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Abstract

The density of carbon nanotubes (CNTS)
deposited by microwave plasma chemical
vapor deposition (MPCVD) is extremely
high, which results in screening effect in the
electric field. To achieve excelent field
emission characteristics, an excimer laser
treatment (ELT) was introduced to reduce
the density of CNTs. Scanning electron
microscopy (SEM) micrographs showed
reduced densities of the CNTs, and the
measurement of electrical characteristics
results revealed the improved field emission
properties under suitable ELT conditions.
The turn-on field decreased from 3 V/um to
2.1 V/um, and the emission current density
increased from 573 mA/cm? to 87.13
mA/cm? at the applied field of 5V/um.

I ntroduction

Carbon  nanotubes (CNTs) have
attracted increasing attention owing to their
promising  applications in  vacuum

microelectronics. Severa groups have
demonstrated the low turn-on electric field
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properties and extremely high emission
current of CNT field emission diodes. In
most works, arc-produced CNTS[1] and
screen-printing techniques were used to
fabricate low-cost CNT field emission
diodes for field emission displays. However,
specific  purification  processes  for
arc-produced CNTs are required, and the
uniformity of screen-printed CNT field
emitter arrays is so poor that it results in a
non-uniform emission current. Selective
growth of CNTs by chemica vapor
deposition (CVD) processes is sufficient for
fabricating field emission devices with
excellent uniformity when no purification or
screen-printing process is required. However,
the density of the CNTs, which is an
important parameter dominating the field
emission property, cannot be controlled well
by chemical vapor deposition processes such
as laser ablation[2], thermal chemical vapor
deposition[3-4], and microwave plasma
enhanced chemica vapor deposition
(MPCVD)[5]. The screening of the electric
field by the dense arrangement of CNTSs has
been reported by several groupg6-7]. The
electric field is screened out for the closely
spaced CNTs, which results in a reduced
effective electric field near the CNT emitters.
As a result, the turn-on electric field is
increased and the emission current density is
decreased  To obtain better field emission
properties, the density of CNTs should be
optimized. However, the density of CNTs
synthesized by MPCVD is too high and is
difficult to control. In this study, a novel
process using excimer laser treatment (ELT)
was proposed to modify the density of CNTs
grown by MPCVD. Different laser energy
densities and laser beam overlaps were
utilized to obtain various arrangements of
CNTs. The experimental results revea that



high emission current density and low
turn-on field of CNTs can be achieved under
suitable ELT conditions.

Results and Discussion

Figure 1 shows the scan electron
microscopy (SEM) micrographs of CNTs
treated under ELT condition of 50% laser
beam overlap with different excimer laser
energy densities. (a) untreated, (b) 100
mJcm?, and (c) 200 mJ/cm?. The density of
the CNTs decreases as the laser energy
density of the ELT increases, which results
from the destruction of CNTs during ELT.
The corresponding cross-sectional views of
CNTsareillustrated in Fig. 2. For the energy
density of 100 mJ/cm? parts of the CNTs
were destroyed after ELT and the length
variation of CNTs increased. For the higher
laser energy density of 200 mJcm?, more
CNTs were broken and they are shorter than
the previous ones.

The SEM micrographs of the CNTs
treated by ELT with the laser beam overlap
of 99% are presented in Fig. 3. Significant
destruction of CNTs occurred at this laser
beam  overlap. The  corresponding
cross-sectional views of CNTs are shown in
Fig. 4. For the laser energy density of 100
mJcm?, the CNT length was reduced to 5
um and the CNT density did not changed
markedly, as shown in Fig. 4 (a). Most of the
CNTs were destroyed after ELT with the
laser energy density of 200 m¥cm?, and the
average length of the CNTs decreased to 2
um, as shown in Fig. 4 (b).

Figure 5 (a) shows a high-resolution
SEM micrograph of the CNT films treated
with a laser energy density of 200 mJ/cm?
and laser beam overlap of 99%. The tops of
the CNTs are open ended, which differs
from the case of asgrown CNTSs,
demonstratingthat  CNTs can be broken
effectively by ELT.

Based on the SEM results, a mechanism for
ELT of CNTs was proposed, as depicted in
Fig. 5 (b). With the lower laser beam overlap,
some CNTs were destroyed by the laser; and
the variation of CNT length increased which

enhanced the electric field distribution. With
higher laser beam overlap, serious
destruction of CNTs occurred and the CNT
density did not changed markedly as
compared to that of as-grown CNTs. The
emission characteristics of the CNTs for
different ELT conditions are shown in Fig. 6.
With an applied electric field of 5 V/um, the
emission current densities were 5.73
mA/cm? and 87.1 mA/cm?, respectively, for
the untreated CNTs and the CNTs treated
under the ELT conditions of laser energy of
100 mJ/cm? with the laser beam overlap of
50%. The emission current densities were
3.71 pA/cm? and 2.51pA/cm? for the CNTs
treated under ELT conditions of laser energy
density of 200 mJ/cm? with 50% laser beam
overlap and the CNTs treated under ELT
conditions of laser energy density of 100
mJcm? with 99% laser beam overlap,
respectively. The corresponding
Fowler-Nordheim plots for CNTs with
different ELT conditions are depicted in Fig.
6 (b). The linearity of the plots confirms the
field emission phenomena. The turn-on field
of the CNTsfield emission diode, which was
defined as the field at which F-N plot
becomes linear, decreases from 2.3 V/um to
1.3 V/um for the untreated CNTs and the
ELT-CNTs with laser energy density of 100
mJcm? and 50% laser beam overlap. Table |
shows the relationship between different
ELT conditions and the field emission
properties. However, the turn-on field
increased for other ELT conditions.

Conclusions

The density reduction of CNTs
achieved by excimer laser treatment was
proposed. The SEM micrographs revealed
the surface distribution of CNTs after ELT.
For the laser beam overlap of 50%, parts of
CNTs were shortened and the remaining
CNTs protruded from the surface of CNTs
films. When the laser beam overlap
increased to 99%, most of the CNTs were
shortened and no protruding CNTs were
observed. The field emission characteristics
confirmed the improvement of field



emission properties under suitable ELT
conditions, the field emission current density
increased from 5.73 mA/cm® to 87.13
mA/cm? at the electric field of 5 V/um and
the turn-on electric field decreased from 2.3
V/um untreated to 1.3 V/um for ELT
conditions of a laser energy density of 100

mJcm?2 and 50% laser beam overlap. The
experimental results reveal that improved
emission properties can be achieved by
optimizing the density and the length of
CNTs under proper excimer laser treatment
conditions.
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Figure 1.SEM micrographsof CNTstreated by ELTsfor different excimer laser
ener gy densities of (a) untreated, (b) 100 mJ/cm?, and (c) 200 mJ/cm?.
The laser beam overlap was maintained at 50% .
Figure 2. Cross-sectional SEM micrographs of CNTstreated by ELTsfor
different excimer laser energy densities of (a) untreated, (b) 100 mJ/cm?, and (c)
200 mJ/cm?. The laser beam overlap was maintained at 50%.
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Figure 3. SEM micrographs of CNTs treated by ELTs for different excimer laser
energy densities of (a) 100 mJ/cm? and (b) 200 mJ/cm?® The laser

beam overlap was maintained at 99%.

(@) (b)

Figure 4. Cross-sectional SEM micrographs of CNTs treated by ELTs for
different excimer laser energy densities of (a) 100 mJ/cm? and (b) 200

mJ/cm?. The laser overlap was maintained at 99%.
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Figure 5. . The mechanism of ELT-CNT and SEM micrograph of the
CNTsbroken by ELT

N 0.1 ._ —m— noELT »
g E —e@— with 100 mJ/cm? & 50% overlap oo®
F °
<\( 0.01 § —~— with 200 mJ/cm®& 50% overlap ........
~— E
- F| —w— with 100 mJ/cm®& 99% overlap .o. .ll..‘.l!l
é 1E-3 E| with 200 mJ/cm? & 99% overlap |® ‘-l
. F b d AA
2 1E-4f os m%
© 3 {
= 1E-5}
et E
5 1E-6 E v
3 : v/vvv
§ 1E-7f »
% 2 heoaadd
£ 1E-8¢ v o
] E
—
Applied electric field, E (V/pm)
-4 T T T T ]
-6 - e —m— noELT —
-8 ] \ —e— with 100 mJ/cm® & 50% overlap ]
-10 ] ~\.. —A— with 200 mJ/cm’ & 50% overlap ]
q ~\.. —w— with 100 mJ/cm” & 99% overlap 4
w; 12 o o with 200 mJ/cm? & 99% overlap | ]
-14 4 " e _eee i
5("" 16 ] -=‘ ° T .\.".\ o—®—eo ]
~ - - o—® ®—
u 18] W "V e a
j3 < 3 N A a
= -20 4 v ‘WA ) 4 = =
= ] hr'ad W e VO v— ]
-22 4 Mo Tt A Con § T - J
] = ]
-24 7 ]
-26 T T T

0.6
1/E (V Hpm)

0.2 0.4

Figure 6.(a) Characteristic emission current density (J) versus applied electric field (E)
for the CNTs with different ELT conditions. (b) The corresponding F-N

plots.



