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We investigated the field emission characteristics from the planar field emitters made of
double-walled carbon nanotubes (DWCNTSs) synthesized by a catalytic chemical vapor
deposition (CCVD) method. Transmission electron microscopy, Thermogravimetric and
Raman analysis showed that the carbon materials have a low defect level in their atomic
carbon structure, pointing to the synthesis of high-purity DWCNTs. For field emission
properties of DWCNTSs, the turn-on field of DWCNTs was 1.9 V/um and the current density
was about 74 mA/ecm? at 8.1 V/um, which is sufficient for the applications of field emission
displays and vacuum microelectronic devices. The DWCNT field emitters also exhibited a
uniform field emission pattern and good field emission stability in a diode configuration.
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[. INTRODUCTION

Since the first discovery of carbon nanotubes
(CNTs) in 1991 [1], considerable progress has been
made in the synthesis and characterization of CNTs
[2—13]. Many research groups have also actively de—
veloped their potential applications [14—19]. Among
the many potential applications, CNTs have been
considered as an ideal field emitter material due to
their high aspect ratio and strong C—C covalent bonds
in graphene layers [14]. Many researchers have in—
vestigated the field emission properties of CNTs in
order to apply CNTs to various vacuum micro—
electronic devices such as field emission displays
(FEDs), lamps, x—ray sources, and high—resolution

electron beam instruments.
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CNTs can be classified into three kinds, viz. sin—
gle—walled CNTs (SWCNTs), double—walled CNTs
(DWCNTSs), and multi—walled CNTs (MWCNTSs), de—
pending on their tubular structure. Of these, the
structure, consisting of two coaxial graphene layers,
of DWCNTs is intermediate between those of SWCNTs
and MWCNTs. Therefore, a study of DWCNTs should
allow us to better understand the structures, basic
properties, and practical applications of CNTs
[20,21]. Compared with SWCNTs and MWCNTs,
DWCNTs have outstanding electrical and mechanical
properties due to their coaxial structure reflected in
their good electrical conductivity and structural sta—
bility [20]. Thus, DWCNTs have the potential to be
used in numerous applications in diverse areas in the
near future because of their unique structure and

properties.
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Recently, DWCNTs are considered as an ideal can—
didate for CNT field emitters. As DWCNTSs consist of
two concentric cylindrical graphene layers, the diam—
eter of the DWCNTs is very close to that of the
SWCNTs, which makes the field enhancement factor
of the DWCNTs similar to that of the SWCNTs. In ad—
dition, the two—graphene layers of DWCNTs make the
DWCNTs more resistant to oxidation during field
emission than SWCNTs that have only one graphene
layer. The turn—on voltage of the DWCNTs for elec—
tron emission is as low as that of the SWCNTs and
their field emission reliability is similar to that of the
MWCNTs [22]. This low turn—on voltage of the
DWCNTs, combined with their high brightness and
high field—emission reliability offers the promise of
their potential application in full color flat panel dis—
plays having a large area [23].

In this work, we evaluated the field emission prop—
erties of the virgin planar DWCNT field emitters de—
posited on a Ag/SUS304 substrate by using a spray
method. We obtained a stable and reproducible current
density (/) versus the electric field (£) curve after
several voltage sweeps. At this J—F curve, we ach—
leved a current density of about 74 mA/cm” at a high
electric field of about 8.1 V/um from our DWCNT field
emitters in a diode configuration. Moreover, the
DWCNT field emitters also showed a uniform field

emission pattern and stable field emission stability.

. EXPERIMENTS

DWCNTs have been successfully synthesized by a
catalytic chemical vapor deposition (CCVD) method
using n—hexane as the «carbon source and
Fe—Mo/MgO as the catalyst at 900 °C. The catalyst
preparation and synthesis process have been de—
scribed in detail elsewhere [26]. The as—synthesized
DWCNTs were purified by using a two—step purifica—

tion process for removing impurities such as amorphous
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carbon and a catalyst and supporting material so that the
effect of such impurities on the field emission property
of the DWCNTs can be excluded. We conducted a
two—step purification process according to the following
procedure. First, the as—synthesized DWCNTs were
oxidized in a furnace at 400 °C in the ambient air for 1
hour in order to remove the amorphous carbon material
on the surface of the DWCNTs. Second, the oxidized
DWCNTs were soaked and sonicated in a dilute 10%
acetic acid solution at room temperature. The DWCNT
suspension was collected on a Teflon filter with a pore
size of 0.2 pm and washed with distilled water several
times. Finally, we obtained purified DWCNTs.

The morphologies and microscopic structure of the
purified DWCNTs were characterized by scanning
electron microscopy (SEM) (HITACHI, S—4700) and
high—resolution TEM (HRTEM) (JEOL, JEM—3011, 300
kV). The diameter and crystallinity of the purified
DWCNTs were evaluated by Raman spectroscopy
(HORIBA JOBIN-YVON, HR800—UV) using Ar laser
excitation (laser beam wavelength: 514.5 nm) and the
purity of the DWCNTs was evaluated by thermogravi—
metric analysis (TA Instruments, TGA Q—50).

To evaluate the field emission performance of the
purified DWCNTsS, the entangled DWCNTSs were dipped
in ethanol solution and dispersed well by a 30 min ul—
tra—sonication treatment. With optimized spraying pa—
rameters, the DWCNT suspensions were sprayed on a
Ag paste deposited at a little edge grinded SUS304 disk
with an area of 0.19625 cm” for 10min using a spray
gun. The DWCNTs sprayed on the Ag/SUS304 substrate
were dried in air, followed by baking at 350 °C for 20
min in a rapid thermal annealing furnace in an Ar at—
mosphere to maintain good adhesion and ohmic contact
between the DWCNTs and the substrate. Then, the
DWCNTs were vertically oriented by a mechanical sur—
face modification to activate using an adhesive tape
[27]. We performed field emission measurements
through a planar diode configuration in a vacuum

chamber at a pressure of less than 2 X< 107" Torr.
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Fig. 1. A schematic diagram of a diode—structured jig
with a green phosphor—coated ITO glass used as
an anode for measuring emission uniformity or
a thick SUS304 plate as the anode for measuring
the J—F curve, respectively.

The schematic diagram of the jigs used for J—F£
measurements and light emission patterns is illustrated
in Fig. 1. The anodes used a SUS304 plate for J—F

measurements and a green phosphor—coated ITO glass
for a light emission pattern, respectively. The gap be—
tween the anode and the DWCNT emitters controlled by
the thickness of the spacer was 275 pm. Emission cur—
rent was monitored with a Keithley 6485 and DC power
was supplied by a constant power voltage and current
controller (HCN140—3500). In this work, we repeated
the field emission measurement several times, and the

similar J—£ characteristics were observed.

. RESULTS AND DISCUSSION

Fig. 2(a) is the low resolution SEM image of the
purified samples. It shows large amounts of tangled
purified carbon filaments, whose lengths are of the

order of several tens of micrometers. These filaments
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Fig. 2. (a) A SEM image, (b) HRTEM image, (¢) TGA data, (d) and Raman spectrum of the purified

DWCNTs
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seemed to form a layer network and had a clean sur—
face morphology with a high density of bundles.
These results revealed that the purified carbon fila—
ments with uniform bundle diameters, ranging from
12 to 29 nm, were produced in fairly high yields.

Fig. 2(b) shows a HRTEM image of the purified
carbon filaments. It shows that the purified carbon
filaments observed in the SEM image are actually
bundles of CNTs consisting of two concentric gra—
phene sheets. As shown in the inset image of Fig.
2(b), isolated DWCNT having an outer diameter of
about 3.7 nm was larger than the diameter of individual
DWCNT in a bundle. In Fig. 2(b), the purified DWCNTs
have clearly resolved graphene layers with no amor—
phous carbon covering their surface, indicating that they
are of high—purity. However, all of the graphene layers
showed a wavy structure over a short range revealing
the degradation of the graphene layers due to the high
acceleration voltage of the electron beam (300 KeV)
employed for HRTEM observation. From this HRTEM
observation, we observed that the outer and inner di—
ameters of the purified DWCNTSs varied in the ranges of
1.5 - 2.7 nm and 0.7 — 1.9 nm, respectively. The diam—
eters of the purified DWCNTs were smaller than those
synthesized by arc—discharge.[28—30] In addition, the
HRTEM observation indicated that the interlayer spac—
ing of the DWCNTSs, ranging from 0.35 — 0.40 nm, was—
not a constant. We considered that this increase in the
interlayer distance, compared with that of MWCNTs (>
5 layers) having a spacing of 0.34 nm, could result from
the high curvature of the DWCNTs due to their small
diameter [31].

The purified DWCNTs were thermally analyzed by a
thermogravimetric analysis (TGA). The decomposition
was conducted in ambient air at a low heating rate of
5 °C/min. As shown in Fig. 2(c), the TGA curve shows
that the weight % of the remaining carbon materials
became 26 wt% at 654 °C, indicating a carbon yield of
about 74 wt%. The residue materials, about 26 %, ex—

isted among the purified carbon materials possibly
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consisting of MgO used as a support material and/or
a small amount of Fe—Mo used as a catalyst.

We further performed Raman spectroscopy to char—
acterize the structure and the diameter distribution
of the purified DWCNTs. Fig. 2(d) shows a Raman
spectrum of the purified samples, clearly indicating
the main appearance of the weak D—band at 1329.1
cm ' and the strong G—band at 1572.1 cm ™", The weak
D—band revealed that the purified samples consisted
of high—purity CNT materials. Generally, the ratio of
I / I ® can be used as an indicator of the extent
of disorder within the CNTs. The large value 9.7 of 7
@ / I @ displayed in Fig. 2(d) demonstrated that the
defect level in the atomic carbon structure was low,
indicating that high—quality DWCNTs were obtained
in our experiment. It is known that the radial
breathing mode (RBM) can be detected for DWCNTs
[32]. Moreover, it was also reported that the same
formula could be applied to a SWCNT bundle to cal—
culate the diameter of the DWCNTSs within the bundle
[33]. In this work, we adopted the expression @ = 14
+ 224 / d where dis a diameter of the DWCNTs and
 1s the wavelength of the Raman shift, to calculate
the diameter of the DWCNTSs, because the purified
DWCNTs have bundle shapes [34]. At low Raman shift
frequencies, several peaks showed radial breathing
modes (RBM), resulting from the different diameters
of the CNTs. The RBM peaks at 144.9, 154.8, 161.5,
174.8, 186.4, 209.7, 259.5, 267.9, and 269.4 cm ' of
the DWCNTs corresponded to the diameters of 1.711,
1.591, 1.519, 1.393, 1.299, 1.145, 0.912, 0.882, and
0.877 nm, respectively.

From Table 1, concerning the diameter of the puri—
fied DWCNTs, we understand that, for a given outer
tube diameter, the DWCNTs have different inner tube
diameters. This is as a result of the effect of chirality
[32]. Generally, nanotubes with a large diameter (> 3
nm) exhibit a weak Raman cross—section. As a result,
their band in the low—frequency domain is difficult to

detect. However, we deduce that the outer tube diame—
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Table 1. Raman peaks and the calculated diameters

The outer tube The inner tube
Wavelengh (cm™) Diameter (nm) Wavelengh (em™) Diameter (nm)
- 2.431 144.9 1.711 nm
- 2.239 161.5 1.519 nm
- 2.01% 186.4 1.299 nm
144.9 1.711 258.5 0.912 nm
1448 1711 269.4 0.877 nm
154.8 1.581 259.5 0.912 nm
154.8 1.5591 265.4 0.877 nm

ters of the purified DWCNTs with inner tube diameters
of 1.299, 1.519, and 1.711 nm are about 2.019, 2.239,
and 2.431 nm, respectively, as shown in Table 1. This
is according to the mean interlayer spacing of the
DWCNTs (about 0.36 nm) obtained from the HRTEM
observations. With the summarized result from Table 1,
the outer diameters of the purified DWCNTSs are in the

“ate s W By
i VW

range of 1.591 — 2.431 nm and the inner diameters of
the purified DWCNTs are in the range of 0.877 —
1.711nm. The
DWCNTs range from 0.3395 to 0.4170 nm. We ob—

served that the diameter of the obtained from the Raman

interlayer spacings of the purified

analysis was in good agreement with the HRTEM

observations.
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Fig. 3. (a) The optical image of DWCNT field emitters that were strongly deposited on the Ag/SUS304 substrate
after mechanical surface modification (b) SEM image of the vertically aligned DWCNTs. The inset is
the light emission pattern showing a highly uniform emission. (¢) J—£ curves of the DWCNT field emitters
sprayed on the Ag/SUS304 substrate. (d) F—N plots corresponding to the J—F curves of Fig 3(c).
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Fig. 3(a) shows an optical image of DWCNT field
emitters strongly bound on a Ag/SUS304 substrate
after mechanical surface modification. The well—dis—
persed DWCNT suspensions seemed to be uniformly
sprayed on the entire substrate area of 0.19625 cm’.
Consequently, DWCNT field emitters still remained on
the Ag/SUS304 substrate in spite of the mechanical
surface modification. Fig. 3(b) is a SEM image of the
vertically aligned DWCNT field emitters after a treat—
ment of a mechanical surface modification. The emit—
ters showed a very good vertical morphology. By using
the measurement configuration in Fig. 1, we observed
the field emission pattern so as to identify the emis—
sion uniformity of the DWCNT field emitters. As
shown in the inset of Fig. 3(b), the DWCNT field
emitters sprayed on the Ag/SUS304 substrate revealed
a fairly uniform and homogeneous light emission pat—
tern at an electric field of 4 V/um. It confirmed that
our spraying method was very highly efficient allow—
ing avery uniform distribution of DWCNTs.

After confirming a uniform emission pattern, we
conducted J—F measurements from the jig with a clean
SUS304 plate as the anode as shown in Fig. 1. We ob—
tained a stable and reproducible J—£' curve from the
DWCNT field emitters after several electric field
sweeps, as shown in Fig. 3(c). The field emission
measurements of the DWCNT field emitters were con—
ducted sequentially. The beginning stage of the se—
quential measurements showed different field emission
characteristics. The J—F curve in the 1% applied elec—
tric field sweep was different from that in the 2™ elec—
tric field sweep in the low electric field segment. As
the electric field sweep was carried out in a regular
sequence, it revealed a stable and reproducible J—F£
curve when drift from the 3™ electric field sweep to the
4™ electric field sweep. In other words, the emission
current density in the low applied field segment was
decreased during the first several electric field sweeps.
This kind of decrease of the emission current density

in the low electric field segment was quite similar to
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the result reported by Dean et al [25], where the ef—
fect of the adsorbates on the field emission was
described. The F—N plots corresponding to J—F curves
are shown in Fig. 3(d). Firstly, it can be seen that the
F—N plot can be divided into two segments: low and
high electric field segments. Secondly, it can be seen
that the high electric field segment is shrunk and the
low electric field segment is shifted to the left as the
electric field sweep is repeated. However, after several
electric field sweeps, the low electric field segment
does not shift to the left any more and we can obtain
a reproducible F—N plot. The behavior such as shifting
to the left in the F—N plot can be explained by the de—
sorption of adsorbates [24]. Since the DWCNT field
emitters were exposed to the air before the field emis—
sion measurements, the surface of the emitters must
have been covered with adsorbates. These adsorbates
can increase the field emission current from the CNT
emitters. Conversely, the desorption of these adsor—
bates can induce a decrease of the field emission cur—
rent, resulting in this behavior [25]. It is possible that
some of the adsorbates released from the surface of
the DWCNT field emitters during the first several
electric field sweeps can be re—adsorbed on the surface
of the DWCNT field emitters during the voltage ramp—
ing down. As a result, we needed to make several elec—
tric field sweeps to completely desorb the absorbates in
our experiment.

A typical turn—on field from the stable J—F curve,
which produces a current density of 0.1 A/cm’, is about
1.9 V/um. Tt is expected that the turn—on field of the
DWCNTs for electron emission may be as low as that of
the SWCNTs because of the unique structure of the
DWCNTs with small diameters and two graphene layers.
In fact, this turn—on field was a little lower than that
of arc—SWCNTs [35]. Recently, there have been some
reports on the field emission properties of the DWCNTs.
The screen—printed DWCNT filmshowed a turn—on field
of 1.33 — 1.78 V/um at an emission current density of
1.0 mA/cm® and an emission current density of 0.1-1.7
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mA/cm’” at an applied field of 2.22 V/um [36]. Kim er
al. reported that the turn—on field, which produced a

current density of 0.1 mA/cm’, had a field strength of
1.2, 0.95, and 0.9 V/um, respectively, for DWCNTSs
grown at 800, 900, and 1000 °C [37]. Somani et al.
studied the thick films of DWCNTSs deposited on ITO
coated glass substrates by a drop casting method and

showed a turn—on field of about 0.8 V/um at a current
density of 1 nA/em’ and a threshold field of about 1.8

V/um at a current density of 1 mA/cm’ [38]. More re—
cently, Ha et. al studied the field emission properties
of arc—DWCNTs and obtained a turn—on field of 3.0
V/um at an emission current density of 0.1 mA/em’
[35]. It is difficult to directly compare the field emis—
sion performance of each group’s results because the
field emission properties largely depend on the CNT
emitter structure, the CNT species, the CNT morphol —
ogy, and the field emission measurement techniques.
We suggest that our DWCNTSs, synthesized by CCVD
using n—hexane as a carbon source, exhibited good
field emission performances. Moreover, in this work,
we achieved a current density of about 74 mA/cm” at a
high electric field of about 8.1 V/um from our DWCNT
field emittersin a diode configuration.

We also investigated the stability of field emission
through the lifetime measurements for the DWCNT
field emitters. The initial emission current density
was 1.0 mA/cm” and then we fixed the applied electric
field at 3.1 V/um for 25 hrs. From Fig. 4, the DWCNT
field emitters showed a slight degradation after 25
hrs, indicating a very stable field emission. Compared
with the previously reported emission stability of the
SWCNTs, the emission stability of the DWCNTs was
much better than that of the SWCNTs [30]. We believe
that the stable emission properties were caused by two
graphene layers and good crystallinity. In fact, the
degradation of the CNT tip attached with residual
oxygen gases can result in a decrease of emission
current density under a high electric field due to Joule

heating. The more graphene layers is, the longer the
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Fig. 4. The lifetime characteristic of the DWCNT field
emitters at a constant DC bias corresponding to a
current density of 1.0 mA/cm®

lifetime is. On the other hand, the out—gassing from
the electrodes is one of the main reasons for vacuum
deterioration, resulting in degradation of emission
currents. In this work, deposition of DWCNT films by
a spray method is advantageous for high vacuum lev—
els, since there is no organic vehicle as an out gassing
source, compared to a conventional screen printing

method.

IV. CONCLUSION

We investigated the field emission characteristics
of DWCNT field emitters sprayed on Ag/SUS304
substrates. We obtained a stable and reproducible
J—F curve after several voltage sweeps. At this J—F
curve, we achieved a current density of about 74
mA/cm” at a high electric field of about 8.1 V/um
DWCNT  field diode
configuration. Moreover, The DWCNT field emitters

from our emitters in a
also showed a uniform field emission pattern and
stable field emission stability. Therefore, we assert
that the DWCNT field emitters can be used as stable
field emitters for various field emission applications
such as field emission displays, flat lamps, X-ray

sources, and electron beam sources.
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