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ABSTRACT 
 
 This study focuses the effect of annealing temperatureon morphological, and optical propertiesof indium tin 
oxide (ITO) films deposited onto sodalime glass substrates by jet nebulizer spray pyrolysis usingan ITO solution 
(In2O3:SnO2, 95:05wt%). The films obtained areexposed to the calcination process at different temperatureup 
to 550 C. X–ray diffractometer (XRD), ultra violetvisiblespectrometer (UV–vis) and atomic force 
microscopy(AFM) measurements are performed to characterizethe samples. Moreover, phase purity, surface 
morphology and optical properties of the films arecompared with each other. The results obtained show thatall 
the properties depend strongly on the annealing temperature.XRD results indicate that all the samples 
producedcontain the In2O3 phase only with moreintensity of diffraction lines with increasing the 
annealingtemperature. The Particle size increases when the reaction temperature is at 450 °C. However, the 
particle size distribution appears irregular and a significant amount of small particles exist. The optical band gap 
values and transparency of thin films are increased in this technique. The morphological properties of the thin 
films were analyzed using Atomic Mass Spectroscopy.As for the AFM results,the sample prepared at 400 C has 
the best microstructurewith the lower surface roughness. The optical band gap of the ITO thin films are also 
evaluatedfrom the transmittance spectra. According to theresults, the film annealed at 550 C obtains the 
betteroptical properties. 
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Introduction 
 
 Transparent conducting oxides (TCOs) are primarily known to be in the form of doped single-cation oxides, 
such as SnO2 and In2O3. TCOs are degenerate semiconductors, which are simultaneously transparent and highly 
conductive, as well as useful in numerous device fabrications. The transparency and conductivity of these oxides 
are assumed to be caused by deviations from stoichiometry, doping, and film microstructure (Parkansky, N., 
2003). The most commonly used TCO films are those of SnO2, In2O3, Cd2SnO, and ZnO. The desired properties 
of a transparent conducting film are a high band-gap, above 3.0 eV, low effective mass, and high carrier 
mobility. Transparent conducting films are typically dense “thin films.” Thin films, especially indium tin oxide 
(ITO), are widely used because of their low resistivity, high transmittance, and good etching properties 
compared with other TCO films, such as SnO2 or ZnO (Kim, Y.S., 2003). Various preparation techniques are 
available, such as thermal/electron beam evaporation, rf/dc sputtering, pulsed laser deposition, chemical vapor 
deposition, sol-gel process, spray pyrolysis, and spin/dip coating process. Thin films exhibit unique properties 
that cannot be observed in bulk materials, such as (1) unique material properties resulting from the atomic 
growth process, and (2) size effects, including quantum size effects, characterized by thickness, crystalline 
orientation, and multilayer aspects. 
 Most preparation techniques for thin films require high temperature (300 °C to 550 °C) during deposition to 
obtain highly crystalline and transparent ITO films. These techniques may also need higher temperature post-
deposition annealing treatment at 350 °C to 550°C to improve crystallinity or orientation, which generally 
damages the film surface and the underlying substrate properties during device development. Spray pyrolysis 
technique is simple and less expensive route. In this method, film consolidation and doping can be easily 
achieved and used to prepare device-quality films over large areas for mass production of films (Lobl, H.P., et 
al., 1996). Therefore, the present study utilized this method to deposit ITO thin films on glass substrates by 
using a small quantity of precursor salts in the solution, as well as to determine the effect of substrate 
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temperature and tin doping level on the ITO film characteristics. Therefore, this study endeavored to obtain the 
best quality films for device applications, such as solar cells.  
 For uniform deposition, researchers modified the spray nozzle. Kulaszewick (1980) employed a rotating 
sprayer with a swing motion, which resulted in homogeneous films with reproducible properties. Pommier et al. 
(1981) modified the spray technique to grow films of uniform thickness over a large surface area (10 x 10cm2). 
For this process, they made mechanical arrangements to move the nozzle in the x-y directions above the 
substrate. Dutta et al. (1995) designed a spray generator using an ultrasonic sprayer to produce aerosol. The 
upward and downward spray mechanism was conducted by Arya (1986), whereas Unaogu et al. (1990) used a 
rotating sprayer for the spray action. Peaker et al. (1971) applied a method that preheats the spray mist 
separately from the substrate heater. This method has resulted in a relatively small temperature fall at the 
substrate surface compared with that of other pyrolytic processes. Gottlieb et al. (1991) reported that size of 
droplets generated by the ultrasonic vibrations can be calculated using Lang’s formula: 
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where d is the diameter of the droplets,  is the surface tension,  is the density of the precursor, f is the 
frequency of vibration, and k is a constant that depends on the system used. 
 Jet nebulizer spray (JNS) pyrolysis technique is a new method that allows the large-scale deposition of high-
quality films in a single-step heating and at low cost. The greatest advantage of this technique is that the 
material can be deposited at a relatively low temperature and the prepared films have nanocrystallites. 
Therefore, a study on the impact of substrate temperature on the structural, optical, electrical, and morphological 
properties of ITO films deposited by the JNS pyrolysis technique was carried out. The results are presented to 
optimize the suitable temperature for the formation of crystalline ITO films with a 10 % Sn-doping 
concentration. 
 
Materials and Methods 
 
 The inlet chamber, including a heating unit and drains, is made of cylindrical stainless steel with a length of 
80 mm, a diameter of 25 mm, and an approximate inner volume of 15000 mm3. The inlet chamber is connected 
to a Teflon tube and a pulsed nozzle, which has an 800-Am pinhole. The inlet chamber and pulsed nozzle were 
heated to 65 °C. First, a thick mist of sample solution was prepared in the ultrasonic nebulizer, and then carried 
with a carrier gas into the inlet chamber. From this chamber, a molecular beam was ejected into the vacuum 
through the pulsed nozzle and skimmers. Hereafter, we call this inlet system the ultrasonic spray-jet inlet 
system. The spray-jet inlet system consists of an ultrasonic nebulizer (OMRON, NE-U17, 1.6 MHz), an inlet 
chamber, and a pulsed nozzle (Parker Hannifin, 9-279-900), as previously described. In the ultrasonic nebulizer, 
a capillary wave was generated on the solution. The vacuum system consists of three chambers separated by 
skimmers and a TOF chamber differentially pumped by turbo molecular pumps. The operation time and 
repetition frequency of the pulsed nozzle were 1 ms and 5 Hz respectively, as shown in Figure 1. The vacuum 
was maintained at approximately 1x10-5Torr during the REMPI-TOFMS measurements for both spray-jet inlet 
systems. 
 To obtain ITO films, indium acetate (0.1M) and tin acetate (0.1M)stock solutions were mixed in the volume 
ratio of 95:05. These spray solutions were stirred well and heated at 60 °C to ensure homogeneous concentration 
in the entire volume of solution. The volume of the spray solution used was 6 ml. The temperature was varied 
from 350 °C to 550 °C in steps of 50 °C and maintained for 30 min. 
 In the current study, the effect of the various annealingtemperature on the microstructural and optical 
properties of the ITO thin films produced via jet nebulizer spray pyrolysismethod is examined by means of the 
X–ray diffractometer(XRD), atomic force microscopy (AFM) and ultra violet visible spectrometer (UV–vis) 
measurements.  
 The Mitutoyosurftest SJ-301 is a stylus-type surface roughness and thickness-measuring instrument that can 
be used to measure the thickness of thin-film coatings on any uniform surface.In the present work, X-ray 
diffraction studies were carried out on ITO films deposited at different deposition parameters. The technical 
detail of the X-ray diffractometer used is X’PERTPRO CuK - 1.54056 Å of wavelength of radiation. The 
optical transmittance properties of all the films were analyzed with the Hitachi-330 UV-Vis-NIR double beam 
spectrophotometer in the wavelength range of 300 nm to 1400 nm.The morphological study was conducted 
using AFM, Nanoscope - E scanning profile microscopy model No. 3138 J. This model was used for the surface 
analysis of the prepared films.  
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Fig. 1: ITO spray deposition by Jet nebulizer on glass substrate. 
 
Results and Discussions 
 
 Figure 2 shows the XRD patterns of ITO films prepared at different substrate temperatures (Ts). During the 
deposition, the other deposition conditions were kept constant. The formation of amorphous ITO films at 
deposition temperatures of 350 °C and 550 °C clearly shows their non-crystalline amorphous nature, as 
indicated by the hump centered at approximately 25°. The formation of a peak at 30.56° was embedded within 
the hump and then disappeared along with the hump for the films deposited above 350 °C. Complete 
transformation to a highly crystalline structure was observed at 450 °C, which indicates a (222) preferential 
orientation. An increase in substrate temperature causes an insignificant change in the locations of the measured 
diffraction peaks. However, these peaks become more intense when the substrate temperature increases. When 
the substrate was heated at 300 °C, the ITO film pattern exhibited four diffraction peaks, which correspond to 
the reflections produced by the (222), (400), (440), and (622) planes. The intensity of the (222) peak increases 
for films deposited at relatively high substrate temperature (Ts≥450 °C), which indicates that the crystallinity of 
the ITO film improved and grain sizes became larger with elevating substrate temperatures. Thus, the pyrolysis 
reaction proceeds completely despite the short reaction time within the temperature range of the reaction 
furnace. The increase in reaction temperature from 450 °C to 550 °C causes the XRD peak intensity to gradually 
increase. A significant rise of XRD peak intensity, especially at 550 °C, is observed. This result is caused by the 
increase in average particle size of the generated ITO film along with the rise of reaction temperature, as shown 
in Figure 1. In addition, the average particle size increases significantly at 550 °C. On the other hand, when the 
reaction temperature is at 450 °C, the particle size increases significantly in contrast to the situation at 500 °C, 
even if the particle size distribution appears irregular and a significant amount of small particles exist. As a 
result, no significant rise of XRD peak intensity occurs as the reaction temperature increases from 500 °C to 550 
°C. The present study proves that an amorphous ITO film causes several of these electrons to be trapped in the 
short range by the overall non-crystalline and non-uniform structure. At 450 °C, when the structure of the film 
becomes highly crystalline and oriented, these trapped electrons may be released from the traps. Therefore, a 
larger mobility causes the higher carrier concentration and low resistivity observed for the ITO films deposited 
at 450 °C. These observations may be attributed to the lattice transition effected near the amorphous–crystalline 
transition region and the development of the (222) preferred orientation. Furthermore, the increase in deposition 
temperature causes the grain size to increase up to 450 °C and then fall. This study proves that film crystallinity 
increases from an amorphous nature, as observed from the sharp XRD peaks.   
 In accordance with the thermodynamics viewpoint, the preferred orientation of a thin film evolves when a 
plane acquires the lowest surface energy. This preferential orientation development mainly depends on the 
initial deposition conditions. The (400) orientation is also generally considered to be preferred because of its 
thermodynamically favorable nature with the lowest surface energy (Li, S., X. Qiao, 2006). However, the 
mechanism in ITO film formation, which occurs by spraying at higher temperature, is entirely different, 
suggesting a two-step growth process with widely varying substrate temperatures. With regard spray-deposited 
ITO films, (222) preferred orientation is invariably dominant during the initial growth stage under any 
deposition condition (Smith, R.W., 1997). First, indium atoms reach the substrate to initiate nucleation and settle 
at the lowest energy (111) plane, which is also the dense packing plane of indium lattice with face-centered 
tetragonal structure. The variation of the ratio of peak intensities of the (222) and (400) planes (Jung, Y.S., S.S. 
Lee, 2003) with various substrate temperatures shows that the energy acquired by lower substrate temperatures 
may be low. The result indicates that the sprayed atoms are generated with low energy. Therefore, the mobility 
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of adatoms is very low at lower substrate temperatures. Thus, ITO films deposited at 250 °C and 300 °C exhibit 
an amorphous nature. With increasing temperature, the density of (222) oriented grains reaches 450 °C and then 
slightly decreases. The ITO films are highly (222) oriented for all substrate temperatures. The (400) and (440) 
orientation peaks show an increase in intensity and reaches the maximum at 550 °C. At higher substrate 
temperatures, a high density of ions/atoms causes the adatoms to pile up. Thus, these adatoms are more likely to 
be buried by the fast-moving sprayed atoms even before they find a more kinetically limited (222) orientation in 
a similar manner, as observed for the ITO films deposited at a higher sputtering power (Yi, C.H., 1995). The 
ITO films deposited at all substrate temperatures possess the greater lattice constant compared with the standard 
value of 10.118 nm for bixbite In2O3. This difference is mainly caused by the incorporation of tin as Sn4+ in the 
In3+ sites in the In2O3 lattice, as well as the increase in repulsive forces realized from the additional positive 
charge of the tin atoms. An increase in the grain size up to a temperature of 450 °C occurs despite the decrease 
in the lattice constant, as seen in Fig. 5.2. This increase reveals an increased crystalline occurring until the 
optimum substrate temperature is reached, as well as decreasing trends. A further increase in the lattice constant 
between 500 °C and 550 °C may be caused by the removal of oxygen anions from ITO films deposited at higher 
substrate temperature conditions and by the associated repulsive force increase leading to an enlargement of the 
unit cell (Kim, H., 2000). Figure 2 shows the recorded transmission spectra of the ITO films deposited at 
various substrate temperatures from 350 °C to 550 °C. The transmission curves show the interference patterns. 
In addition, the sharp fall of transmittance at the band edge confirms the highly crystalline nature of the ITO 
films. The optical absorption coefficient (α) was calculated from the spectra at different wavelengths using the 
following relation: 
T=exp (-α t) 

 
 

Fig. 2: XRD patterns of spray coated ITO thin films with different substrate  temperatures.   
 

where t is the film thickness, and T is the transmittance of the film at a particular wavelength. The optical band-
gap value (Eg) of the deposited films was determined using the following expression: 
αh = A(h-Eg)

γ 
where A is a constant,  is the transition frequency, and exponent γ characterizes the nature of band transition 
between the valence and conduction bands. In these films, the band gap was determined by extrapolating the 
linear portion of the curve to the energy axis at α=0 for ITO films deposited at 350 °C, 400 °C, 450 °C, 500 °C, 
and 550 °C, as shown in the inset of Figure 4. For all ITO films, the best straight-line fit is obtained for γ equal 
to 1/2, an expected result for directly allowed transition (Rani, J.R., 2006). First, the band gap increased with 
substrate temperature, reaching a maximum value of 3.75 eV at 450 °C. The increase from 3.36 eV to 3.75 eV 
can be explained in accordance with the Burstein-Moss (BM) effect (Hamberg, I., C.G. Granquist, 1985), which 
is directly proportional to the carrier concentration of a semiconductor film. Subsequently, a decrease occurs, 
which includes the observed reduced carrier concentration of this film. Figure 4 indicates an increase in Eg with 
increasing substrate temperature up to 450 °C. This temperature then decreases, which may be mainly 
influenced by the varying crystallinity of the ITO films. The crystallinity improves with respect to the grain size. 
The density of grain boundaries decreases, resulting in the trapping of fewer carriers in the space change region 
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leading to the generation of higher carrier concentrations in the lattice. This decrease causes the BM shift, which 
can be represented by parabolic band edges as follows: 
 

 
Fig. 3: Optical transmission behaviour for the ITO films deposited at different substrate temperature (a) 350, (b) 

400, (c) 450, (d) 500 and (e) 550 oC. 
 

 
Fig. 4: (h)2vs.hv plot for the ITO films deposited at different substrate temperature (a) 350, (b) 400, (c) 450, 

(d) 500 and (e) 550 oC. 
 
Eg-Ego=∆Eg

BM=h2/8π2m(3π2ne)2/3 
 
where Egoisn the intrinsic band gap, m* is the reduced electron effective mass, and ne is the carrier 
concentration. For ITO films with maximum crystallinity, the BM shift is larger, indicating a higher carrier 
concentration and a higher band gap value. Changes in the material band structure may be caused by the 
different interaction process, which occurs during the different growth stages of the films. The improvement in 
crystalline nature of the films may result in a more effective Sn4+ substitution and a decrease in the 
concentration of donors trapped at the crystalline defects (Meng, L.J., 1995). Surface morphological studies 
were conducted for the ITO films using AFM to follow the film growth mechanism. For surface quality 
observation, three-dimensional (3D) images were used. To evaluate grain size and surface roughness 
parameters, two-dimensional images with surface scanners were used. Figure 5 shows the AFM 3D images of 
the surface morphologies (1 x 1 µm) of ITO films deposited at various substrate temperatures. All the films 
show nano-sized grains and a compact microstructure. The morphology of ITO films significantly varied with 
different substrate temperatures. In the case of ITO films deposited at 350 °C, the surface contains a mixture of 
small grains embedded within larger agglomerated grains [Fig. 5(a)], confirming its mixed amorphous and 
crystalline nature. The increase of substrate temperature to 450 °C causes the surface to become highly uniform 
with larger grains [Fig. 5 (c)]. The measured root-mean-square roughness (Rrms) is found to increase from 1.9 
nm to 11.8 nm, exhibiting an increasing substrate temperature from 350 °C to 450 °C, as shown in Figs. 5(a) and 
5(c) respectively, which may be caused by the increase in grain size. At 550 °C, a decrease in grain size [Fig. 
5(e)] and a reduced rms roughness value of 3.2 nm are observed. The grain size and rms roughness values were 
obtained from Figs. 5(a) to 5(e) (Calnan, S., 2007). 
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Fig. 5: AFM images for the ITO films deposited at different substrate temperature (a) 350, (b) 400, (c) 450, (d) 
500 and (e) 550 oC. 

 
Conclusion: 
 
 ITO films with 5% Sn doping were deposited on quartz substrates using JNS pyrolysis by varying the 
temperature from 350 °C to 550 °C. Amorphous to crystalline transition was observed. The preferential 
orientation of ITO films showed a dependence on substrate temperature. The films deposited at 350 °C showed 
preferential (222) orientation. At 450 °C and above, a complete transformation to highly crystalline structure 
was observed. The microstructural parameters for the ITO thin films deposited with different substrate 
temperatures showed a minimum value for each thin film at 450 °C. The results of the optical study confirm the 
formation of a highly compact, void-free, and fully crystallized structure of ITO films deposited under the 
optimized conditions. 
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