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Aerosol deposition of zinc oxide (ZnO) nanoparticles was used to catalyze a silicon substrate site-selec-
tively for a carbon nanotube (CNT) growth. An ambient spark discharge was used to produce aerosol ZnO
nanoparticles, and the particle deposition on the substrate through a shadow mask was enhanced by
thermophoresis. The ZnO-deposited substrate was then loaded into a chemical vapor deposition cham-
ber, resulting in the formation of CNT/ZnO arrays. The turn-on field of an emission device constructed
with the CNT/ZnO arrays was 1.7 V lm�1 at a current of 2 lA, which was lower than that of the common
CNT arrays.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have attracted much attention as
promising field emitters because of their high aspect ratio, large
field enhancement factor, and high electrical conductivity [1]. On
the other hand, zinc oxide (ZnO) nanomaterials are shown to pos-
sess superior optoelectronic properties useful in nanoscale transis-
tors, sensors, electron emitters, and many other systems [2]. CNT/
metal oxide hybrids have drawn attention because metal oxides
can modify the electronic structure of CNTs by virtue of charge
transfer interactions as well as orbital hybridization at the junction
[3]. The formation of heterojunctions of ZnO with CNTs should ex-
tend the scope of ZnO nanomaterials for potential applications [4].
In particular, the growth of aligned CNT/ZnO arrays remains a big
challenge [5].

To grow CNT arrays using chemical vapor deposition (CVD) of
hydrocarbons or other compounds, inert substrates must be
catalyzed prior to CVD to provide a surface that can interact with
carbon sources, enabling site-selective growth of CNTs [6]. Most
of the pretreatment methods are based on lithographic techniques,
and the use of laser, UV, plasma, and electron/ion beams have been
reported [1,7–11]. However, these techniques require a quite
expensive, high vacuum system, and precursor preparation [12].
It would be advantageous to activate the substrate surface through
simpler, more effective, and more green means. From this view-
point, the present investigation demonstrates a CNT array on a
ll rights reserved.
silicon substrate by replacing the traditional pretreatment with
ZnO nanoparticles deposited from an aerosol, which does not
contain expensive wet chemical and vacuum lithographic steps.

In this work, a CNT array was fabricated by producing aerosol
ZnO nanoparticles using a spark discharge. Compared with other
techniques, the use of a spark discharge is an attractive method be-
cause of the simplicity of the experimental setup, low impurity,
and lack of need for complicated experiments. The ZnO nanoparti-
cles were site-selectively deposited onto a silicon substrate
through a shadow mask by thermophoresis, which is a physical
phenomenon in which aerosol particles move across a temperature
gradient [13–15]. The ZnO-deposited substrate was loaded into a
CVD chamber to grow CNTs on the surface of ZnO. We further
constructed a field emission device to examine electron emission
from the fabricated CNT/ZnO arrays.

2. Materials and methods

The overall steps involving spark ZnO generation were used to
grow CNTs on the surface of ZnO nanoparticles and they are sche-
matically described in Fig. 1a. The method involves the generation
of aerosol ZnO particles via spark discharge [16,17] and their ther-
mophoretic deposition on a silicon substrate (N-type (100), resis-
tivity of 10�2–10�3 X cm) through a stainless steel shadow mask
(hole diameter 1 lm, depth 30 lm, Youngjin Astech, Korea).

The temperature of the particle-laden flow was maintained at
22 �C with a tube heater, and the temperature of the silicon sub-
strate was maintained at 4 �C, thereby enhancing deposition of the
particles onto the substrate via thermophoresis [18]. Computational
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Fig. 1. (a) Schematic diagram of CNT/ZnO arrays fabrication apparatus used for this work. (b) CNT growth on site-selectively deposited ZnO nanoparticles.
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fluid dynamics (CFD, Fluent 6.3, Ansys, US) calculations were per-
formed with particle trajectories and a temperature distribution
in a thermophoretic deposition chamber (Fig. 1b). Thermophoretic
velocities were calculated according to the expression for the par-
ticles, with Knudsen’s number >3:

v th ¼ �
3
8

lgrT
0:499qgTgð1þ pa=8Þ ¼ �Kth

lgrT
qgTp

ð1Þ

whererT represents the temperature gradient in the vicinity of the
particle, a is the accommodation coefficient, and Kth (=0.54) is the
numerical coefficient estimated at a = 1 [19], which increases with
decreasing particle size. As shown in Fig. 1b, the particles were ex-
pected to be deposited on the silicon substrate by thermophoresis
due to the temperature gradient. The substrate was then separated
from the shadow mask and loaded into a CVD chamber to grow
CNTs on the ZnO particles. As the temperature was increased to
650 �C, nitrogen gas was injected at 100 mL min�1 through the
chamber to clean the inside of the chamber. The pressure inside
the chamber was 2.7–4.5 Torr. When the temperature stabilized,
the carrier gas was replaced by acetylene gas at 30 mL min�1 for
10 min. After the synthesis of the CNTs was finished, the chamber
was cooled to room temperature in a nitrogen ambient
environment.

3. Results and discussion

The size distributions of the ZnO nanoparticles were measured
using a scanning mobility particle sizer (SMPS, 3936, TSI, US), and
the results are provided in Fig. 2a. The total number concentration,
geometric mean diameter, and geometric standard deviation of the
spark generated particles were 9.74 � 106 particles cm�3, 43.4 nm,
and 1.57, respectively. X-ray diffraction (XRD, RINT-2100, Rigaku,
Japan) results for the spark generated particles demonstrated the
formation of crystalline ZnO of hexagonal lattice structures
(a = 0.325 nm and c = 0.521 nm), depicted in Fig. 2b. The obtained
spectra had the first ZnO main peaks at 2h = 31.6, 34.3, 36.2,
43.2, 47.4, 56.6, 62.7, 66.5, 67.9, 68.9, 72.5, and 76.9�. The mea-
sured c/a ratio (1.62) was in good agreement with that for the ide-
ally close-packed hexagonal structures (c/a = 1.63). From the width
of the (002) peak by using Scherrer’s equation, the average size of
the crystallite forming grain was determined to be 16.4 nm. The
size obtained by the SMPS was bigger than the size obtained from
XRD. In fact, the particle size in XRD represented the average size
of the crystallites and not that of the generated particles. This
shows that the generated particles were polycrystalline in nature.
The morphology and structure of the particles were characterized
by a transmission electron microscope (TEM, 3010, JEOL, Japan)
and fast Fourier transformation (FFT) pattern (Fig. 2c). The TEM
images revealed that the morphology of the ZnO particles con-
sisted of agglomerates of several primary particles, and thus, a di-
rect size determination was difficult from the images. It was clear
that the primary particles were touching each other, and this
touching was a probable source for twinning planes in the ZnO par-
ticles (inset, right). The presence of a high temperature region and
air flow in the generation led to the formation of a temperature
gradient and a fast condensation process [20]. This gradient may
mostly generate the agglomerates of primary particles because
there was no enough time to form well-defined (e.g. rod) struc-
tures before stabilization. The corresponding FFT pattern (inset,
left) shows both splitting and streaking of the diffraction spots,
which confirmed the presence of twinning characteristics in the
particles. The optical bandgap, Eg, of the particles was determined
using the following equation:

ahv ¼ ðhv � EgÞ1=2 ð2Þ

where a is the optical absorbance coefficient and hv is the photon
energy. By plotting (ahv)2 as function of hv as shown in Fig. 2d,
and extrapolating the linear portion of the curve to an absorption
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Fig. 2. Results for spark generated ZnO nanoparticles. (a) Size distribution of the aerosol ZnO particles. (b) XRD pattern of the ZnO particles. (c) TEM images and FFT pattern of
the ZnO particles. (d) (ahv)2 vs. hv diagram for the ZnO particles.
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equal to zero the values of the direct optical bandgap energy for the
generated ZnO particles were estimated. The a term was evaluated
from the absorbance, D, and thickness, l, according to the relation
a = D/0.43l, and thereby, the bandgap was estimated to be approx-
imately 3.38 eV.

Fig. 3a shows scanning electron microscope (SEM, LEO-1530,
Carl Zeiss, Germany) images of the CNT growth on differently
deposited ZnO particles after CVD. The CNTs grew in random direc-
tions with diameters of less than �30 nm. The random growth of
the CNTs may have originated from the twinning facets of the
ZnO particles as described in Fig. 2c. The increase in CNT growth
upon increasing the ZnO deposition time from 5 to 30 min can be
explained by considering the ZnO density on the substrate. A
previous study reported that increased CNT growth could be re-
lated to larger or more densely placed catalyst particles [21]. The
ZnO particles effectively acted as catalysts to initiate the CNT
growth. The process was hence clearly observed to occur by the
initial growth at several sites on the ZnO, followed by the diffusion
of carbon sources toward the growing graphitic islands and the
construction of CNTs on the ZnO particles. As also shown in
Fig. 3a, the CNT growth occurred only on the ZnO particles, i.e. at
the ZnO deposited region of the substrate. Fig. 3b shows SEM
images of the CNT/ZnO stripe pattern on the substrate from a
different shadow mask. The CNT was densely grown on the stripe
pattern, and this implies that the present method is sufficiently
versatile to fabricate various configurations of CNT/ZnO arrays.
Typical TEM (Fig. 3c) and Raman spectroscopy (Fig. 3d) were also
used to investigate the structure of the CNTs. For these purposes,
the CNTs were separated from the substrate by sonication in etha-
nol, and the CNT-containing solution was dropped onto a TEM grid.
Fig. 3c shows the hollow structure (�10 nm diameter) inside the
multi-walled graphitic layers (�20 nm thickness). The ZnO parti-
cles with diameters greater than 10 nm introduced a growth of
multi-walled CNTs [22]. The Raman spectrum of the CNTs shows
two main peaks centered at 1338 cm�1 (D band) and 1575 cm�1

(G band). The G peak was due to bond stretching of all pairs of
sp2 carbon atoms in both the rings and chains, while the D peak
was due to the breathing modes of the rings. The intensity ratio
(IG/ID) between the G and D bands was �0.65, indicating the pres-
ence of a larger amount of sp3 carbon than sp2 carbon. This implies
that the CNT growth on the ZnO particles shows a multi-walled
structure with defective graphitic sheets on the walls.

After confirming that the CNTs were grown on the ZnO parti-
cles, we constructed a field emission device to examine electron
emission from the CNT/ZnO arrays. The constructed device struc-
ture is illustrated in Fig. 4a. A 300 lm-thick insulating spacer with
a 2.25 cm2 window was placed on the CNT/ZnO arrays (as the cath-
ode), and an indium tin oxide (ITO) glass plate (as the anode)
coated with phosphor (ZnS: Cu, Al) was placed on the spacer. A
voltage was applied to the device in a vacuum chamber
(�10�5 Pa), and the light emission from the device was monitored.
Fig. 4a also shows a photographic image of the light emission from
the device at an applied voltage of 1 kV. Some spatially non-
uniform emissions were also seen, which was probably due to an
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inhomogeneity of the CNT distribution. The turn-on voltage of the
device was 515 V. Since the space between the cathode and the an-
ode was 300 lm, the turn-on field of the device was �1.7 V lm�1

at a current of 2 lA (Fig. 4b), which was lower than that of the
common CNT arrays (�2.5 V lm�1) [7]. Electrons transported
through the bond between the CNTs and ZnO into the conduction
band of the ZnO cause the increasing carriers to enhance the field
emission current density. When the electrical field reached the
turn-on field, most of the emission sites would contribute to the
current. Inset of Fig. 4b shows a Fowler–Nordheim (F–N) plots
for the CNT/ZnO arrays, and it fit well to the linear relationship gi-
ven by ln(JE�2) = ln(Ab2u�1) � Bu3/2b�1E�1, which indicates that
the measured current is mostly due to vacuum tunneling from
CNT/ZnO arrays, where A = 1.54 � 10�6 A eV V�2, B = 6.83 �
103 eV�3/2 V lm�1, b is the field enhancement factor, and u is
the work function of emitters [23]. Since ZnO has a higher work
function (5.3 eV) than that of CNT (5.0 eV), it is possible to make
an ohmic contact to CNT [24,25]. Based on the work function of
CNT and ZnO, the b is calculated to be 2884 for CNT/ZnO arrays.
Moreover, the results were comparable to previous reports for esti-
mations of the corresponding F–N plot at CNT/ZnO structures
[23,24,26].
4. Conclusions

The fabrication of CNT/ZnO arrays on silicon substrate was per-
formed using spark generated ZnO nanoparticles. The aerosol ZnO
particles were deposited onto the silicon substrate under ther-
mophoretic attraction between the particles and the substrate.
The ZnO-deposited substrate was then loaded into a CVD chamber,
resulting in the growth of CNT on the previously deposited ZnO of
the substrate. The turn-on field of the emission device constructed
with the CNT/ZnO arrays was 1.7 V lm�1 at a current of 2 lA,
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which was lower than that of the common CNT arrays
(�2.5 V lm�1). The process is versatile, cost-effective, and general-
izable, and can be applied in order to produce field emitters and
electro-optic sensors.
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