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ABSTRACT

Transparent conductive zinc oxide thin films have been synthesized by spray pyrolytic decomposition of
aqueous solution of zinc acetate onto the corning glasses with different pre-heating temperatures. The
influence of pre-heating temperature on the structural, morphological, optoelectronic and electrical prop-
erties is investigated. The X-ray diffraction patterns revealed the polycrystalline nature with hexagonal
(wurtzite) crystal structure. Films show preferred c-axis orientated with (0 0 2) growth. Films deposited at
various deposition temperatures exhibit different surface morphologies. It is observed that the tempera-
ture plays an important role in modifying surface morphology and size of crystallites. Compact hexagonal
platelets like structure is observed for lower temperature samples. The films exhibit nanoparticles of
size 60-100 nm for 250-500 °C temperatures. Films are highly transparent and conducting, we achieved
95% transmittance at 550 nm with electrical resistivity 0.062 2 cm and figure of merit 7.88 x 10~4 /<.
Moreover samples are photoelectrochemically active and exhibit the highest photocurrent of 212 pA, a

photovoltage of 353 mV and 0.32 fill factor for the 450°C films.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The direct-band gap II-VI and III-V systems are of particular
interest because of their high optoelectronic efficiencies relative to
indirect-band gap of group IV elements. Zinc oxide is one of the
most important group II-VI semiconductor materials. It is n-type
wide-band gap oxide semiconductor with a direct energy gap of
about 3.37 eV. Due to non-toxicity, higher abundance, thermal and
mechanical stability zinc oxide is one of the most promising mate-
rials for the fabrication of the next generation of optoelectronic
devices in the UV region. As a matter of fact, simultaneous occur-
rence of both high optical transmittance in the visible range, and
low resistivity makes zinc oxide an important material in the man-
ufacture of heat mirrors used in gas stoves, conducting coatings in
aircrafts glasses to avoid surface icing, and thin film electrodes in
amorphous silicon solar cells. Zinc oxide is a member of the hexago-
nal (wurtzite) class; it is a semiconducting, piezoelectric and optical
wave guide material and has a variety of potential applications such
as energy windows, liquid crystal displays, blue and ultraviolet (UV)
light emitters [1], and transparent electrodes in solar cells, ultra-
sonic oscillators, bulk acoustic waves devices [2,3]. Alver et al. [4]
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had grown the ZnO microrods using the chemical spray pyrolysis
technique at 600 °C. The spray solution was prepared by dissolving
ZnCl, (2.73 g) in 200 ml distilled water. The initial pH value of solu-
tion was measured as 6. Then one to two drops of HCl were added
to the solution in order to prevent the formation of zinc hydrox-
ide. The starting solution was atomized at a frequency of 1.63 MHz
by an ultrasonic nebulizer and using dry air. These films show
wurtzite crystal structure with 80% optical transmittance. Krunks et
al. [5] studied highly structured ZnO layers comprising well-shaped
hexagonal rods prepared by spray pyrolysis deposition of zinc chlo-
ride aqueous solutions in the temperature range of 490-560 °C. The
precursor solution was pulverized onto the substrates placed on a
soldered tin bath. Also they show a flat ZnO film evolves into the
structured layer consisting of single crystalline hexagonal elon-
gated prisms at growth temperatures close to 500°C and above.
According to them, the size of rods on glass substrates is increased
by the growth temperature and solution concentration, leading to
decreased c-axis orientation and lower substrate coverage. Zhao
et al. [6] studied the comparison of structural and photolumines-
cence properties of ZnO thin films grown by pulsed laser deposition
and ultrasonic spray pyrolysis on to the highly resistive p-type Si
(100) wafers, which were etched with diluted HF (10%) for 3 min
before being loaded into the growth chamber. They concluded that
the ZnO film grown by PLD exhibits better crystallinity than that
grown by USP. Bacaksiz et al. [7] revealed deposition of zinc oxide
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thin films with zinc chloride as precursor onto the quartz substrate
at 550 °C using spray pyrolysis method and subsequently annealed
between 600 °C and 900 °C with a step of 100°C. They concluded
that XRD and SEM images indicate the annealing temperature did
not play a greatrole on the microstructure of ZnO films and very less
transmittance ~25%. Rao et al. [8] showed the effect of stress on the
optical band gap of zinc oxide thin films with various substrate tem-
perature by spray pyrolysis zinc acetate as a precursor, prepared
by dissolving in a mixture of deionized water and ethanol. In this
mixture, ethanol concentration was 10 ml in 100 cm? solution. The
ZnO thin films were deposited at substrate temperatures of 350°C,
400°C, and 450°C.They observed the grain growth and crystallinity
of ZnO thin films increases with substrate temperature. The XRD
studies show that the films deposited at low temperature (350°C)
have large stress, which relaxes as the temperature of the substrate
is increased. Breedon et al. [9] reported the interconnected growth
of ZnO nanowires in a two-stage process, using spray pyrolysis,
deposited ZnO seed layers as a nucleation platform for subsequent
hydrothermal growth. In this two-stage process, ZnO seed layers
were first deposited onto rotating glass substrates at 450°C using
a typical spray pyrolysis deposition system. The precursor solution
(100 cm?3) was prepared by dissolving 0.15 M of zinc acetate dihy-
drate in a solvent mixture of double deionized water and isopropyl
alcohol with a 1:3 volume ratio. To enhance the solubility of zinc
acetate, 0.4 cm? of acetic acid was also added to the solution. They
present a comparison between the effect of these spray pyrolysis
deposited seed layers and well-ordered sputter deposited seed lay-
ers, along with their respective ZnO nanomorphologies that were
obtained via hydrothermal growth. Li and Haneda [10] synthesized
the ZnO powders with different morphologies by alkali precipi-
tation, organo-zinc hydrolysis, and spray pyrolysis. A 0.05M zinc
acetate aqueous solution was atomized by a nebulizer and then
passed through a high temperature quartz tube under the suction
of an aspirator. The pyrolysis proceeded quickly as droplets passed
through the quartz tube at high temperature within a second. The
formed ZnO powder was collected with a glass filter installed at
the end of the quartz tube. The dependence of the photocatalytic
activity on crystallinity, surface area, and particle morphology or
acetaldehyde adsorptivity is discussed. Ghimbeu etal.[11] reported
the preparation of zinc oxide thin films by zinkacetat-dehydrate
precursor on platinum coated alumina substrate with ethanol as
a solvent using electrostatic spray deposition technique for NO,
gas sensor application. Various deposition techniques have been
widely used to produce zinc oxide thin films. However, seeking the
most reliable and economic deposition technique is the main goal.
The most intensively studied techniques include, RF magnetron
sputtering [12], thermal evaporation [13], sol-gel method [14],
pulsed laser deposition (PLD) [15,16] and spray pyrolysis [17-19].
Among these methods, spray pyrolysis is the most useful technique
for large area applications. This method is cheaper, simple and
allows us to obtain films with high transparency and conductiv-
ity for optoelectronic applications. Many authors have extensively
investigated zinc oxide thin films by CSP [20-26]. However, all of
them have used a mixture of water and harmful toxic acids, alco-
hols, etc. as solvents for preparing spraying solution. Preparation
of non-toxic, cost-effective and good stable material is the need
of society and its use in optoelectronic devices alternative to CdO,
Sn0,, In, 03 is necessity of nature.

The aim of our present work is to examine the significance of
pre-heating temperature on surface morphology and crystallinity
of the films, by virtue of their ability to act as platelets. In addition to
that, we studied the role of morphology or crystallinity on the con-
tact angle and optoelectronic properties. We have demonstrated
a soft chemical route that enabled the formation of the compact,
large effective (photoactive) surface area and defect free zinc oxide
thin film electrodes, suitable for PEC solar cells.

Fig. 1. X-ray diffraction patterns of zinc oxide thin films prepared at different pre-
heating temperatures at optimized concentration of 0.5 M.

2. Experimental

Highly transparent and conducting c-axis oriented zinc oxide thin films
were synthesized using chemical spray pyrolysis technique onto the ultrasoni-
cally and chemically cleaned corning glass substrates. The 0.5M zinc acetate (Zn
(CH3C00),-2H,0) Aldrich, 99.99%, A.R. grade is dissolved in double distilled water.
The resulting 50cm? solution was sprayed onto cleaned corning glass substrates
for different pre-heated temperatures assisted with compressed air as a carrier gas.
The fine aerosols of aqueous zinc acetate solution after being sprayed through an
atomizer onto the preheated glass substrate underwent pyrolytic decomposition,
forming thereby a thin solid film. Other preparative parameters viz., solution con-
centration (0.5 M), spray rate (5 cm?/min), nozzle to substrate distance (32 cm) were
kept constant for all experiments.

The structural characterization of deposited thin films were carried out, by
analyzing the X-ray diffraction patterns obtained under Cu-K, (A =1.5406 A) radi-
ation from a Philips X-ray diffractometer model PW-1710 and surface morphology
was studied using JEOL JSM-6360 scanning electron microscope (SEM). The sur-
face topography of thin films was also analyzed from the AFM images taken by
means of the atomic force microscope (Nanoscope instruments, USA) in the contact
mode. The hydrophobicity of the films was tested by measuring the contact angle
(0) of a water droplet of 2.4 mm diameter placed on the film surface using the con-
tact angle meter equipped with a CCD camera (Ramehart Instrument Co., USA) at
a ambient temperature. The resistivity of the film was measured using Hall effect
technique in van der Pauw configuration. Transmission spectra were recorded at
room temperature and near to normal incidence using a Jobin-Yvon monochro-
mator, a goniometric set-up, a UV-enhanced photodiode (Hamamatsu) and lock-in
amplification. Thicknesses were computed using surface profiler of all thin films.
The photoelectrochemical study was performed in a conventional three-electrode
arrangement with the deposited thin film as working electrode, a graphite counter
electrode and an SCE reference electrode. A 0.5M NaOH aqueous solution is used
as an electrolyte. The photoelectrochemical (PEC) characteristics were measured
under constant illumination from a 25W UV lamp with excitation wavelength of
365 nm.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of zinc oxide
thin films deposited at various substrate temperatures. The films
are polycrystalline and fit well with the hexagonal (wurtzite) crys-
tal structure with highly preferred orientation along (00 2) plane.
Comparison of standard and observed ‘d’ values of zinc oxide thin
films deposited for various temperatures is shown in Table 1. The
reason for relatively lower peak intensities is the formation of
amorphous plus nanocrystalline phase in thin films. Big hump
in the X-ray diffraction pattern around 14-25° angles is the evi-
dence for this. The films are segregated into grain boundaries to
inhibit the crystallization and preferred orientation of zinc oxide.
The data is analyzed by making use of Joint Committee for Powder
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Table 1

Comparison of standard and observed ‘d’ values for zinc oxide films at various temperatures.

(hkl) planes Standard ‘d’ values (A) Comparison of standard and observed ‘d’ values for zinc oxide films
250°C 300°C 350°C 400°C 450°C 500°C

(100) 2.816 2.8168 2.8031 2.8108 2.8138 2.8134 2.8140
(002) 2.602 2.6016 2.5950 2.6016 2.5993 2.6017 2.5995
(101) 2.476 2.4761 2.4701 2.4764 2.4744 2.4751 2.4755
(102) 1.911 1.9129 1.9087 1.9095 1.9107 1.9147 1.9142
(110) 1.626 1.6223 1.6228 1.6218 1.6235 1.6250 1.6265
(103) 1.477 1.4770 1.4740 1.4769 1.4778 1.4757 1.4754
(112) 1.379 1.3785 1.3763 1.3778 1.3778 1.3785 1.3768
(004) 1.301 1.310 1.2995 1.3024 1.3011 1.3026 1.3029

Diffraction Standards (JCPDS) card No. 05-0664. As the tempera- intensity reflection of structure (260 =34.15°),

ture increases, the intensity of (100) and (110) planes decreases 0.9

and that of (002) plane increases evidently, showing the crys- = B cos 0 (1)

tal reorientation effect. Also slight increase in intensity of (101),
(103)and (004)is observed. Some weak reflections such as (102),
(110),(103),(112) and (004) have also been observed but with
small intensities. As the temperature increases, weak reflections
almost disappears and highly c-axis oriented films resulted. No
extra phases (such as Zn, ZnOH, etc.) corresponding to other oxides
are detected even at different temperatures. The diffraction angle
of the (002) peak is almost in agreement with the zinc oxide
bulk single crystal, implying that no evident residual stress or
inclusion-induced lattice distortion has been developed in the film
due to temperature. The thermal oxidation process of ZnO may be
described as follows: due to the existence of environmental oxygen,
the oxidation begins at the surface of the Zn particles; ZnO phase
is nucleated and formed as dispersed clusters on the surface of the
Zn particles.

The crystallite size of the films is calculated using the Scher-
rer’s formula applied to the (002) orientation which is maximum

where A is the wavelength of Cu-K, line,  is FWHM in radi-
ans and 0 is the Bragg's angle. The crystallite size, calculated
along (002) direction of the zinc oxide film is in the range of
60-100 nm. The crystallite size decreases up to 450 °C temperature
and then increases for higher deposition temperatures. Quantita-
tive information concerning the preferential crystallite orientation
is obtained from different texture coefficients (h k I) defined by well
known relation,

I(hk1)/Io(h k)

TC(h k1) =
(1/N)Zl(h k1)/Io(hk1)
N

(2)

where I(h k) is measured intensity, Io(hk!) is the JCPDS (card No.
05-0664) intensity and N is the reflection number. It is seen that
texture coefficient of (00 2) plane increases suddenly with temper-
atures. The highest achieved value of texture coefficient at (002)

Fig. 2. Scanning electron micrographs of zinc oxide thin films prepared at (a) 450°C, (b) 500°C, and (c) cross-sectional image of film deposited at 450 °C.
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Fig. 3. 2D atomic force micrographs of zinc oxide thin films prepared at (a) 400°C, (b) 450°C, and (c) 500 °C with 1 wm x 1 wm planar.

plane is 5.8 at 450 °C temperature due to enhancement in the crys-
tallinity of the lattice. The strain generated in our films is calculated
using relation [27],

B= ﬁ —¢etan 6 (3)
where B is the FWHM, A =1.5406 A is the wavelength of the Cu-
Ky radiation, 6 is the Bragg angle, D is the crystallite size, and &
is the stain. As the temperature increases strain decreases from
5.67 x 1073 to 1.44 x 103 along the (002) plane due to enhance-
ment in sharpness of planes. For solar cell applications, a smaller
particle size is desirable as it provides a greater surface area for
conduction mechanism leading to an enhancement in efficiency.
Scanning electron micrographs (SEM) of zinc oxide thin films
deposited at different substrate temperatures are shown in Fig. 2.
Hexagonal platelets are seen in the micrograph deposited at 450 °C
temperature on the film surface. These faceted grains of the film
are densely agglomerated and show preferential growth orienta-
tion along (0 02) plane. The textured morphology is a consequence
of the nucleation of c-axis oriented grains that grow geometrically
and impinge laterally. As the grains agglomerated with an increase
in the temperature, large flake-like structure is observed in the
films. It is observed that the grain size (~100-150 nm) observed
by SEM images is larger than the value determined by XRD, which
may be due to the discrepancy between the mean dimension of
the crystallites perpendicular to diffracting planes by XRD diffrac-
tion and the observable aggregates in SEM images. Cross-sectional
view of the film deposited at 450°C is shown in Fig. 2c. In addi-
tion to flakes, the overgrown aggregates of spherical particles at

500°Cas seen in figure. Therefore it can be concluded that the mor-
phology of the particles are changed and their sizes are reduced
by increasing the reaction temperature. There are two possibilities
associated with the phenomena. One is the effect from outside and
the other from inside. It is known that the oxygen and vapour in the
air would have big effect on the morphology. When the exchange of
oxygen between grains and air happens, the collapse may happen.
We tend to agree with the second mechanism that the collapse is
probably due to the strain release of crystallites due to high temper-
ature. The formation of 3D crystallites is mainly governed by surface
energy, elastic strain and surface diffusion kinetics. Theoretically,
small regions of high strain will evolve as grooves or pits if strain is
not homogeneously relieved during the growth [28]. Therefore, we
can assume that the uneven component distribution of ZnO which
grown at relatively low temperatures could result in local sites with
high strain. As a result, the depositing materials diffused away from
these high-strain sites, leaving behind the pits on the surface.

Fig. 3 shows the two-dimensional atomic force microscopy
(AFM) images of zinc oxide thin films deposited for different pre-
heating temperatures. The images are recorded on 1 pm x 1 um
planar in contact mode at the scan rate of 10.17 Hz. The films show
compact and dense pinhole free hexagonal platelets like structure
correlated with SEM images. At higher temperature, the atoms have
enough activation energy to occupy the correct lattice sites in the
crystal lattice and grains with lower surface energy become larger.
Sprayed zinc oxide films exhibit hexagonal structure with preferred
orientation growth along (00 2) plane becomes strong and leads to
an improvement in the crystallinity. RMS surface roughness is 40,
25 and 14 for 400°C, 450°C, 500 °C samples, respectively.
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Fig.4. Variation of transmittance (T) with wavelength for spray deposited zinc oxide
thin films deposited at different temperatures.

Wettability of the films was evaluated by measuring static con-
tact angles for water. The change in water contact angle values
as a function of pre-heating temperature is shown in Table 1. All
films show the hydrophilic behaviour. The water contact angle
value increases from 58° to 76° with increase in temperature from
250°C to 450°C is due to the fact that, the surface roughness of
the film decreases with increase in temperature. However, with
further increase in temperature (500 °C), the water contact angle
value slightly decreases to 67°. This is due to the fact that, at 500 °C
the film shows increase in surface roughness. The wettability of
the film surface is mainly influenced by the chemical composition
and surface morphology. It is confirmed from SEM figure that, the
films having temperature at 300 °C, shows hexagonal platelets like
structure on which the water contact angle shows 61°. The films
having temperatures 400°C and 450°C reveals increase in com-
pactness of the surface leading to increase in water contact angle
from 67.5° and 76°, respectively. The compact microstructure of
the film surface shows higher water contact angle values as com-
pared to smooth one. The reason for this behaviour may be that for
high roughness gas bubbles are embedded between the water drop
and the insulator surface [29,30]. These samples are highly appli-
cable to increase lifetime of solar cells and used in defrosters and
transparent window coatings.

Fig. 4 shows the optical transmission spectra of ZnO films
recorded in the wavelength range 350-850nm. The well-
developed interference patterns in T show that the films are
specular to a great extent. The decrease in transmittance at higher
temperature (>450°C) may be due to the increased scattering of
photons by crystal defects. The free carrier absorption of pho-

In transparent metal oxides, the metal to oxygen ratio decides the
percentage of transmittance. A metal-rich film usually exhibits less
transparency [32]. The amplitude of interference fringes decreased
for higher temperatures (>450°C) and this indicated the loss in
surface smoothness leading to a slight scattering loss. The typical
transmittance of the annealed films at 550 nm wavelength is of the
order of 95%. Such films would have potential applications in opto-
electronic devices. The spectra clearly exhibit a slight blue shift in
band edge due to the variation of substrate temperature, with a
transparency in the visible range. The band gap of films increases
after 350 °C temperature showing negative strain along c-axis. So
the blue shift of the band gap is attributed to the compressive strain
in deposited zinc oxide films and after increasing the deposition
temperature the band-gap value is decreasing due to the relaxation
of the built in strain.

The figure of merit (¢) of the film plays an significant role in
optoelectronic device applications is determined using the formula,

T]O
= R (4)
where T is transmittance at 550 nm wavelength and R the sheet
resistance.

Figure of merit (¢) of deposited thin films increases with
increase in temperature and achieved highest figure of merit
7.88 x 104 0/2 at 450 °C, which is highest value as per the authors
knowledge for pure zinc oxide thin films.

The dependence of electrical resistivity of all films with various
pre-heating temperatures is shown in Table 2. The initial decrease
in resistivity with temperature up to 450°C is a consequence of
increase in mobility which is found to increase due to the improve-
ment of the crystalline structure of the films due to heating as
observed by the XRD analysis. With increased crystallinity, grain
size increases thereby minimizing the grain boundary scattering
losses and defects in the annealed films. So the number of electron
trap states reduces and hence the carrier concentration increases.
Further, the resistivity increases after 450°C temperature due to
evaporation of solution and slightly generation of powdery films.
Since air and water are, respectively, used as the carrier gas and
solvent, there might have been the possibility of chemisorptions
of oxygen during deposition of the films. Zinc oxide is an n-type
semiconductor in which donor levels are due to oxygen vacancies
Vo and interstitial zinc Z,; atoms. Hence one can assume that, the
reason for decrease in resistivity may be due to creation of oxygen
vacancies Vg and zinc interstitial Z,; during the deposition.

For the zinc oxide films deposited at various temperatures,
under UV illumination in terms of open circuit voltage (Vo) and
short circuit current (Is¢) are presented in Table 2. In dark and under
illumination current-voltage (I-V) characteristics of glass/fluorine
doped tin oxide/zinc oxide/SCE cells were measured. The efficiency
(n%) and Fill factor are calculated from the relations,

tons may also contribute to the reduction in optical transmittance o VoclscFF
. . . . . n(%) = ———— x 100 (5)
[31]. An increase in the transmittance of zinc oxide films can be Pinput
attributed to the removal of organic and hydroxide species on the
film. Interestingly, 450 °C sample exhibited increased optical trans- FF — Imax Vmax (6)
mission in the visible region and this is good for device application. IscVoc
Table 2
Various parameters of spray deposited zinc oxide thin films at different pre-heating temperatures.
Sub. Temp. (°C) Rs (k2/00) % T at 550 nm Resistivity, p (€2cm) Angle of contact (deg) Fig. of merit, @ (x104) (O/2) Isc (LA) Voc (MV)
250 150 60.25 9.68 57.80 0.00042 72 217
300 35 63.37 2.54 61.2 0.002986 98 255
350 25 71.39 1.89 63.56 0.01376 122 280
400 125 81.58 0.96 67.52 0.1045 157 315
450 0.8 95.49 0.062 75.94 7.8810 212 353
500 2 84.89 0.161 66.77 0.97227 160 305
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where Pinput is the input light intensity, Imax and Vinax are the val-
ues of maximum current and maximum voltage, respectively that
can be extracted from a PEC solar cell. From -V measurements it
is observed that the higher magnitude of Isc =212 pA, Voc =353 mV,
FF=0.32 and 1 = 1.64% are obtained for the films deposited at 450 °C
using NaOH as an electrolyte. The compact and densely packed
ZnO hexagonal crystallites can absorb enough light. Further-
more, the photogenerated electrons can transport directly through
hexagonal crystallites and compact layers to the conducting
substrates with minimum loss. This greatly reduces the recombi-
nation losses of photogenerated charge carriers due to decrement
in grain boundary resistance in the charge transportation
process.

4. Conclusions

Highly transparent and conductive zinc oxide thin films of
hexagonal crystallites are synthesized on to the corning glasses
by spray pyrolytic decomposition in presence of various temper-
atures. The films are found to be highly preferred c-axis oriented
perpendicular to the substrate, which confirmed from the XRD and
surface micrographs. Films show the hydrophilic nature. Compact
hexagonal platelets like structure is observed for lower tempera-
ture sample. The films exhibit nanoparticles of size 60-100 nm for
250-500°C temperatures. Films are highly transparent and con-
ducting, we achieved 95% transmittance at 550 nm with electrical
resistivity 0.062  cm and figure of merit 7.88 x 10~4 /2. More-
over samples are photoelectrochemically active and exhibit the
highest photocurrent of 212 wA, a photovoltage of 353 mV, 0.32
fill factor and 1.64% efficiency for the 450°C films. These zinc
oxide films synthesized at optimized deposition conditions are
good alternative candidate for potential applications in thin film
solar cells and as window coatings for increasing the lifetime of
device.
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