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Growth and field emission of carbon nanotubes on electroplated Ni
catalyst coated on glass substrates
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Carbon nanotubes are grown on Ni catalyst coated on soda-lime glass substrates using chemical
vapor deposition of C2H2 gas at 550 °C. Ni film is coated on the surface of Ag film using the
electroplating method. Ni was etched by ammonia (NH3) gas in order to form nanometer sized
catalytic particles before carbon nanotube growth. Pd film is applied as a gas activator to decrease
the growth temperature of carbon nanotubes. The carbon nanotubes grown on Ni catalyst particles
showed a multiwalled structure with defective graphite sheets at the wall. The turn-on voltage was
about 2.8 V/mm with an emission current density of 10mA/cm2, and the threshold voltage was about
4.0 V/mm with an emission current density of 10 mA/cm2. The Fowler-Nordheim plot showed a
good linear fit, indicating that the emission current of carbon nanotubes follows Fowler-Nordheim
behavior. The calculated field enhancement factor was 2850. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1389761#
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I. INTRODUCTION

Since the first observation of carbon nanotubes~CNTs!,1

extensive research has been done on the synthesizing m
ods: arc discharge,2,3 laser vaporization,4 pyrolysis,5 and
plasma-enhanced or thermal chemical vapor deposi
~CVD!.6–12Among these synthesis methods, CVD has ma
advantages such as high purity, high yield, simple proc
selective growth, vertical alignment, and large area unif
mity. The reaction temperature of thermal CVD is genera
as high as 700–1000 °C. Recently, the growth of CNTs us
the plasma-enhanced CVD method was reported at 6606

One of the most attractive applications of CNTs is
electron emitter for flat panel displays such as field emiss
display ~FED! and vacuum fluorescent display~VFD!.13–16

Kim et al.14 reported FED having CNT emitters whic
mixed with organic binder. Wanget al.16 used a carbon
nanotube-epoxy mixture as a electron emitter for FED. K
and Wang used the screen printing method to coat Ag th
film as a cathode on the glass substrate. They mixed CN
which were synthesized by the arc discharge method, with
organic binder~or epoxy binder! and then printed the CNT
organic mixture paste on the Ag thick film. Soda-lime gla
which has softening at 550 °C, is commonly used as the s
strate of flat panel displays because of its low price and g
vacuum sealing. In order to apply the direct grown CNTs
an electron emitter sealed by a soda-lime glass substrate
growth temperature must be lower than 550 °C. Becaus
this temperature limitation, most of the researchers used
made CNT as a electron emitter. In this work we introduc
a fabrication method of a CNT emitter making for a fie
emission display that will be suitable for mass production

a!Author to whom correspondence should be addressed; electronic
ducking@kaist.ac.kr
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Lee et al.17 reported low temperature CNT growth b
thermal CVD below 550 °C using a gas activator, such as
Pt, etc. In this work, Ag thick film was coated using th
screen printing method on the glass substrate and then
thin film was also coated on the Ag film using the electr
plating method. CNTs were grown on the Ni coated Ag/so
lime glass using thermal CVD at 550 °C. This method
suitable for mass production of a large area electron em
for FED.

II. EXPERIMENTAL PROCEDURES

A 25325 mm sized soda-lime glass was used as a s
strate. Ag film, which is used as a cathode electrode, w
printed by the screen-printing method of Ag paste~DS-7068,
Daejoo Korea! on the glass substrate. The printed patte
was a stripe type, 500mm wide with 500mm pitch. After
printing the Ag film it was dried at 150 °C for 10 min an
heated at 550 °C for 10 min. The final thickness of the
film was about 5mm on the glass substrate.

The 200 nm thick Ni film was only coated on the pa
terned Ag film as a stripe line using the electroplati
method. It makes self-aligned CNTs grow on the line p
terned Ni/Ag film. The electroplating bath consists of nick
sulfate (NiSO4•6H2O) 150 g/l , ammonium chloride
(NH4Cl) 15 g/l , and boric acid (H3BO3) 15 g/l .18 The
temperature andpH of the electroplating bath were 40 °C
and 4.5, respectively. In the electroplating bath, an anode~1!
of dc power source~HC-1330A, Heungchang Korea! was
connected to a Ni metal plate and a cathode~2! was con-
nected to the Ag coated glass substrate. The dc current;20
mA at 2 V was applied for 20 s.

Palladium~Pd!, 100 nm thick, was deposited on the al
mina substrate using the thermal evaporation unde
il:
1 © 2001 American Institute of Physics
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vacuum of 131026 Torr. The Pd film lowered the depositio
temperature of CNTs due to contributing C2H2 gas activation
and benzene coupling reaction.17,19

The Ni/Ag/glass substrate and the Pd deposited alum
substrate were loaded in a face-to-face direction on an
mina setter and inserted into a quartz tube reactor. The
face of the Ni/Ag/glass substrate was directed facedo
while Pd coated alumina substrate was directed faceup.
distance between the two substrates was 5 mm.

Argon~Ar! gas was passed through the quartz reacto
order to prevent the oxidation of the Ni catalyst and Pd
activator while the temperature increased. To make Ni c
lytic particles, NH3 gas was supplied to the quartz reactor
550 °C with a flow rate of 100 sccm for 5–20 min. And the
the CNTs were grown using C2H2 gas with a flow rate of 20
sccm, for 10 min at 550 °C. Then the reactor was coo
down slowly to room temperature under Ar gas ambient.

CNTs were examined by a scanning electron microsc
~SEM! ~Philips XL30SFEG! to measure the tube length an
the diameter. A Raman spectrometer was also used to ev
ate the structure and crystallinity. Field emission measu
ment was performed by taking voltage–current (V– I )
curves with a Keithley 237~maximum 1100 V! source-
measure unit at a vacuum chamber.

III. RESULTS AND DISCUSSION

Figure 1 shows SEM micrographs of the surface m
phology of Ni catalyst particles on the Ag/glass substra
after NH3 pretreatment. We etched Ni film with a NH3 gas at
a flow rate of 100 sccm for 10 and 20 min at 550 °C. In F
1~a!, Ag grains of several micrometer size and Ni catal
particles of several nanometer size are formed on the
grains. If etching time was over 20 min, Ni catalyst on t
Ag grain was removed as seen in Fig. 1~b!.

The CNTs were grown using C2H2 gas with a flow rate
of 20 sccm for 10 min at 550 °C. Figure 2 shows SEM m
crographs of the CNTs grown on a Ni/Ag/glass substrate
550 °C in the presence of a Pd gas activation layer. Fig
2~a! is a low magnification SEM micrograph. CNTs were n
grown on the bare glass surface but grown only on the Ni
surface. Figure 2~b! is the magnified view of Fig. 2~a!. Fig-
ure 2~b! shows two types of CNTs: a straight shape with
large diameter in the range 100–200 nm and a noodle sh
with a small diameter in the range 30–40 nm. The carb
nanotubes are not vertically oriented to the substrate, b
few CNTs are randomly directed perpendicular to the s
strate.

Figure 3 shows Raman spectrum of the CNTs grown
the Ni/Ag/glass substrate. The wavelength of the excitat
laser was 488 nm. The peak of tangential C–C stretching~G!
modes appears at 1580 cm21. There is no evidence for a
radial breathing mode at;190 cm21, suggesting that the
carbon nanostructures are multiwalled tubes or fibers. I
known that the D mode corresponding to 1335 cm21 is re-
lated to the defects or carbonaceous particles on the su
of tubes. A Raman spectrum reveals that CNTs have a m
tiwalled structure with some defective graphite sheets at
wall.
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Figure 4 illustrates the electron emission current den
versus electric field curve from the CNTs grown on Ni/A
glass substrate. Field emission measurement was condu
in a vacuum chamber at 231025 Torr. 25325 mm sized
indium-tin oxide ~ITO! coated glass was placed above t
CNTs. An Ag electrode was connected to a cathode~2! and
an ITO electrode was connected to an anode~1!. The dis-
tance between the ITO film and the CNT tips was about 1
mm. In this case, a 100 nm thick ITO film which is a tran
parent electrode has a resistivity of 331024 V cm.

The turn-on voltage was about 2.8 V/mm with an emis-
sion current density of 10mA/cm2. The electron emission
current increased dramatically above 3 V/mm and arrived at
1 mA/cm2 at an applied electric field 3.3 V/mm. Maximum
emission current density was 10 mA/cm2 at 4.0 V/mm before
electrical breakdown, which is sufficient for the electro
emitter of the FED. The inset of Fig. 4 shows a good line
fit, indicating that the emission current of CNTs follows th
Fowler–Nordheim behavior. The field enhancement fac
~b! can be calculated from the slope of the FN plot.20 The

FIG. 1. SEM micrographs of the Ni catalyst particles on the Ag film af
NH3 treatment.~a! Surface morphology of Ni/Ag/glass etched for 10 m
using NH3 gas. Ni catalyst particles are identified on the surface.~b! Surface
morphology of Ni/Ag/glass etched for 20 min using NH3 gas. No Ni par-
ticles remain on the surface due to the over etch.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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total currentI as a function of the local field at the emitte
surface F is approximately given by I}(F2/
F)exp(BF3/2/F) with B56.833109@V eV23/2m21#, where
F is the work function.F is usually taken asF5b E

FIG. 2. SEM micrographs of the CNTs grown on the Ni/Ag/glass subst
at 550 °C using C2H2 gas with a flow rate of 20 sccm for 10 min, in th
presence of a Pd gas activator.~a! SEM image of CNTs on the substrate
CNTs are selectively grown on the Ni catalytic metals.~b! A magnified SEM
image~3 40 000! of CNTs.

FIG. 3. Raman spectrum of the CNTs grown on the Ni/Ag/glass subst
Raman spectrum reveals that CNTs have a defective graphite structure
wall.
loaded 26 Aug 2010 to 163.152.37.129. Redistribution subject to AIP licens
5bV/d, whereV is the applied potential,d is the distance
between cathode and anode,b the field enhancement facto
and E5V/d the macroscopic field. The calculated field e
hancement factor was 2850, for the work function of CNT
be 5 eV, the same as that of graphite or C60.

21 This value is
similar to the reported value.20

In summary we have grown carbon nanotubes on
coated Ag/glass substrates at 550 °C using thermal chem
vapor deposition. Ag film was screen-printed on the gla
substrate and Ni catalyst was electroplated on the Ag fi
We could realize carbon nanotubes growth below the sof
ing temperature of soda-lime glass using a Pd gas activa
We suggest that this method is good for mass production
CNT emitter.

The CNT had good emission characteristics even tho
it reveals not so good crystalline structure. The thresh
voltage was about 4.0 V/mm with an emission current den
sity of 10 mA/cm2. The Fowler–Nordheim plot shows
good linear fit, indicating that the emission current of CN
follows the Fowler–Nordheim behavior, the calculated fie
enhancement factor was 2850.
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