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A novel aqueous relatively low-temperature thin film growth
technique has been developed to fabricate a new generation of
smart and functional nanostructured metal oxide thin film
materials. This chemical synthetic route wuses stable and
inexpensive metal inorganic salts and environment-friendly
solvents. The nanomaterials are obtained to analyze the physical
and structural requirements of their applications in gas sensors and
solar cells. The rapid photothermal processing at the 650 °C of
nanostructured zinc oxide leads to the suppression of deep-defect-
level emission and improvement of near-band edge emission. The
responses of the sensing elements when exposed to 100 ppm
ammonia at temperatures between 20 °C and 300 °C have been
assessed.

Introduction

The synthesis and characterization of various wide band gap metal oxides
nanostructures such as nanowires, nanorods, nanobelts, nanobridges and nanowalls has
attracted great interest due to their size, morphology-related properties, and their
emerging applications in novel functional nanodevices (1,2). Recently, research and
development of alternative energy technologies, such as low cost flat-panel solar cells
thin film devices, and many other innovative concepts have increased. ZnO is an
important multifunctional material which has received great attention during the last few
years due to their unique applications in microelectronic and optoelectronic devices, and
for self-assembled growth of three-dimensional nanoscale systems (3,4). Zinc oxide
having a direct band gap of 3.37 eV and an exciton binding energy (60 eV) higher than
those of ZnS (20eV) and GaN (21eV), is of interest for various high tech applications,
such as optical devices (1), solar cells (5), piezoelectric devices (6), varistors (7), surface
acoustic wave (SAW) devices (8), and gas sensors (9,10).

Zinc oxide nanostructures have the potential to significantly improve the performance
and durability of certain devices used in areas of importance: energy production and
homeland security. A key challenge in this research is to deposit nanostructured metal
oxide thin films with consistent morphology and reproducible properties with a long-term
stability. ZnO nanostructures have been prepared by different methods like chemical
vapor deposition, vapor-liquid-solid method, thermal oxidation, reactive sputtering, sol-
gel, and chemical deposition (1-5). Among them, chemical deposition has attracted our
interest for the preparation of nanostructured thin films due to the following advantages:
(a) its simplicity and low cost, (b) its capability to achieve large area coatings, (c) its low
deposition temperature. These advantages result in a low cost processes that has a
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reduced environmental impact and a minimum undesirable inter-diffusion of components
in multilayer structures. The chemical deposition technique is an aqueous-chemical
method which involves the hydrolysis of metal ions in solutions, followed by controlled
heterogeneous precipitation on a substrate. It is an emerging field of research in the
nanostructured thin films area. The desirable properties of the thin film can be reached by
the optimization of the process parameters and post-deposition processing technique. It
allows monitoring the size of nano and microparticles, their surface morphology and
arrangement on substrate. This technique allows us to generate advanced functional metal
oxides nano- and micro-particulate thin films at relatively low temperature from aqueous
solution.

Post-deposition annealing process is being guided largely by the requirements of
defects removal and electrical conductivity in metal oxide films. Recently, lamp-based
rapid photothermal processing (RPP) systems have been introduced as an alternative
thermal annealing equipment solution. The properties of the metal oxide films, especially
the structural and electrical ones, can be improved by proper post-deposition rapid
photothermal processing. Rapid photothermal processing is based on rapid radiative
heating and cooling of substrates in vacuum or in the presence of inert atmosphere. The
RPP system’s halogen lamps provide both heating and radiations effects due to the wider
spectrum from 0.4 pm to 1 um. The principal difference between conventional furnace
annealing (CFA) and RPP is that the photo-spectra of RPP and CFA are different (11).

In the present work, we developed a method to obtain nanostructured ZnO thin films
by chemical deposition under ultraviolet light and we investigated the impact of RPP on
their properties. We expected to obtain inexpensive nanostructured thin films for solar
cells and sensors applications. ZnO-based resistive type sensors have been developed for
the detection of toxic gaseous compounds important for environmental monitoring and
for medical diagnostics. The responses of the sensing elements that exposed to 100 ppm
of ammonia at temperatures between 20 °C and 300 °C have been assessed.

Experimental

Chemical bath deposition (12) is a method of growing thin films on a substrate
immersed in aqueous solutions containing appropriate reagents at relative low
temperatures (up to 100°C). The nanostructured films were deposited on Corning glass
substrate using a beaker placed upon a heater during the growth process under ultraviolet
(UV) light. Before the deposition, the substrates were cleaned in dilute HCI for 10 min,
and then rinsed in de-ionized water (DI). Afterward, the glass slides were rinsed in
ethanol:acetone (1:1) mixture, then rinsed in DI, and dried in a nitrogen flux. The cleaned
substrates were immersed in an aqueous solution bath for definite periods of time in order
to fabricate films of desired thicknesses. Films of pure and Sn-doped ZnO were deposited
on glass substrates from aqueous zinc-complex solution comprises a mixture of ZnSQOy,
NH4OH, and sodium stannate. The zinc concentration of the complex solution was 0.05
and 0.1 M respectively. The doping of Sn was accomplished by adding appropriate
amount of sodium stannate in the aqueous solution. The freshly prepared solutions were
mixed thoroughly and were kept at room temperature or at 80°C during the deposition for
0.1-0.3 h. The details of doped ZnO films deposition following similar chemical method
and set-up for the photoluminescence characterization and nanostructures of the zinc
oxide have been reported previously (13, 14).
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The effects of growth conditions on the structure of the films (composition and
morphology) were studied by VEGA TS 5130MM scanning electron microscope (SEM).
The composition of the metal oxide films was investigated by Energy Dispersive X-ray
(EDX) spectroscopy and was used to show the presence of metal and oxygen, and
determine their atomic ratio. The Sn/Zn and Zn/O ratios in nanostructured films were
analyzed by EDX and were found to be less than that in the solution. The as-deposited
Zn0 films were RPP at 300°C - 650°C for 15 ~ 100 sec. The optimum duration of RPP
was determined as 20 sec for ZnO films.

Results and discussions
Figure 1 presents the surface morphology of ZnO films chemically deposited (a) from
Zn:Sn:[DEN] (0.05 M:1 mM:0.02 M) aqueous bath: as-grown without RPP (sample 1),

and (b) from Zn:Sn:[DEN] (0.10 M:1 mM:0.01 M) (sample 2). The as-grown films
nanocrystallites have a mean size of 200 nm and 800nm respectively.
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Figure 1. Top view SEM images of the ZnO nanostructures surfaces chemically deposited
from (a) Zn:Sn:[DEN] (0.05 M:1 mM:0.02 M) aqueous bath; (b) (0.10 M:1 mM:0.01 M)
aqueous bath on the glass substrate.

Figure 2 shows the ultraviolet emission photoluminescence (PL) spectra of ZnO:Sn
chemically deposited from Zn:Sn:[DEN] (0.05 M:1 mM: 0.02 M) aqueous bath and RPP
annealed at temperature of 650°C for 20 s. One can see that the emission from the as
grown film represents a combination of luminescence dominated by a PL band associated
with the recombination of excitons bound to a neutral donor (D’X) and resonant Raman
scattering (RRS). The RPP leads to the suppression of PL and the enhancement of
multiphonon RRS labeled as 2L.Orrs — S5LOgrrs peaks. The difference between the
position of the nLLOrgs peak and the excitation quanta energy (3.530 eV) is n times the
energy of the A;(LO) phonon in wurtzite-type ZnO (72 meV). It means that this emission
originates from the n-order Raman scattering. Resonant Raman scattering from solids can
be observed if the energy of the incoming or scattered photons matches real electronic
states in the material (15).

The luminescence peak in the as grown film (3.363 eV) is close to the previously

reported I4 line (16) associated with excitons bound to a H-related neutral donor. It could
be that our layers are unintentionally doped with hydrogen. Another possibility is that the

67



ECS Transactions, 3 (9) 65-71 (2006)

After RPP at
650°C, 20 s

4LOgrrs

PL intensity, (arb. units)

3.20 3.36
Photon energy (eV)

Figure 2. Ultraviolet emission spectra of different ZnO nanocomposite fabricated by
chemical deposition and rapid photothermal processing at 650°C for 20 s, and measured
at 10 K. The spectra are shifted vertically for clarity.

DX PL band in our samples is related to an exciton bound to some structural defects. In
such a case, the suppression of the DX PL band with increasing the RPP is explained by
the annealing of defects which localize the excitons. Figure 3 shows the visible PL
emission spectra of the as-grown sample and the processed sample using RPP at 650°C
for 20 s. Apart from this D°X UV luminescence, two PL bands centered at 2.4 and 1.8 eV
are present in the visible spectral range as illustrated in Fig. 3. The PL spectra of the as-
grown film show a typical green-red deep-defect level emission at 1.8 eV without near-
band edge emission. The visible luminescence is also strongly suppressed by increasing
the RPP temperature. The RPP at temperatures 650°C for 20 s decreased the intensity of
the red PL (1.8 eV) luminescence.

One can see that the emission from the as grown film represents a combination of
luminescence dominated by a PL band associated with the recombination of excitons
bound to a neutral donor (D”X) and resonant Raman scattering (RRS). Deep-defect-level
emission is essentially reduced and newly emerging near-band edge emission is improved
in the ZnO RPP annealed at the 650 °C.

The ZnO nanostructured thin film annealed at 650 °C shows a near-band edge
emission at 3.38 eV and much lower emission peak related to deep-defect-level. The
reduction of deep-defect-level emission in the rapid photothermal processed ZnO
indicates that the concentration of defects responsible for the deep-defect-level emission
is reduced by RPP (17).
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Figure 3. Visible PL spectra of ZnO nanostructured films as labeled: Initial is the as-
grown film and second is treated by RPP at 650 °C for 20 s, and measured at T = 10 K.

It was observed that irreversible changes in the PL occurs when the ZnO films were
post-growth rapid photothermal processed at temperatures higher than 300 °C for 20 s. In
the temperature range 550 - 650 °C, it was observed that improvement of the quality and
stability of the ZnO samples occurs (13). Reliable ohmic contacts can be made to the
ZnO without much difficulty by vacuum evaporation of Al.

For gas sensing characterization, a 1000 cc gas chamber was used. The porosity of the
nanostructured ZnO thin films were not measured. The undoped, and Sn-doped zinc
oxide thin films (0.3 cm x 0.3 cm x 1 um) were used as sensor elements to detect
methanol and ammonia at temperatures from 20 to 300°C with a concentrations range 0-
100 ppm. The readings were taken 20 min after the gases have been introduced in the test

chamber. It was found that resistance change AR = | R, — R, | increased linearly with

gas concentration. The sensitivity of the sensor element to gases was calculated according
to the formula (10,14):

)

1 AR 100'(Ras_Rair
o _100-AR _100-(R, -

C : Rair C ' Rair
where C is the gas concentration, Ry, and R, are the electrical resistance of the sensor
element in the presence of gas and in air, respectively.

The sensitivities of the ZnO and ZnO:Sn thin films to 100 ppm ammonia in air are
shown in Figure 4 at a working temperature of 100 °C and a relative humidity (RH) of
40%. It was observed that the sensitivity increased with increased RPP temperature and
reached a maximum at about 650°C for detecting NH;. However for elements that were
RPP processed below 400°C, 20 s, the resistivity was not restored to the original level
within 60 min. Therefore, a RPP temperature in the range 550-650°C for 20 s was
desirable.
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Figure 4 shows the response kinetics of sensor elements annealed by RPP to 100 ppm
concentration of ammonia pulse at a working temperature of 100 °C and 40% RH. The
adsorption and desorption processes can take place quickly in the annealed sample, but
the necessary time for the saturation of the resistivity value is different for the adsorption
and desorption processes. The results for zinc oxide samples rapid photothermal
processed at temperatures below 600 °C is omitted due to fluctuation of the response in
these sensor elements.
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Figure 4. The response of the ZnO & ZnO:Sn nanostructured thin film sensor to ammonia
at a working temperature of 100 °C and 40% RH.

The NHj3 sensing characteristics of sensors were performed at a working temperature
of 100 °C and 40% RH. Figure 4 shows that sensor response and recovery time constants
are of the order of 30 sec, and there is a complete stabilization after 60 sec. The
conductivity decreased rapidly by exposing the sensor to ammonia, and recovered toward
the original value after introducing clean air. This demonstrates a high potential for
nanostructured metal oxide sensors with superior sensitivity.

Conclusion

In this study, the novel nanostructured zinc oxide films were fabricated by chemical
deposition and rapid photothermal processing and were demonstrated to be a good gas
sensor for ammonia. It was observed that undoped ZnO thin films have a very low
sensing response towards NHj. The gas sensing characteristics of the ZnO films can be
improved by introducing Sn dopants into the nanostructured ZnO thin films. Further
investigations with different dopants and second components in ZnO thin films are
underway.
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