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CNT–ZnO composite materials were successfully grown by thermal chemical vapor deposition (thermal CVD).
First, Multiwalled Carbon nanotubes were synthesized in the temperature range of 500–700 °C. After coating
Au nanoparticles on such grown CNTs, ZnO nanowires were synthesized via Zn evaporation method at
500 °C. SEM images showed that these CNT–ZnO composites were spinous, and XRD analyses showed that
the spinal ZnO were crystalline. The turn-on field of CNT–ZnO composite materials with 500 °C growth
temperature of underlying CNTs was 3.72 V/μm, which was 5.58 V/μm for CNTs grown at 500 °C. It was also
found that the higher temperature (<550 °C) the underlying CNTs were grown at, the better field emission
properties CNT–ZnO composite materials have. The ID/IG ratio from Raman spectroscopy of CNTs decreased
as the growth temperature of CNTs increased. The graphitization of underlying CNTs played an important role
in the Field emission of CNT–ZnO composite materials.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) nanostructural materials have attracted
considerable attention due to their unique fundamental physical
properties and potential high-technology applications in the fabrica-
tion of nanoscale devices [1]. The nanotubes and nanowires are
promising candidates of ideal field emission electron sources because
of their high aspect ratio geometry and small tip radius of curvature.
Since the discovery of carbon nanotubes (CNTs) in 1991 [2], they have
been the most promising material due to their unique structure and
properties. ZnO, as an oxide, presents many remarkable characteristics
due to its high mechanical strength, good optical quality, chemical
stability and excellent piezoelectric properties [3]. In the past, many
studies have investigated the field emission properties of CNTs [4–6]
and ZnO nanostructures [7–10].

In this study, a CNT–ZnO composite was synthesized and exhibited
different field emission properties from general CNTs or ZnO
nanowires.

2. Experimental details

The growth of CNTs was carried out by using the thermal
chemical vapor deposition (thermal CVD) system at temperatures
of 500 °C, 550 °C, 600 °C, 650 °C, and 700 °C. Prior to the growth, an
Fe layer was deposited as catalysts on a (100) p-type silicon

substrate by the RF sputtering with Ar plasma. During the growth,
the N2 gas was first introduced into reaction tube at a flow rate of
100 sccm with 8.67×102 Pa for 30 min. Reaching the growth
temperature, N2 was switched off and C2H2 was switched on at a
flow rate of 30 sccm with 4.67×102 Pa for 20 min, and then
swiched off. Finally, the reaction tube was cooled down at the N2

ambient.
Such grown CNTs was then coated Au as the catalyst to

synthesize ZnO. By heating pure zinc powder at the temperature
500 °C in a horizontal tube furnace and using Argon and oxygen
gases as a carrier and a reaction gas during the fabrication process,
spinal ZnO was formed on the underlying carbon nanotubes.

The morphology and crystal structure properties of the samples
were examined by field emission scanning electron microscopy (FE-
SEM), Raman spectroscopy, and X-ray diffractometer (XRD), respec-
tively. Field emission measurements were carried out by using a
diode configuration in a vacuum chamber, which was pumped down
to 2.67×10−4 Pa, and using a Keithley 237 source meter as an
analyzer. The turn-on electric fields of tested materials were
calculated from the values of voltage Vto divided by the average
gap between the material surface and the anode. Vto was measured
when the field emission current reached 1.0 μA, and the uncertainty
was ±1 V. The gapwasmeasured by a step gauge, and the uncertainty
was ±1 μm.

3. Results and discussion

Fig. 1 showed the SEM image of underlying CNTs at growth
temperatures range of 500–700 °C. It was found that the higher
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temperature the CNTs were grown at, the height of CNTs increased
from 0.58 to 3.33 μm.

Fig. 2 showed the Raman spectra (taken with the 532 nm Nd:
YAG laser) of underlying CNTs at the growth temperature range of
500–700 °C. Both the typical D band (~1350 cm−1) and G band
(~1580 cm−1) for multi-walled CNTs appeared [11]. The Lorentzian
components fitting gave the peak values and the ratio ID/IG, which
would be a graphitization index for CNTs. It was found that the
higher temperature the CNTs were grown at, the ID/IG ratio of
CNTs decreased from 1.165 to 0.800. As stated in the literatures
[12–14], CNTs grown at higher temperatures would have smaller
ID/IG ratio and therefore higher graphitic crystallinity.

Fig. 3(a) showed the SEM image of Au nanoparticles on the
underlying CNTs. Au nanoparticles have the diameter of ~5 nm.
Fig. 3(b)–(f) showed SEM images of the CNT–ZnO composite with
the underlying CNTs of different growth temperatures. The XRD
pattern of CNT–ZnO composite was shown in Fig. 4. All diffraction
peaks matched the wurtzite ZnO structure with the lattice constants
of a=0.325 nm and c=0.52 nm (JCPDS No. 36-1451). The peaks at

which 2θ equals 31.7°, 34.4°, 36.3°, 47.5°, and 56.6° represent ZnO
(100), (002), (101), (102), and (110) reflections, respectively.

The field emission (FE) properties were characterized by using a
Keithley 237 source meter as an analyzer. The FE current–voltage
characteristics were further analyzed by a simplified Fowler–Nord-
heim (F–N) equation:

J =
Aβ2E2

ϕ
exp −B

ϕ3=2

βE

 !
ð1Þ

where J is the emission current density, E is the macroscopic field, ϕ is
the work function of the emitter, A and B are the F–N constants with
values of 1.56×10−10 A eVV−2 and 6.83×103 eV−3/2V μm−1, respectively
[15]. The β is the FE enhancement factor that represents the true value
of the electric field at the tip compared to its average macroscopic
value. The β can be calculated from the slope of the FN plot [ln(J/E2)
versus 1/E plot] if the work function is known.

Fig. 5(a) and (b) showed the emission current density of the
underlying CNTs with different growth temperatures versus electric

Fig. 1. SEM images of underlying CNTs at different growth temperatures: (a) 500 °C, (b) 550 °C, (c) 600 °C, (d) 650 °C, (e) 700 °C; and (f) the height of underlying CNTs versus growth
temperatures.
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Fig. 2. Raman spectra of underlying CNTs at different growth temperatures: (a) 500 °C,
(b) 550 °C, (c) 600 °C, (d) 650 °C, (e) 700 °C.

Fig. 3. SEM images of (a) Au nanoparticles on underlying CNTs and CNT–ZnO composite materials with different growth temperature of underlying CNTs: (b) 500 °C, (c) 550 °C,
(d) 600 °C, (e) 650 °C, (f) 700 °C.

Fig. 4. XRD pattern of CNT–ZnO composite materials with different growth temperature
of underlying CNTs.
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field, and the corresponding F–N plot, respectively. The work function
of CNTs was assumed to be 5 eV [16]. As the growth temperature of
underlying CNTs increased from 500, 550, 600 to 650 °C, the turn-on
field was decreased from 5.58, 3.50, 1.84 to 1.45 V/μm and the β was
increased from 1167, 2077, 3604 to 6032, respectively. By comparison
with the Raman spectroscopy in the Fig. 2, the tendency was obvious
that the underlying CNTs grown at higher temperatures (≥650 °C)
would have higher graphitic crystallinity, lower field emission turn-on
field and larger β. This was also stated in the literature that the
emission current of CNTs increasedwith the graphitic crystallinity and
the growth temperature of CNTs [17]. However, CNTs grown at 700 °C
had the turn-on field of 2.25 V/μm and the β of 3075, not better than
that of which grown at 600 °C. Since the field emission properties of
CNTs mat were dependant not only on the single nanotube, but also
the field-screening effect caused by the proximity of neighboring
nanotubes [18], such emission property degradation of CNTs grown at
700 °C could be explained.

As stated in the literature [19], when the height of CNTs was
deucedly high, the field-emission characteristic was poor, which was
likely to be due to the screening effect. As the underlying CNTs
grown at higher temperatures (≥600 °C), the heights were order of
micro-meter magnitude. The reason was that the CNT–ZnO compo-
sites with higher temperatures CNTs (≥600 °C) were affected by
field-screening effect. Because the height of CNTs at 700 °C was
extremely greater than that others, its field-screening effect was
especially enormous, and degraded the turn-on field and the FE
enhancement factor β.

The general ZnO nanowires were synthesized on silicon (100)
substrates with Au catalysts by heating pure zinc powder at

temperatures 500 °C in a horizontal tube furnace. Fig. 6(a) showed
SEM image of general ZnO nanowires with diameters of 80–100 nm,
and Fig. 6(b) with the inset showed the emission current density
versus electric field and the corresponding F–N plot of ZnO nanowires.
The turn-on field was 4.90 V/μm. Assuming the work function of ZnO
was 5.3 eV [20], the β was estimated to be 1225.

Fig. 7(a) and (b) showed emission current density of CNT–ZnO
composite materials versus electric field, and the corresponding F–N
plot, respectively. Each curve represented a CNT–ZnO composite with
the underlying CNTs grown at different temperatures of 500–700 °C.
The work function of CNT–ZnO composite materials was estimated to
be 5.15 eV, an average value between 5 and 5.3 eV, and to calculate the
field enhancement factor β [21]. For the CNT–ZnO composites, as the
growth temperatures of underlying CNTs increased from 500, 550,
600, 650 to 700 °C, the turn-on fields were 3.72, 2.68, 2.40, 1.64 and
2.68 V/μm, respectively. And the β's were 2082, 2442, 2576, 4490 and
2426, respectively. All the CNT–ZnO composite materials have better
field emission ability than that of general ZnO nanowires. However, by
comparison with CNTs mat, the field emission properties of CNT–ZnO
composites could be categorized as two groups: one is with lower
turn-on voltage and higher β than that of corresponding CNTs mat
grown at the same temperature (500 °C, 550 °C), and the other is with
higher turn-on voltage and lower β than that of corresponding CNTs
mat grown at the same temperature (600 °C, 650 °C, 700 °C). From
Fig. 1(f), the height of underlying CNTs of the former group was about
hundreds of nano-meter magnitude, and the one of the latter group
was above the order of micro-meter magnitude. As mentioned, the

Fig. 5. (a) Emission current density versus electric field, and (b) the corresponding F–N
plot of the underlying CNTs with different growth temperature.

Fig. 6. (a) SEM images, and (b) Emission current density versus electric field of ZnO
nanowires with diameters of 80–100 nm.
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screening effect was important when the height of CNTs were
deucedly high. The field emission experiments of CNT–ZnO compo-
sites showed that micro meter seemed to be a criterion scale. Hence
the field emission properties of CNT–ZnO composites, which had the
underlying CNTs grown at 500 and 550 °C, were better than that of
general CNTs grown at the same temperature. The reasonwas that the
spinal ZnO on the surface of CNT–ZnO composite played as a sharp
emission center.

4. Conclusions

The field-emission characteristics of CNT–ZnO composite were
different from that of general CNTs or ZnO nanotubes, and the
temperature at which the underlying CNTs were grown exhibited
great effects on it. The turn-on field of CNT–ZnO composite materials
with 500 °C and 550 °C growth temperature of underlying CNTs were
3.72 and 2.68 V/μm,which were 5.58 and 3.50 V/μm for CNTs grown at
500 °C and 550 °C, respectively. The spinal ZnO on the surface of CNT–
ZnO composites played as a sharp emission center and gave rise to the
increasing of β factor. However, the screening effect should be
considered when the height of CNTs increased to a few micro-meter
scale ranges.

Fig. 7. (a) Emission current density versus electric field, and (b) the corresponding F–N
plot of CNT–ZnO composite materials with different growth temperature of underlying
CNTs.
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