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ing combined with electrophoresis enhanced the field emission characteristics of
emitters by improving the adhesions between CNT emitters and substrate. The emitting current of the CNT
emitters prepared by our combined method increased nine times higher than that of CNT emitters prepared
by electrophoresis only, since electroplating improved the adhesion of CNT emitters. During the life-time
measurement for 10 h, the emitting current of CNT emitters fabricated by electrophoresis only was drastically
decreased to 13% of the initial current, while that prepared by the combination of electrophoresis and
successive electroplating decreased to 64% of the initial current. We suggest that our method is a promising
approach for the efficient fabrication of reliable CNT emitters.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have recently emerged as an attractive
cold cathode material due to their excellent field emission
characteristics, including low turn-on field, high current density,
and long-term stability [1]. The fabrication of CNT-based cold
cathodes has been extensively investigated via various approaches
including not only direct growth methods such as thermal chemical
vapor deposition (CVD) and plasma-enhanced CVD [2,3], but also
indirect methods such as screen-printing [4–6], spin-coating [7], dip-
coating [8], electrophoretic deposition [9–14], composite electro-
plating [15], and spray method [16,17]. It is important in the
fabrication of the CNT emitters to have low processing temperature,
easy and simple processes, and robust adhesion of the emitters to
the electrode. Among the indirect methods, the screen-printing
method with CNT pastes has been widely investigated due to its
good scalability and low processing temperature. In the screen-
printing method, after the CNT paste (typically a mixture of
inorganic binders such as glass frit and spin on glass (SOG), and
CNT powder, organic vehicle such as ethyl cellulose) is printed on
the substrate, the burning process is indispensable to remove
organic vehicles, and more importantly, to improve the adhesions
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between CNTs and the substrate. However, the organic residues
continually outgas during field emissions at high vacuum pressures,
and consequently, induce severe degradation of the emitters. As an
alternative, the spray method has been investigated, whose
advantages cover short process time, simple apparatus, low cost,
and mass producibility. Despite the above mentioned advantages,
the spray method has the critical problem of weak adhesion
between emitters and substrate. There have been efforts to improve
the CNT-substrate adhesion by means of the thermal oxidation
process using low melting-point metals such as indium and tin
[16,17]. However, when this process was applied, the contact
resistance between CNTs and substrate increased with the thermal
oxidation temperature, resulting in higher turn-on voltage due to the
oxidized layer [18].

In this paper, we present a simple and effective method based on
complementary electroplating to enhance the adhesion between CNT
emitters and substrate without the thermal oxidation process. Not
only does our method prevent residual outgassing, but it clearly
improves the adhesion of CNTs to substrate as the contact resistance
between CNTs and metal electrode layers is decreased. As a result, the
CNT emitters fabricated by the combination of initial electrophoretic
deposition and sequential electroplating showed higher field emission
performance than those formed only by electrophoresis. It is expected
that our method will be able to resolve the fundamental problems of
indirect emitter fabrication methods, such as weak adhesion and
residual outgassing.
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Fig. 2. XPS spectra of CNTs before/after washing.
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2. Experimental details

The CNTs used in our experiments are multiwalled CNTs (MWNTs)
commercially produced by catalyst-assisted CVD (Iljin Nanotech Co.,
Ltd., Korea). These CNTs are typically 3–5nm indiameter and10~20µm
in length. After the initial purification using nitric acid, 0.3 g of purified
CNTs and 0.6 g of SDS (sodium dodecyl sulfate, NaC12H25SO4, Aldrich)
were added to1.4 l of deionized (D. I.)water,where SDSwas used as the
dispersion medium to help CNTs gain a negative charge. The CNT
solution was then uniformly mixed by sonication for 60 min.

The cold cathode was fabricated in two steps in the main process.
The first stepwas the electrophoretic deposition of CNTs on themetal-
coated substrate, as demonstrated in Fig. 1(a). The metal-coated sub-
strate is prepared by the sequential deposition of a 30-nm-thick Cr
layer and a 300-nm-thick Cu layer on the silicon substrate via thermal
vacuum evaporation in order to make the electrode layer. The Cr layer
located between the Cu layer and the silicon substrate served as an
adhesion layer and the Cu layer worked as an electrode layer for the
subsequent electrophoresis and electroplating.

The distance of the two electrodes was kept to 5 cm. A constant
potential of DC 10.4 V was applied for 30 s, while the negatively
charged CNTs were attached onto the surface of the positively biased
substrate. CNTs attached on the metal-coated substrate were dried in
air for 10 min and subsequently, rinsed by D.I. water for 10 min to
remove the residual SDS on CNTs.

We carried out the XPS analysis to observe the residual SDS
because SDS surfactants contain the sulfur, XPS (X-ray Photoelectron
Spectroscopy) analysis was carried out using a KRATOS AXIS-HSi
spectrometer with MgKα radiation (hυ=1253.6 eV).

The electroplating process was successively carried out as the
second step to enhance the adhesion between CNTs and the substrate,
as depicted in Fig. 1(b). The metal layer on the substrate served at this
time as the seed layer for the electroplating, whose solution contained
copper sulfate pentahydrate (CuSO4∙5H2O), sulfuric acid (H2SO4), and
hydrochloric acid (HCl) [19]. Electroplating was carried out at room
temperature for 5 min at the current density of 10 mA/cm2, while the
complementary copper layers were deposited selectively on the metal
and CNTs because of relatively high contact resistance between CNTs
and seed layer (low resistance metal layer). The thickness of electro-
plated Cu layer is about 2 µm. In order to measure the field emission
characteristics, CNTsweakly bonded to the substratewere removed by
using a sticky tape [20]. The taping process was also necessary to
facilitate the preferential alignment of CNTs to the direction perpen-
dicular to the substrate. The morphologies and structures of CNT
Fig. 1. Schematic diagram of electroph
emitters fabricated by combinedmethod of electrophoretic deposition
and electroplating were examined by scanning electron microscopy
(SEM) and high resolution transmission electron microscopy
(HRTEM). The SEM studies were performed on a Hitachi S4800-
FESEM operated at 15 kV. The HRTEMwas performed on a JEOL 3000F
operated at 300 kV. The HRTEM samples were prepared by dispersing
them in an isopropyl alcohol (IPA) ultrasonic bath, and placing them
onto copper grids.

The field emission characteristics were investigated in a vacuum
chamber maintained at a pressure of 4×10−6 torr with a diode-type
configuration. The CNT emitters and a phosphor-coated indium-tin
oxide (ITO) glass were used as the cathode and the anode, respectively.
The distance between cathode and anode was 1.0 mm. The emission
current density was evaluated by averaging themeasured current over
the area of 1 cm2.

3. Results and discussion

Fig. 2 shows the XPS spectra of specimens. The sulfur of unwashed
specimen was observed at relative high intensity, whereas that of the
washed specimenwasn't observed, whichmeans that the residual SDS
was completely removed by washing of D.I water for 10 min.

Fig. 3 shows the SEM images of the CNTs deposited on the sub-
strate. The excessive CNTs weakly bonded to the substrate were
oresis (a), and electroplating (b).



Fig. 3. SEM images of the CNT emitters: (a) and (b) fabricated by electrophoresis only, and (c) and (d) fabricated by the combination of electrophoresis and electroplating.
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successfully removed by the sticky tape treatment. Fig. 3(a) and (b)
shows the plane and cross-sectional views, respectively, of the CNT
emitters prepared only by electrophoretic deposition. Since the CNTs
attached by electrophoresis alone have the weak adhesionmainly due
to the van der Waals' force at the interface between CNTs and the
metal layer, most of the as-attached CNTs were removed by the taping
process. Fig. 3(c) and (d) shows the plane and cross-sectional views,
respectively, of the CNT emitters fabricated by the combination of
electrophoretic deposition and subsequent electroplating. Even after
the taping process, the specimens fabricated by the combination of
both electrophoretic deposition and electroplating have much more
CNT emitters than that prepared by electrophoresis only.

As observed in the HRTEM images of Fig. 4, after the complementary
Cu electroplating following the electrophoretic deposition of CNTs, CNTs
Fig. 4. TEM images of CNTs formed by the complementary electropla
are well intermixed with the electroplated Cu grains, more strongly
connecting the CNTs and the Cu-electroplated substrate. The enlarged
viewof Fig. 4(b) indicates that theCNTs formedafirm three-dimensional
network within the Cu grains. Our method clearly has the potential to
improve the adhesion of CNTs to the substrate while it decreases the
contact resistance between CNTs and metal electrode layers.

The crystalline properties of the two types of CNT emitters, one
prepared by electrophoresis only and the other prepared by the com-
bination of electrophoresis and electroplating,were inspected through
Raman spectra analysis, where the wavelength of Ar excitation laser
was 514.53 nm. Fig. 5 illustrates the results of Raman spectrameasured
in the frequency range of 1100–1700 cm−1. The relative intensity ratio
(ID/IG) of the CNT emitters prepared by electrophoresis only and those
prepared by the combination of electrophoresis and electroplating
ting following the electrophoresis. (b) An enlarged TEM image.



Fig. 6. Field emission characteristics: (a) I–V curve, (b) F–N plot.
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were 0.36 and 0.32, respectively, which mean that the crystalline
properties of CNTs were not changed, regardless of the application of
the complementary electroplating in the acid solution.

For the two cases of the CNTs prepared by electrophoresis only
and the combination method, the field emission characteristics were
investigated. The measured currents are plotted with respect to the
applied field [Fig. 6(a)], and the corresponding Fowler–Nordheim (F–N)
plot is displayed in Fig. 6(b).The behavior of the curve indicates that our
emission results agree well with the theoretical F–N nature.

The turn-on field (defined as the electric field at the current density
of 10 µA/cm2) and the current density at the electric field of 3 V/µm of
the CNT emitters prepared by electrophoresis only were 2.1 V/µm and
0.2 mA/cm2, respectively, while those of the CNT emitters prepared by
the combination of electrophoresis and electroplating were 1.7 V/µm
and 1.8 mA/cm2, respectively. The field emitting current density of the
CNT emitters prepared by the combination of electrophoretic deposi-
tion and successive complementary electroplating was nine times
higher than that of CNT emitters prepared by electrophoresis only,
since larger emission siteswere formed due to the improvement of the
adhesion of CNTs and the Cu-plated substrate. The actual emission
area (α) and the field enhancement factor (β) of the CNT emitters can
be estimated from the intercepts and gradients of the F–N plot. The
values of αwere 7.83×10−12 cm2 and 1.16×10−11 cm2 for the specimen
prepared by electrophoresis and the specimen made by the combina-
tion of electrophoresis and electroplating, respectively. The higher
value of specimen made by the combination of electrophoresis and
electroplating is an outcome of robust adhesion of the many emitters
due to subsequent electroplating. The field enhancement factor (β)
of the CNT emitters can be evaluated from the well-known equation
β=−Bϕ3/2d/S,where B=6.83×107(V eV−3/2 cm−1), ϕ is the work func-
tion, d is the distance between the cathode and the anode, and S is the
slope of the F–N plot [21].

The slope of the F–N plot was different in the low and high electric
field regions as revealed in Fig. 6. The slope of the F–N plot was steeper
at the low field region than at the high field region. Such a deviation of
F–N behavior caused by the current saturation effect might be attrib-
uted to the detachment of adsorbates [22].

Under the assumption that the work function of CNTs was equal to
that of graphite (~5 eV) [23], the field enhancement factors of the CNT
emitters fabricated by electrophoresis only and those fabricated by the
combination method were 6595 and 6960 in the high field regimes,
respectively, which were better than the previously reported values
that ranged from 200–5000 [11]. Fig. 7 shows the field emission im-
ages of two specimens in the same electric field (3.2 V/µm). When
Fig. 5. Raman spectra of the two cases: CNTs prepared by electrophoresis only and those
prepared by the combination of electrophoresis and complementary electroplating.
electrophoresis onlywas adopted, CNTemitters showed emission sites
with low density [Fig. 7 (a)], but with the use of the combination of
electrophoretic deposition and electroplating, CNT emitters showed
emission sites of considerably high density [Fig. 7(b)].

In order to compare the degradation rate of the two cases, life-time
measurement was performed for 10 h with the initial current density
of about 0.2 mA/cm2. As presented in Fig. 8, after 10 h, the current
density of the CNT emitters prepared by electrophoresis only dras-
tically decreased to 13% of the initial current, whereas that of the CNT
emitters prepared by the combination of electrophoresis and electro-
plating decreased to 64% of the initial current, which mean that the
CNT emitters prepared by the combination of electrophoresis and
electroplating have stronger adhesion than those by the electropho-
resis only. In general, the emission current of CNTs decreases when
residual gas molecules are desorbed by Joule heating under a strong
electric field [24]. The combination method of electrophoresis and
electroplating is advantageous for high vacuum levels, since there are
no organic vehicles acting as the primary outgassing sources, unlike
the conventional screen-printing technique using CNT pastes, which
includes organic vehicles. Our study presents a favorable approach for
the fabrication of a reliable and efficient cold cathode using CNTs.

4. Conclusion

In summary, we developed a new method to improve the adhe-
sions between CNT emitters and the substrate. We deposited a thin



Fig. 7. Field emission images of two specimens: (a) fabricated by electrophoresis only, (b) fabricated by the combination of electrophoresis and electroplating.
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film of CNTs on a metal substrate from an aqueous mixture of CNTs
and SDS by electrophoresis, and successively deposited a comple-
mentary metal layer by electroplating. By applying the consecutive
combination of electrophoresis and electroplating, the density of CNT
emitters and the degree of adhesion between the CNTs and the sub-
strate apparently increased than those prepared by applying elec-
trophoresis only. As a result, field emission characteristics including
the emission current, emission site density, and long-term durability
were remarkably enhanced since the combination method improved
the network of CNT emitters and the metal substrate, and conse-
quently, reduced the contact resistance. Our method also opens a new
possibility for the simple and reliable fabrication of a high-quality cold
cathode by using various indirect methods including spraying and
dip-coating as well as electrophoresis as good alternatives to the
conventional CNT pasting method.
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Fig. 8. Field emission stability of the two cases: specimen fabricated by electrophoresis
only, specimen fabricated by the combination of electrophoresis and electroplating.
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