNT) field emitters have enormous

potential in many different areas, particularly in X-ray
technology, where CNT-based emitters provide many new
possibilities in vacuum electronic devices [1]-[3]. The CNT-
based X-ray system has many advantages because of CNT‘s
superior electrical and mechanical characteristics [4]. It is
hard to achieve pulsed X-ray radiation with filament X-ray
sources based on thermionic emission because of their long
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response time and high operating temperature. On the contrary,
CNT field emitters can be swiftly turned on and off, allowing
the generation of the pulsed emission. In addition, electron
extraction from CNTs for X-ray radiation is possible at room
temperature, allowing the formation of cold cathode X-ray
sources [5]-[9]. During the growth of CNTs by chemical vapor
deposition (CVD), it is important to select the type of substrate
(e.g., silicon or metal substrate) and pretreatment process
[10], [11]. The advantage of a metal substrate over silicon is its
excellent electrical conductivity. Since CNTs can be directly
grown on a metal substrate without external catalyst, the adher-
ence between CNTs and substrate is greatly enhanced [12].
Furthermore, the synthesis of CNTs is easy to handle and
process on metal substrates. In particular, the formation of
holes on metal substrates can be easily achieved by simple acid
etching treatments, thus enabling the formation of patterned
field emitters. One of the major challenges in field emission
is the screening effect, which arises when the spacing between
CNTs is too small. Patterning of field emitters thus prevents
the screening effect in field emission, consistent with many
studies, which suggest that field emission properties of CNTs
are strongly related to the shape of the emitter [13], [14]. This
has necessitated the patterning of CNTs on metal substrates
through photolithography in some studies [15].

In this article, instead of having to pattern the CNTs
through photolithography, we explore the patterning of the
metal alloy substrate into strips through a simple and inex-
pensive acid etching process. Given that the etching process
is performed on the substrate before CNT growth, the CNTs
are expected to be damage-free, and hence, exhibit better field
emission properties compared to those in previous studies.
To test the application of the stripe-patterned CNT emitters
in X-ray imaging, we self-design and assemble an electron
gun (E-gun) employing the stripe-patterned CNT emitters
developed herein and capture an image of human teeth.

Il. EXPERIMENT

CNTs were synthesized by thermal CVD (TCVD) on a
metal alloy substrate, YEF-426, consisting of 42% nickel,
6% chromium, and 52% iron [Fig. 1(a)]. The strips that are
56-um-wide with 142-um spacing were achieved by acid
etching with FeCl3 [Fig. 1(b)]. Inside the chamber, the pres-
sure was maintained at 107 torr to prevent oxidation, and
the chamber was heated up to 900 °C. When the desired
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Fig. 1. Fabrication process of a CNT-based E-gun with the meshed
gate electrode. (a) Un-patterned metal substrate. (b) Stripe-patterned
substrate after acid etching. (c) Stripe-patterned-substrate/CNT stack
after CNT growth. (d) Stripe-patterned-substrate/CNT/alumina-insulator
stack. (e) Stripe-patterned-substrate/CNT/alumina-insulator/gate stack.
(f) Completed E-gun after brazing.
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Fig. 2. Optical image of the fabricated (a) unpatterned and (b) stripe-
patterned emitters. (c)—(e) SEM images of the stripe-patterned emitter
grown on the metal substrate. (f) Raman spectrum.

temperature was reached, a pretreatment process was carried
out with 70 sccm of NHj3 for 15 min at 7 torr. Finally,
a mixture of 30 sccm of Co;Hp and 70 sccm of NH3z was
inserted to grow the CNTs for 30 min. Evidence of CNT
growth was examined through a scanning electron microscope
(SEM). The synthesized unpatterned [Fig. 2(a)] and stripe-
patterned [Fig. 2(b)] CNT emitters were assembled in a triode
type E-gun structure with the help of an alumina insulator and
gate mesh [Fig. 1(c)—(e)]. The anode was made of tungsten
embedded on copper and biased within an anode voltage of
7 kV. The gate electrode had a hexagonal structure made up
of Kovar plate that had 360 x#m in diagonal and 100 gm in
thickness. The E-gun structure had a 370-um gate-to-cathode
distance and a total emission area of 0.1377 cm?.

A focuser was added to the E-gun for beam focusing
through brazing at 850 °C under vacuum (10~ torr). The high
temperature was necessary because the filler used for joining
the gate—cathode structure and focuser was AgCu, which has
a melting point of about 850 °C. The completed E-gun
is shown in Fig. 1(f). The details of the triode-type field
emission measuring and X-ray generation system used herein
are described elsewhere [16]. We used the open-type X-ray
system with the stripe-patterned CNT emitters to obtain an
X-ray image of human teeth by operating this system with
an anode voltage of 60 kV. The operating anode current was
0.5 mA, and the vacuum inside the chamber was maintained
at10~ torr.

I1l. RESULTS AND DISCUSSION

Fig. 2(c)—(e) shows the SEM images of synthesized CNTs
at different magnifications. The CNTs exhibited the spaghetti-
like orientation, with diameters ranging from 50-120 nm
and an average length of about 5 ym. Due to the random
existent of the catalyst on the metal surface, the CNTs were
densely populated, nonuniform, and curved. This necessitated
the performance of an aging process to eliminate long CNTs
from the synthesized emitters [Fig. 2(d)], resulting in the
improved uniformity in length. The field emission measure-
ment was performed until the field emission characteristics
became uniform. The Raman spectrum was characterized with
G- and D-bands, respectively, located at 1593 and 1365 cm™!,
confirming the presence of multiwalled CNTs (MWCNTs)
possessing the intensity ratio of the D- and G-bands (Ig/Ip)
of 1.369 [Fig. 2(f)]. These results support the presence of mini-
mum disorder in the synthesized CNTs. Moreover, the absence
of the radial breathing mode (RBM) at values <500 cm™!
in the Raman spectrum is consistent with a multiwalled
structure [17].

The cathode, on which the CNTs are grown, is inserted
into a ceramic cover that ensures insulation from an external
contact. Except for the emission area, the gap between the gate
and emitter is covered with ceramic to reduce leakage current.
For field emission measurements, the gate voltage is swept
from 400 to 1300 V. A stability test was performed under the
same conditions as those of the emission current measurement,
but with the gate voltage fixed at 1.2 kV. This voltage was
determined based on the gate voltage, which showed a value
of 1.5 mA in the emission current measurement. Fig. 3
shows the comparison of the cathode currents of a stripe-
patterned emitter and an unpatterned emitter after aging. For
the aging process, ten preemission test measurements were
performed, with a gate voltage sweep range of 400-1300 V.
It is evident in Fig. 3 that the stripe-patterned emitter exhibited
better emission characteristics compared to the unpatterned
emitter. At 1.3 kV, the stripe-patterned emitter had an emission
current of 2.32 mA, whereas the unpatterned emitter had
only 0.22 mA, which is nearly a ten times difference. The
turn-on voltage of the stripe-patterned emitter was also lower
than that of the un-patterned emitter. By defining the turn-
on voltage as the gate—voltage corresponding to an emission
current of 10 xA/cm?, the turn-on voltages were 600 and
800 V, respectively, for the former and latter.
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Fig. 3.  Field emission characteristics of un-patterned and stripe-

patterned emitters. (a) Current—voltage characteristics. (b) and (c) FN
plot (b) and semilog plot (c) of the same data. (d) Stability test results.

Given that the stripe-patterned emitter has a reduced effec-
tive emission area compared to the un-patterned emitter, it is
expected to exhibit a lower field emission. However, the results
of this article indicate that patterning of the emitter leads to
a better field emission efficiency. The slope of the Fowler—
Northeim (FN) plot is smaller for the striped-patterned emitter
compared to the un-patterned emitter [Fig. 3(b)]. This implies
that the field enhancement factor of the stripe-patterned emitter
is larger than that of the un-patterned emitter. The field
enhancement factor of stripe-patterned and un-patterned emit-
ters was, respectively, 6034 and 3367. The slope change in
the FN may be related to the change in the orientation of the
CNTs, where the low and high electric fields, respectively,
correspond to fields before and after the CNTs become erect.

In addition to the enhanced field emission, the stripe-
patterned emitters also exhibited better operation stability
[Fig. 3(d)]. During the first hour, the emission current of
the stripe-patterned emitter increases gradually until it reaches
1.5 mA. The reason for this slight increase is not clear and
warrants further investigation, but could also be due to a reori-
entation and stabilization period, where CNTs become erect
along the direction of the electric field. When CNTs become
erect, their distance from the gate decreases, and hence, field-
emission increases. The process is reversible because repeated
stability test measurements yield graphs with the same shape.
Given that this phenomenon is not present in the unpatterned
emitters, in which emission current continuously decreases
with stress time [Fig. 3(d)], it could be related to the CNTs
located at the edges in the stripe-patterned emitters.

Note that the emission current of the stripe-patterned emitter
measured at 1.2 kV is higher than that of the un-patterned
emitter measured at 1.8 kV. Higher field emission properties
and better stability exhibited by the stripe-patterned emitters
compared to the un-patterned emitters are related to the
reduced screening effect (as a result of the spacing between
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Fig. 4. (a) Schematic of the X-ray system. (b) Snapshot of the open-type
X-ray system. (c) Triode-mode /-V characteristic of the stripe-patterned
emitter and (inset) X-ray spectrum of the tungsten target with a beryllium
filter. (d) E-gun employing stripe-patterned emitter. (e) Optical and
(f) X-ray image of human teeth.

strips) during field emission and enhanced edge effect (due to
increased number of edges) [14], [15].

Note that the emission from CNTs at the edges is higher
than that of CNTs at the center because of the former
experience less screening effect and, thus, exhibit higher local
electric fields. To verify the ability of the stripe-patterned
CNT field emitters to generate X-rays, we designed and
assembled an open-type X-ray system employing the E-gun
with the striped patterned emitter (Fig. 4). Using the triode
system [Fig. 4(a)], a cathode current of 0.644 mA and anode
current of 0.522 mA were obtained at a gate electric field
of 2.81 V/um [Fig. 4(b)]. The anode current was measured
by adjusting the gate electrode in the dc mode. The leakage
current ratio was below 19%.

The X-ray image was taken at an anode accelerating voltage
of 60 kV with the anode current of 0.5 mA achieved by
applying a gate field of 2.75 V/um for 0.1 s (single scan)
in the open-type X-ray system [Fig. 4(c) and (d)]. The X-ray
dose was approximately 10 mR for a focal spot size of
300 and 500 um, respectively, for the vertical and horizontal
axes [European Standard (EN 12543-5)] [18]. The simulated
spectrum of the X-rays from the tungsten anode through
the 0.2-mm-thick beryllium window is shown in the inset
of Fig. 4(c) [19]. Note that a gate field of 5 V/um had
to be applied in our previous report to achieve the same
anode current of 0.5 mA using un-patterned emitters [20].
We successfully took an X-ray image of human teeth using
the X-ray system with stripe-patterned emitters as shown in
Fig. 4(e) and (f). Given that the emission area (0.1377 cmz)
of the electron gun presented herein is exactly the same as the
one in our previous report, stripe-patterning of emitters results
in high emission current at low gate field and, hence, higher
operational stability. This verifies the potential application
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of the stripe-patterned emitters in the next-generation X-ray
technology.

IV. CONCLUSION

We have demonstrated that CNT field emitters can be
enhanced by growing the CNTs directly on stripe-patterned
alloy substrates. The emission current increased tenfold, and
the overall stability of the emitters improved by the use of
the stripe-patterned substrate. The performance enhancement
was attributed to the gaps between the strips, which resulted in
the reduction of screening effects and the consequent decrease
in edge effects. It can thus be predicted from this study that
the field enhancement factor of an emitter is linked with the
structure of the substrate. An E-gun implemented with the
stripe-patterned substrate exhibited higher emission current at
lower gate field compared to the E-gun implemented with
the un-patterned substrate. Higher emission current at lower
gate field implies higher operational stability, verifying the
potential application of the stripe-patterned emitters in the
next-generation X-ray sources.
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