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Abstract

A hybrid material of zinc oxide and carbon nanotubes have been synthesized via a sol-gel
process using zinc acetate dehydrate and acid modified multiple-wall carbon nanotubes. Very
fine nanoparticles were achieved as color of solution and SEM images indicated. Thin films were
deposited utilizing spray pyrolysis technique onto glass substrate as well as indium tin oxide
coated glass to perform sandwich device structure. Samples were heated at different annealing
temperatures and only samples heated with 500 oC have shown reasonable results. The optical
energy gap has been investigated using UV-Visible absorption spectroscopy and Tauc
calculations. Temperature dependence conductivity has been investigated in the range of 20
to 200 oC. NO2 gas interaction with the samples was studied using homemade chamber.
Keywords: ZnO, CNT, Sol Gel, Spray pyrolysis, Activation energy, Sensor.

1. Introduction

Zinc oxide (ZnO) is considered as one of the most
promising semiconducting materials recently with a
very good optical photo-transparency in the range of
visible light, energy band gap ~ 3.3 eV and 60 meV
exciton binding energy [1,2]. Thin films of ZnO have
been explored in the very recent years as transparent
conducting oxides (TCO) as of their promising
electrical and optical characteristics in combination
with a high thermal conductivity, high electron
mobility, decent transparency, wide and direct
energy band gap at room environment and large
exciting binding energy [3]. In addition, growing ZnO
in the nanostructure utilizing many different
procedures is quite simple which makes ZnO
appropriate for a very wide range of applications
such as light-emitting diodes [4], varristors [5], solar
panels [6] and odorant sensors [7]. Additionally, zinc
oxide is a talented material for short wavelength
optoelectronics, especially for UV light emitting
device and laser diodes (LDs), due to the large
exciton binding energy [8]. Zinc oxide thin films are
full-grown by many different methods includes
pulsed laser deposition (PLD) [9,10], magnetron
sputtering [11], MOCVD [12,13], spray pyrolysis [14]
and sol-gel process [15,16]. Carbon nanotubes
(CNTs), on the other hand, have drawn great
attention since they were discovered because of
their fascinating structural, mechanical, electronic,
optical and thermal properties, and excellent
chemical stability [17], leading to potential high-
technology applications such as biosensor,[18] super
capacitor, [19] hydrogen storage [20] and field
emission devices[21].

Although there are plenty of methods that employed
to prepare zinc oxide, sol-gel technique is one of the
most popular solutions processing method for
producing metal oxide nanoparticles due to the
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effectiveness of having very fine nanoparticles on a
side and the easiness of processing wet technique
thereafter on the other side to produce
homogeneous and uniform thin films [22,23].
Amongst all wet techniques used to perform thin
films, spray pyrolysis is very convenient method
especially with the solutions that are not volatile.
Spray is a simple and low-cost technique for the
preparation of thin films; it has capability to produce
large area, high quality adherent films of uniform
thickness. spray technique does not require high
quality targets and /or substrates nor does require
vacuum at any stage, which is a great advantage if
the technique is to be scaled up for industrial
applications; the deposition rate and the thickness of
the films can be easily controlled over a wide range
by changing the spray parameters [24]. In this study,
zinc oxide has been synthesized using sol-gel
method and modified using carbon nanotubes.
Optical and structural properties were investigated.
Sensing performance for the fabricated devices has
been examined due different odorants as in situe
detection sensors.

2. Materials and Methods

In this work, ZnO thin films were prepared by sol-gel
method. Zinc acetatedehydrate, 2-methoxyethanol
and monoethanolamine (MEA) have been used as
starting, precursor and catalyst materials. 21.9 g of
zinc acetate dehydrate was first dissolved in a
mixture of (133ml) of 2-methoxyethanol and (6.03ml)
of MEA solution at room temperature. The molar
ratio of MEA to zincacetate was maintained at 1.0
and the concentration of zinc acetate was 0.75 M.
The solution was stirred at 60 oC for 2 h to yield a
clear and homogeneous solution, which served as
the precursor solution. The color was turned to dark
yellow indicating very fine colloidal nanoparticles
was attained [25]. Same process was repeated with
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the addition of 14 mg multi walled carbon nanotubes
with the Zinc acetatedehydrate, 2-methoxyethanol
and (MEA) . Films were deposited onto glass and ITO
glass using spray coating. The glass substrates are
for optical and structural characterizations, whereas
the ITO substrates were further made as sandwich
structure devices by thermal evaporating aluminum
top  electrodes for  performing  electrical
investigations and sensor measurements. After
being deposited by spray coating, the films were
annealed at 250 and 500 oC at a programmable
furnace.

3. Characterization

UV-Visible Absorption Spectroscopy is used to study
the optical properties and energy gaps calculations.
Fourier Transform Infrared technique has been
employed to investigate the chemical functional
groups of the prepared samples. X-Ray Diffraction
has been utilized to reveal the structure and grain
size calculations. Morphology of the prepared
samples was explored using scanning electron
microscopy technique. Keithly = semiconductor
characterization system has been utilized to
investigate the electrical properties. Homemade
instrument was used to carry out the sensor
measurements.

4. 4. Results and Discussion

UV-Visible Absorption Spectra

The size of nanoparticles plays significant role in
varying all characteristics of materials. Therefore, size
developments of semiconductors’ particles became
essential to investigate the material properties [26].
One of the most important equipment to examine
the optical properties of nano-sized materials is the
UV-Visible absorption spectroscopy. Figure (1) shows
the absorbance spectra of the ZnO and ZnO/CNT
hybrid thin films annealed at 250 and 500 oC in the
wavelength range of (300-1000) nm. It was found
that the absorption appeared in the UV range 300
nm. This phenomenon is arising from the intrinsic
electron transition between higher occupied
molecular orbital (HOMO) and lower unoccupied
molecular orbital (LUMO). Another exitonic bands
were found at about 380 nm due to the nano size
particles. This peak was very clear in the samples
annealed at 500 oC (figure (1) b and c) suggesting
the successful formation of ZnO nanoparticles at this
range of annealing temperature [27].

The loading of CNT to the samples results in red shift
in the absorption spectra indicating the successful
anchoring of nano-size ZnO onto the side wall of
carbon nanotubes. In addition, the effective
utilization of the created electron-hole pairs via
carbon nanotube modification took place. Another
finding that should be given attention is the shape of
the spectra. By looking to the spectra of ZnO/CNT
which heated at 250 oC, it can clearly be seen that
the curve is likely to be similar to the spectra of
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pristine CNT which is feature less as reported
previously [28]. However, at 500 oC, the spectra of
ZnO/CNT showed the same characteristics of ZnO
spectra  suggesting successful decorating of
nanoparticles onto the CNTs.

The optical band gap (Eg) was derived assuming a
direct transition between the edge of the valence
and conduction band as there have been linear
regions in all curves. The plot of (ahv)2 as a function
of the energy of incident radiation (hv) has been
shown in Figure (2). The energy band gap is obtained
from intercept of the extrapolated linear part of the
curve with the energy axis and found to be; 3.13 and
2.86 for ZnO and ZnO/CNT samples annealed at 250
oC and 3.18 and 2.53 for ZnO and ZnO/CNT
samples annealed at 500 oC respectively. There is a
variation of the band gap energy of ZnO and
ZnO/CNT where the optical band gap (Eg) of the
samples which contains CNT decreases giving
intense evidence of CNT presence which narrow the
band gaps of ZnO, allowing better absorption [29].
The direct band gap of the ZnO films was decreases
as the annealing temperatures increases, this is
expected to take place due to the variation in lattice
defects and stress. The compressed lattice is
expected to provide a wide band gap because of the
increased repulsion between the oxygen 2p and the
zinc 4s bands [30].
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Figure 1. UV-Visible absorption spectra of ZnO (solid
lines) and ZnO/CNT hybrid (dashed lines) thin films
annealed at (A) 250 °C and (B) 500 °C. The inset
represents the Tauc's plot of photon energy.

Thermal Dependence Conductivity

Thermal dependence conductivity has been
investigated for all samples with ITO bottom
electrodes and Al as top electrodes using Keithly
(2400) semiconductor characterization system for the
temperature range between room temperature to
200 oC. By looking to the samples of ZnO and
ZnO/CNT which heated at 250 oC, it can clearly be
seen that it didn't give any clear results and no
obvious semiconducting performance was exhibited,
The reason for this is that zinc oxide was not
achieved, meaning that it did not work as a
semiconductor even in the presence of carbon
nanotubes. However, samples annealed at 500 oC
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have shown behavior of zinc oxide
semiconductor.

The temperature dependence conductivity has been
studied using Arrhenius equation [31,32,33,34].
o=ag-exp|Ea/KsT] (1)

where (o) ; the pre-exponential factor, (Ea); the
activation energy for electrical conductivity
corresponding to the energy difference between
donor level and conduction level, (KB); Boltzmann
constant (1.38 x 10-23) J/K and (T); temperature in
Kelvin.

The schemes of conductivity against temperature of
ZnO nano-structured film heated at 5000C is
exhibited in figure 2(a and b). It has been obviously
seen that 3 different areas are shown in this figure
which are |, Il and |Ill. These regions are
corresponded to not the same conduction
mechanisms. In the regions |, Il and lll, the electrical
conductivities increase with the increasing of
temperature. This is suggested to happen as more
chargge carriers overcome the barrier of activation
energy as a result of rising the temperature and
therefore, this carrier enhances the electrical
conductivity.

(El), (EII), (EIN) values for regions |, Il and Il have been
calculated from the linear parts of figure 2. The
obtained values were 0.448, 0.081 and 0.418 eV for
ZnO and 0.136, 0.199 and 0.491 for ZnO/CNT
materials respectively. The value of the activation
energy for region | obtained from conductivity data
is small in contrast with optical band gap energy. This
could be interpreted as the optical energy band gap
corresponded to another transaction while the
activation energy corresponds to the energy
necessary for conduction from one site to another. In
addition, the foundation of different temperature
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dependence regions indicate the existence of two
donor levels. These levels are named as the shallow
level and deep donor levels in the energy band gap
of the ZnO. The value of El corresponds to the
shallow donor level, while the value of Elll
corresponds to the deep donor level [35]. Therefore,
it is estimated that in region Ill, the electrical
conductivity of ZnO film is thermally motivated from
the deep donor level to the lower conduction band.
The domination of hopping mechanism on the
second region of the arc is quite obvious where the
electrons have no abundant energy to jump directly.
However, electrons in this part of the conduction plot
is hopping from the higher ground level to
temporary level and then to the lower conduction
level [35]. Therefore, the conductivity shows a
decrease as charge carriers are depleted ionized
from the shallow donor level with the rise of
temperature up to activation of charge carrier in
deep donor level start. Furthermore, Lee et al. [34]
reported that the conductivity for nanophase ZnO
having particle size of 60 nm is in the range 2x10-6
to 2x10-4 S/cm at 450-600 oC. The increase in
conductivity of ZnO nanostructured thin film studied
can be explained as the conductivity of the ZnO film
is attributed to the trapping of electrons in the grain
boundaries. By comparing models of pure ZnO with
models that contain carbon nanotubes ZnO/CNT,
which have been represented in figure 2, it can
clearly be seen that the transition region is almost
very small, and the deviation is not sharp. CNT can
create more trapping levels which at the same time
these levels work as donor levels leading to electron
transfer more easily and that interpret the smallest
activation energy shown in the samples having CNT.
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Figure 2. Arrhenius Plot of In o vs. 1000/T of pure ZnO and hybrid nanostructured thin film at 500 °C annealing
temperature.

Fourier Transform Infrared (FTIR)

Figure 3 shows the FTIR spectra of the ZnO and
ZnO/CNT hybrid materials. The inset to the figure 3
represents the sigma aldrich FTIR of ZnO. As
obviously can be seen that, there is a high similarity
between the prepared ZnO spectrum and the
sigma's one indicated excellent purity for the ZnO
nanoparticles synthesized in this study. The spectra
obtained have clearly shown the Zn-O absorption

peak near 546 cm-1. The absorption bands at 3450
and 2923 cm-1 are attributed to O-H vibration
stretching from Zn-O-H sorts and C-H stretching
vibration correspondingly [37,38,39,40]. The free O-
H stretching bond at 3450 cm-1 arises due to
reaction of ZnO nanoparticles and hydroxide group.
It is worth mentioning that the color of solution in a
mixture of 2-methoxyethanol and
monoethenolamine is orange where as that of
solution of alcohol is transparent. The peak at 715
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cm-1 which appeared only in the spectrum of the
hybrid material, is may be attributed to the carbon-
carbon stretching of carbon nanotubes [40]. This
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Figure 3. The FTIR spectra of ZnO and ZnO/CNT

prepared by sol-gel method. The inset is sigma
Aldrich spectrum of ZnO.

5. Morphology

Scanning electron microscopy technique has been
used to study the topography of the samples
prepared in this work. At low magnification images,
samples annealed at 2500 C, surface has examined
a cracked surface while those annealed at 5000 C
show quite homogeneous surface indicating higher
temperature is needed for the ZnO thin films to be
achieved adequately. These images are presented in
figure 4 for the clarity.

In addition irregular thin films have been produced
when heated at 2500 C while spherical-type
morphology was shown by samples treated at 5000
C for half an hour. Figure 5 represents the uniform
arrangement of ZnO grains with nano scale down to
~ 22nm. Zinc oxide usually tends to form nano-
sphere structure [41], rod-like structure [42], or nano-

SEM MAG: 100 kx Det: InBeam

! | I
WD: 4.75 mm BI: 7.00 500 nm
View field: 2.08 pm  Date(m/d/y): 01/05/22

Figure 6. SEM image of the sample containing
MWCNTs.

6. Gas sensing

Samples have been exposed to NO2 at the
concentration of 100 ppm using homemade resistive
sensing system at room temperature. Gas sensors
with very high responding to odorants, at the same
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peak indicated the successful decorating of ZnO
nanoparticles onto sidewall of carbon nanotubes

flower structure [43] depending on preparation
method, coating and heat treatment.

Figure 6 shows the SEM images of the samples
containing CNT have shown clear tubes decorated
by ZnO nanoparticles confirming the successful
anchoring of the ZnO onto side-wall of the carbon
nanotubes. This foundation was also reported
elsewhere [44]

s rescan

igure 4. SEM images at 5kx (10 ym) manification of
sprayed ZnO thin films prepared by sol-gel (a) annealed
at 2500 C and (b) annealed at 5000 C.

Figure 5. The sherlcal like structure of ZnO at different
magnifications (a) 330 kx (100nm), (b) 100 kx (500 nm), (c)
shows the grain size of the nanoparticles.

time working at room temperature are considered as
more attractive devices because of their low power
consumption and long-lasting stability [45]. Until
meantime, zinc oxide as semiconducting oxide is
well known as potential resistance-based gas sensor.
However, Higher operating temperature becomes
the drawback of its widespread applications in the
area of real time gas detection, particularly, in
combustible and volatile gas environment. In this
contest, global research efforts were keen to reduce
the temperature that the sensor device working on
and the literature [46] has comprehensively reviewed
the room temperature gas sensing properties of
ZnO. Much more attention is predominantly waged
to the effective approaches that produce room
temperature gas detection of ZnO based gas
sensors, mostly including doping with other
materials, morphology enhancements and light
initiations. Finally, some perceptions for future
enquiry on room temperature gas detection
resources are deliberated as well [47].

Figure 7 shows the response vs. time of ZnO and
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hybrid films towards NO2. It is obviously seen that
ZnO are not reversible as the resistance has not
come to the initial value after the gas being disposed
from the sample surface. Whereas, the hybrid film
have shown quite interesting performance due gas
interaction which make them promising candidate
for sensing applications. It is expected that the
presence of CNT in the composite film inhibits the
diffusion of gas molecules inside the film and most
interaction takes place on the surface of the film [48].
The response and recovery times have been
calculated as 90% of the maximum response after
gas on and 90% of the returning to initial state after
gas off and found to be 10 and 150 second

7. Conclusion

Zinc oxide and hybrid of zinc oxide and carbon
nanotubes thin films have been prepared by the
mean of sol gel and spry pyrolysis techniques. The
UV-visible absorption spectra revieled that carbon
nanotubes causes a red shift and results in reducing
the optical band gap by ~ 1 ev. The temperature
dependence  conductivity has shown three
conduction mechanisms and no recombination
allowed in the films with carbon nanotubes. The
grain size of the prepared zinc oxide was in the range
of ~ 20-40 nm as the SEM images conducted. The
FTIR spectra has exhibited a very obvious similarity
between the prepared ZnO and the sigma Aldrich
one. NO2 gas interaction with the synthesized
devices has been studied and the results show that
the existence of carbon nanotubes reduces the
chemical interaction and so complete recovery
achieved after purging the samples with fresh air.
The response time and recovery time were
calculated and found to be 10 and 150 seconds
respectively.
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