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Thin films of ZnAl,O4 were prepared by dip technique involving chemical solutions.
Investigations on the effect of post heat treatment on the structural, optical and
morphological properties of ZnAl,O4 thin films were studied. X-ray diffraction patterns
revealed that the thin films are polycrystalline cubic structure of ZnAl,O,. The
microstructural properties of ZnAl,O4 thin films were calculated and crystallite size tends
to increase with increase of annealing temperatures. The texture coefficients have been
evaluated and found to be greater than unity revealing high texturing of the architecture of
the film. The transmittance spectra of unannealed and annealed films were plotted against
UV-Vis-NIR region and found to be transmittance increases with annealing temperature.
The optical band gap values were found to be in the range of 3.48 — 3.62 eV. The optical n
and k constants were found to decrease with increase temperature of heat treatment.
Scanning electron microscopic image revealed that the spherical shaped grains occupy the
entire surface of the film and composition of the film was estimated using EDX spectra.
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1. Introduction

Transition metal oxides possess a number of interesting optical and electrical properties.
As thin films, they find applications in many electrical and optical devices. Zinc aluminate
(ZnAl,O,) is a widely used ceramic, electronic and catalytic material with spinel structure [1].
ZnAl,Oy is also transparent to light with wavelengths above 320nm and is hence suitable for UV
optoelectronic application and for use in thermal control coatings for spacecraft [2—4]. ZnAl,Oy, is
a well-known wide-bandgap semiconductor, an active component of catalysts, and also acts as a
convenient support for other metal oxides and dispersed metals [5—7]. The preparation techniques
for ZnAl,O, thin films are many such as chemical vapor deposition (CVD) [8], hydrothermal [9],
solid state reaction [10], spray pyroysis [11], microemulsions [12] and sol-gel spin-coating method
[13]. However, all these techniques require sophisticated instruments and/or a high temperature of
deposition. Among the thin films deposition methods, chemical bath deposition (CBD) from
aqueous solutions is the simplest and most economical one [14]. The chemical bath deposition
technique is simple, economical, and can be applied at room temperature. CBD method also offers
the opportunity of doping the host ions with impurities on different kinds, shapes and sizes on
substrates. The evaluation of optical dispersions and other optical constants of semiconductors are
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of considerable importance for applications in integrated optic devices such as switches, filters and
modulators, etc., where the refractive index of a material is the key parameter for device design.

It has good optical and catalytic properties. It has attracted interest as a phosphor host
material for applications in thin film electroluminescent displays, mechano-optical stress sensors,
and stress imaging devices. Green electroluminescence and stress-stimulated luminescence have
been obtained in Mn-doped ZnAl,O,. Recently, a bright green cathodoluminescence (CL) under
low excitation voltage from Mn-doped ZnAl,Oy, thin films prepared by spray pyrolysis have been
reported [11]. However, to our best knowledge, little research has been done on the
cathodoluminescence of variety of rare-earth-doped ZnAl,O,4 thin films. Moreover, the optical
bandgap of polycrystalline ZnAl,O, is 3.8 eV, indicating that ZnAl,O, is transparent for light
possessing wavelengths 320 nm. Therefore, it is widely used as a high-temperature material,
ultraviolet photoelectronic material, optical and electronic coating, catalyst and catalyst support
[15-17]. High surface area and accessible porosity are desirable properties in some applications of
ZnAl,O4 films; for example, the catalytic properties of ZnAl,O, films are largely dependent on
their microstructure with a high surface area [18,19]. The wide band gap nature of the materials
has been a limitation in producing devices for certain applications. Doping has been considered as
one of the ways to alter the band gap [20]. Earlier using an aluminum foil, HF and zinc salts this
interesting ceramic system has been reported by our group. [21-22]. In the present work, the
chemical bath deposition using a double dip technique has been used for preparing ZnAl,O4 thin
films and the effect of annealing properties on the physical properties of the films are discussed.
The structural, morphological and optical properties of these films have been studied and the effect
of annealing on these properties has been investigated. Different heating rates were chosen to
study the effect of heating conditions on the microstructural development and the formation of
surface topography of ZnAl,O4 films prepared by a soft chemical route which could be a cost
effective and easy method. Possible mechanisms for microstructure development of ZnAl,O, films
are discussed.

2. Experimental

In this study ZnAl,O4thin films were prepared by extending the double dip technique [14]
by varying deposition parameters such as solvent medium, solution pH, concentrations,
temperature, number of dippings, etc., The effect of these parameters are studied using various
characterizations and the optimized deposition parameters are arrived. The ‘Al ‘introduction was
carried out by adding the aluminum salts in the solution bath at different proportions (Zn: Al <10
: 1). Before deposition, the glass substrates were cleaned by chromic acid followed by cleaning
with acetone. The well-cleaned substrates were immersed in the chemical bath for a known
standardized time followed by immersion in hot water for the same time for hydrogenation. The
process of solution dip (step 1) followed by hot water dipping (step 2) is repeated for known
number of times. The cleaned substrate was alternatively dipped for a predetermined period in
sodium zincate (with Aluminum salt) bath and water bath kept at room temperature and near
boiling point, respectively. According to the following equation, the complex layer deposited on
the substrate during the dipping in sodium aluminum zincate bath will be decomposed to ZnAl,O,4
due to dipping in hot water. The proposed reaction mechanism is according to the following
equations [14]

A12 (SO4)3 + Zl’lSO4 + 2NaOH — NazAlz /n (SO4)4 (OH) 2
Na2A12 /n (SO4)4 (OH) ot 2H20 e Zl’lA1204 + 4stO4

Part of the so formed was deposited onto the substrate as a strongly adherent film and the
remainder formed as a precipitate. The addition of aluminum sulphate in the ratio of Zn:Al as 10:1
in the first dip solution has been used in the formation of ZnAl,O, films. For air annealing the
samples a furnace is employed. The post annealing temperatures and time were selected by the
stability of the samples.
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The crystalline structure was determined by X-ray diffraction using X’PERT PRO
(PANalytical) diffractometer with Cu K, radiation (a0 = 0.15405 nm) and employing a scanning
rate of 5°min™'. The particle size and morphology was examined in a scanning electron microscope
(SEM) Hitachi S-3000H model. For SEM studies the powders are pre-coated with Au sputtering
using fine coat ion sputter JFC-1100 model instrument. Optical transmittance was measured by
Perkin Elmer Lambda 35 UV-Vis spectrophotometer. All the measurements were performed at
room temperature.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of ZnAl,O, films with and without annealing
temperature (a) as-deposited (b) 200°C (c) 300°C and 400°C. The observed results are good
agreement with standard “d-spacing” values (JCPDS diffraction file no. 65-3104) suggests that the
material deposited is cubic ZnAl,O, structure. Also X-ray diffraction patterns indicate that the
various diffraction peaks at 20 values 31.35, 34.13, 54.91 and 74.11, are identified to originate
from (220), (002), (422) and (620) planes, respectively, which corresponds to ZnAl,O, face
centered cubic phase. The predominant peak at angle 20 = 31.35° corresponds to the
crystallographic plane (220) reflection for ZnAlL,O4. Figure 1(a) XRD pattern revealed that the
unannealed sample has lower intensity diffraction lines. The annealed films XRD patterns were
produce a considerable improvement in crystallinity, showing more intense and sharper diffraction
peaks. Also the number of diffraction lines is increased in ZnAl,O, orientations with increase of
annealing temperatures. XRD patterns predicted that when increasing the annealing temperature
from 0 to 200°C two new peaks emerged in the orientation of (422) and (620). Also all the peaks
are highly intense it maximum annealing temperature it may be due to the increase crystallinity of
the films. No typical peaks have appeared when increasing the annealing temperature above
200°C. It is observed that the ZnAl,O, are highly intense with good poly crystalline structure to
improve the optoelectronic properties of the film. Similar findings were also reported by other
authors [16,17].
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Fig. 1 X-ray diffraction patterns of ZnAlLO, thin films (a) un annealed (b) 200°C (c) 300°C and (d) 400°C
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Fig. 2 shows that crystallite size of the ZnAl,O4 thin film with various annealing
temperatures. The crystallite size D of the films was calculated from the Debye-Scherer’s [18]
formula D = [0.9A/BcosB],where D is crystallite size and B is the FWHM. The larger FWHM
observed for all the XRD peaks show that the ZnAl,O, films have nanocrystallites and the
calculated crystallite size is of the order of 26.6 - 29.7 nm. The maximum broadening of peak is
observed in unannealed condition. Crystallite size of the film increases with annealing temperature
and is as shown in figure 2. The post heat treatment increases the crystallinity of the film. It also
improves the crystallite size and its thermal expansion properties.
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Fig. 2 Crystallite size and thickness of ZnALO thin films with annealing temperatures

The calculated crystallite size of the film and their corresponding texture coefficient (P) is
estimated. The texture coefficient was calculated using an expression

P(hkl,)y=— Pt 1i" |1 i0i
T k)| 0 T (ke )

I(hk.l.) [12 I(h.k.l.) r (1)

where [, represents the standard intensity, | is the observed intensity of (%:;/;) plane and n is the
reflection number. The crystallite shape of the ZnAl,O, film is strongly related to the texture
coefficient of the film. The annealing effect of the texture coefficient values for different lattice

plane ZnAl,O, thin films are shown in figure 3. P(/.k [, ) has to be bigger that 1 to determine the

11

preferential orientation [19], if P(h k.. ) approximately 1 for all the (/.k./.) planes considered at

AR e 11

X-ray diffraction patterns, the films are randomly oriented P(/.k.l )values higher than one

(AR

indicates the abundance of grains in a given (/.. [, ) direction and 0< P(h k[, )<l values indicate

the lack of grains oriented in that direction [20]. The predominant plane orientation of the film has
high texture coefficient value. Generally, the texture coefficient value is maximum for its
predominant orientation of the film and in this case predicted another one peak orientation also has
more than 1 value of texture coefficient is as shown in figure with annealing temperature for
predominant peak. It has been reported for copper oxide film [23] earlier that texture coefficient
higher than 1 indicates preferential orientation and also indicates the abundance of grains in a
given (h;,k;,1;) direction.
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Fig. 3 Texture coefficient of ZnAL,O thin films with annealing temperatures

The relation connecting stacking fault probability (o) with peak shift A(20) was given by

“ =[2”745 ﬁ][A(za)tan 9} Q)

where D is crystallite size, B is full width at half maximum, o stacking fault probability and A
wavelength of the X-ray diffraction. The number of crystallites per unit area (N) of the films was
determined with the use of the following formula:

N=-"1 3
D3

where t is thickness of the film and D is the crystallite size. Figure 4 shows that stacking fault
probability and number of crystallites per unit area versus annealing temperatures. X-ray line
profile analysis revealed that the crystallite size increases with annealing temperature and the films
are found to have maximum value of crystallite size of 29.7 nm. So that the stacking fault
probability of the film is decreased due to increase of crystallite size. It is also observed that the
number of crystallites per unit area is found to decrease with annealing temperature. As the
annealing temperature is increased, it is evident that the crystallite size increases and in turn the
number of crystallites per unit area is decreased.
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Fig. 4 Stacking fault probability and number of crystallites per unit area of ZnAl,O, thin films

The strain € was calculated from the slope of fcos@ versus sinf [24]. Dislocation density
of the films can be calculated using the below expression

0= n/D2 4)

where D is the crystallite size. Figure 5 shows micro strain and dislocation density with various
annealing temperatures. Also it is observed that the both of the microstructural properties are
depend on the crystallite size of the film. So that microstrain and dislocation density of the films is
decrease with increase annealing temperature. Due to the removal of defects in the lattice with
increase in annealing temperature the microstrain in the films get released and attained a minimum
value at 400°C. A sharp increase in crystallite size and decrease in microstrain with annealing
temperature is shown in figure 5. Such release in microstrain reduced the variation of interplanar
spacing and thus leads to decrease in dislocation density and minimum values are obtained for
films annealed 400°C. A ZnAl,O, thin film with lower microstrain, number of crystallites, stacking
fault probability and dislocation density is improves the stoichiometry of the films which in turn
causes the volumetric expansion of thin films.
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Fig.5 Strain and dislocation density of ZnAl,Othin films with annealing temperatures
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Fig. 6 Transmittance spectra of ZnAl,O, thin films as function of wavelength

Figure 6 shows the transmittance of annealed and unannealed ZnAl,O,4 films. The as-
deposited film has 60% transmittance in the visible region and increase transmittance with
annealing temperature up to 400°C. From this figure we have to conclude that as-deposited and
200°C annealed films have approximately the same transmittance property but above this
annealing temperature the film emit maximum range of transmittance spectra. When the film is
subjected to post heat treatment the optical properties are entirely increased. The increase in the
transmittance is due to an increase in crystallite size of the film and it may affect the band gap of
the film. The optical parameters such as absorption coefficient and band gap are determined from
optical absorption measurements. The value of absorption coefficient for strong absorption region
of thin film is calculated using the following equation (5) [26],

o= lln[‘ﬂ 5)
t T

where a is the absorption coefficient in cm ™', t is the thickness of the films, A is absorbance and T
is transmittance. The nature of transition is determined using the following equation (6) [25],

ahv:A(hv—Egy, (6)

where o is absorption coefficient in cm™' , hv is photon energy, Eg is an energy gap, A is energy
dependent constant and n is an integer depending on the nature of electronic transitions. For the
direct allowed transitions, n has a value of 1/ 2 while for indirect allowed transitions, n = 2.
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Fig. 7 Band gap variation of ZnAl,O, thin films using conventional method
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Fig. 8 Refractive index and extinction coefficient of ZnAl,O, thin films versus various annealing
temperatures

The band gap energy of the grown thin films can be determined by extrapolation of the
linear part of the plot of (ahv)* versus the incident radiation energy, /v as shown in figure 7; which
indicates that the near band edge optical absorption coefficient has spectral dependence of only the
joint density of states in samples. The optical absorption edge has been observed at a wavelength
of about 355 nm corresponding to band gap energy of about 3.48 eV for un- annealed sample. The
observed band gap energy of the annealed sample is about 3.62e¢V corresponding to a wavelength
of 340 nm. These results show that the band gap energy of ZnAl,O, thin film shifts to higher
energy values after annealing. They attribute the optical absorption edge to increasing crystallinity
of the ZnAl,O, alloy films. However, the band gap can be changed by the alterations in the oxygen
sites. The increase in the band gap may be associated with decrease in oxygen content in the film
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that might have been caused due to the annealing. As temperature of annealing is increased more
oxygen is absorbed in the process that could cause a decrease in the oxygen content in the films.
We have further investigated the experimental data of optical transmittance and reflectance of
ZnAl,O4 thin film to calculate the refractive index and the extinction coefficient. Optical
transmission and reflection spectra were recorded at room temperature in air to obtain information
on the optical properties of ZnAl,O, thin films. Refractive index (n) and extinction coefficient (k)
of ZnAlL,O, films are estimate using the expressions [26],

n:%“L 4Rz_k2 "
% V(-R)

P2 (®)
'y

where a is absorption coefficient, A is wave length of the ZnAl,O4 alloy thin films. The refractive
index and extinction coefficient of the films are decreased when increasing the annealing
temperature shown in figure 8. The refractive index of the films increased rapidly with the increase
of annealing temperature also extinction coefficient values. The initial sharp increase of ‘n’ with
‘k’ indicated a rapid change in the absorption energy of the unannealed films. Generally the
refractive index of ZnO thin film was decreased at longer wavelength regime and also it is found
to decrease after Al incorporation in ZnO matrix.
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Fig. 9 SEM picture of ZnAl,O thin film annealed at 400°C and inset figure shows EDX spectrum

Figure 9 shows the SEM picture of ZnAl,O, chemical bath deposited annealed at 400°C.
The annealed (400°C) film there is an increase in crystallite size. The surface morphology of
ZnAl,0, film annealed at 400°C is characterized by a number of compact bright contrast spots in
nano scale, as shown in Fig. 9. This result in an increase in nucleation over-growth and the
deposits are more compact with uniform grain structure. An increase in the size of the crystallites
with anneal temperature was also evident from the SEM picture. It is observed from scanning
electron micrographs that the average grain sizes of ZnALO, films annealed at 400°C is 100nm.
Fig.9 revealed that grains become larger and more uniform as the film was annealed at 400°C. The
composition of the 400°C annealed ZnAl,O, thin film is obtained using EDX spectrum shown in
inse(;[ fig. 9. The EDX spectrum has revealed that the oxygen content slightly decrease annealed at
400°C.
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4. Conclusions

The optical and structural characterization of as deposited and annealed samples have
shown that the thermal treatment carried out at 200°C, 300° C and 400°C has a great influence on
the physical parameters of the grown structures. The XRD results reveal that the deposited thin
film has a good polycrystalline cubic structure. The films without annealing have the crystallite
size lower than those films annealed at temperatures of 200°C, 300°C and 400°C. The
microstructural parameters were estimated and were found to depend on the post heat treatment
the ZnAl,O4 thin films. The optical transmittance has increases from 50 % to 80% in visible
region with increase of annealing temperatures. It has been observed that the direct band gap
energy was increased from 3.48 to 3.61 eV after annealing from 0 to 400°C for 60 min under air
medium. We propose that this increase in band gap energy may be due to the low oxygen content
of the sample surface after thermal treatment. The refractive index and extinction coefficient
showed some variation with rise in annealing temperature of ZnAl,O, thin film. The surface
morphology of ZnAl,O, film annealed at 400°C is revealed by a number of compact bright
contrast spots in nano scale region. The annealing effects on the structural and optical properties
of ZnAl,O, thin film on glass substrate will be useful for the formation of ZnAl,O, based
polycrystalline films for the application of optoelectronic devices.
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