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Abstract 
Zinc oxide (ZnO) thin films have been deposited using a SILAR (Successive Ionic Layer Adsorption 
and Reaction) technique, which is based on the alternate dipping of substrate in the solution and 
distilled water. The thin films were grown on copper, silicon and glass substrates. The precursors 
for ZnO films were diluted aqueous solution ZnSO4 complexed with NH3. The films were investi-
gated by X-ray diffraction, scanning electron microscopy, XPS spectroscopy and spectrophotome-
ter. XRD measurement showed that the films were crystallized in the wurtzite phase type with 
preferred orientation (002). X-ray photoelectron spectroscopy (XPS) was used to monitor changes 
in oxidation state of ZnO thin films. The XPS peaks of the O1s, Zn2p3/2 and Zn2p1/2 were used for 
studding the ZnO film. The results of influence of different parameters of SILAR method on phase 
structure, surface morphology, and optical properties are studied and discussed. 
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1. Introduction 
Zinc oxide (ZnO) has been successfully included in the transparent conducting oxides used in modern solid state 
technology (e.g. Solar cells, optoelectronic devices, sensors, and heat reflecting mirrors). In the last years, a 
large variety of methods have been employed for the preparation of transparent and conducting ZnO thin films 
such as, chemical vapor deposition (CVD) [1]-[3], RF magnetron sputtering [4] [5], pulsed laser deposition 
[6]-[9], photo-atomic layer deposition [10], spray pyrolysis [11] [12], metal oxide chemical vapor deposition 
(MOCVD) [13], electrodeposition [14], sol-gel process [15] [16], chemical bath deposition (CBD) [17] and 
successive ionic layer adsorption and reaction (SILAR) [18], etc. In the chemical bath deposition technique, the 
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formation of films takes place when ionic product exceeds solubility product (IP > SP). This result in a forma-
tion of precipitation in the solution and the control over the process is lost [19]. In order to overcome this prob-
lem, the ZnO thin film is prepared by SILAR technique which is economical, highly feasible for large area 
deposition and wastage of chemicals can be avoided. 

There are several factors that influence the properties of ZnO thin films such the thermal annealing [20] [21] 
and the nature of substrate [22]. 

2. Experiment 
The SILAR method is mainly based on the adsorption and reaction of the ions from the solution and rinsing be-
tween every immersion with deionised water to avoid homogeneous precipitation in the solution. 

In general, the SILAR growth cycle contains four different steps: adsorption, rinsing, reaction and rinsing. 
Rinsing follows each reaction, which enables heterogeneous reaction between the solid phase and the solvated 
ions in the solution. 

The deposition of ZnO thin films on copper, silicon and glass slides (75 mm × 25 mm × 1 mm) substrates was 
achieved using zinc sulphate and 6 ml/100 ml 13.15 M aqueous ammonia solution as precursor solution. The pH 
was adjusted by addition of a small amount of KOH. Using the same method, Jimenez-Gonzalez and co-workers 
[18] [23] have prepared the ZnO films and studied their photosensitivity. In the first step, the substrate was im-
mersed in a beaker containing Zn(SO4) and ammonia solution, where Zn2+ with ammonia formed zinc ammonia 
complex ([Zn(NH3)4]2+). In the first immersion process, zinc ammonia was adsorbed onto the substrate. In the 
second step, the zinc ammonia adsorbed substrate was immersed into beaker containing the distilled water, 
where the adsorbed zinc ammonia complex was converted into zinc hydroxide (Zn(OH)2). Each immersion step 
took a time period of 30 s. the detailed chemical reactions involved in the SILAR growth process are given as 
follows 

( ) 2 2
3 2 44

Zn NH 4H O Zn 4NH 4OH
+ + + −  + → + +                        (1) 

( )2
2Zn 2OH Zn OH+ −+ →                                          (2) 

In order to consider the transformation of the hydroxide phase during the heat treatment, Zn(OH)2 could be 
written in a equivalent form, in the Kofstadt notation [24] [25] 

( ) ( ) ( )solid2 2
2Zn OH Zn 2 O H+ − + ↔ + +                                (3) 

At higher temperature in air atmosphere, the hydroxide phase (Equation (3)) is transformed into oxide phase, 

( ) ( ) ( ) ( )( )

[ ]( ) ( )

solid gassolid2 2 gas 2 2 2 (gas)
2 2

solid gas
2 2

Zn 2 O H O Zn O O 2H O

ZnO H O O

T+ − + + − − +   + + + ←→ + + + +  

= + +
      (4) 

The crystal structure was determined with a XPERT-PRO PW-3064 X-ray diffractometer using Cu Kα (λ = 
1.540598 Ǻ). The optical characterization of the films was done by Perkin Elmert Instrument lambda 900 
UV/Vis/NIR spectrophotometer. 

3. Structural Studies 
Figure 1 shows two XRD patterns of ZnO particles synthesized on copper and glass substrates at bath tempera-
ture 80˚C, pH 10.5, cycles number 20, immersion time 30 s, 0.04 M of ZnSO4 and annealed at 450˚C for 2 hours. 
All the peaks of ZnO indicate that the particles are hexagonal wurtzite structure ZnO, and the diffraction data are 
in good agreement with ASTM card [PDF No. 79-207, a = 3.2648 Ǻ and c = 5.2194 Ǻ]. The exploitation of the 
spectrum of Figure 1(a) reveals that the film is polycrystalline. In addition to the peaks relating to the copper 
substrate, the X-ray diffraction spectrum shows four peaks due to the diffraction of (100), (002), (101) and (102) 
planes. And there are also the peaks of the copper oxide which are due to contamination of the copper substrate 
during annealing. For Figure 1(b) No peaks for other impurities like metallic zinc were detected in the spectrum. 
It indicates that the product obtained is purely composed from ZnO. The indexed ZnO peaks in the spectrum  
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Figure 1. The X-ray diffraction patterns of the ZnO films deposited 
onto the, (a) copper, (b) glass, and (c) silicon substrates at bath tem-
perature 80˚C, pH 10.5, cycles number 20, immersion time 30 s. 
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have preferred orientation (002), and the sharp and narrow spectral width, which indicates excellent crystal 
quality of the product. Figure 1(c) reveals the presence of only two diffraction peaks (002) and (103). The in-
tensities of theses peaks are very low showing that the ZnO films are nanocrystalline structure. 

4. Morphological Studies 
Figure 2 shows the SEM images of ZnO thin films grown on different substrates ((a) copper, (b) silicon and (c) 
glass). As can be seen, the morphology of the obtained ZnO structures strongly depends on the substrate. And it 
is observed that our films are relatively not dense. 

From Figure 2(a) it can be seen that the film is consisted by rods with an average size of 750 nm were ob-
tained by using the Cu substrate. And we note that we found other shapes of grains of ZnO thin films deposited 
on the same substrate as the needles, and the hexagonal form that their size of the grains increases with the an-
nealing temperature. From Figure 2(b), it is clearly observed that the grains forming the ZnO thin film depos-
ited on Si substrate take the shape of small flowers, and also one obtained the shape of spindle for the grains of 
ZnO deposited on the Si substrate. The Figure 2(c) reveals the grains of ZnO thin film take the shapes of the 
nanoprisms and the flowers. 

We note that all the particles of our samples result from the lengthened nanocrystal association. 

5. Optical Properties 
Figure 3(a) shows the transmittance spectra of ZnO films coated on glass. These films had a good transmission 
(72% - 90%) in VIS and NIR domains (300 nm - 1100 nm). It is observed that the transmittance increases with 
the increase in the pH. 

Figure 3(b) presents the optical absorbance spectra of the samples deposited at pH 10.5 and pH 12.1. These 
spectra reveal that the ZnO thin films have low absorbance in the visible region, which is a characteristic of ZnO. 
Also these figures show the occurrence of peaks in the absorbance (transmittance) plot. These peaks are attrib-
uted to the formation of excitons in ZnO. Similar peaks were obtained by other authors [26] [27] after annealing 
of ZnO thin films. 

Figure 3(c) exhibit the reflectance spectra, which indicate when the pH is increased the reflectance decreases. 
The reflectance spectra decrease and tend towards 10 for pH 10.5 and 5 for pH 12.1. 

The energy gap is preferred to be evaluated from the optical absorption. A stoichiometric composition of the 
films is indicated by a sharp absorption edge at a wavelength that corresponds to the forbidden energy gap. 
Nearly at the absorption edge, the absorption coefficient can be calculated using the expression [28] 

( )211 ln
R

d T
α

−
=                                      (5) 

where d  denotes the film thickness, R  and T  are the reflection and transmission coefficients, respectively. 
The fundamental absorption may be due either to allow direct transitions described by the well known Tauc’s 

relationship [29]. 
 

 
Figure 2. The SEM images of the ZnO films deposited onto different substrates, (a) Copper, (b) Silicon and (c) Glass. 

(a)(a) (b)(b) (c)(c)
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Figure 3. (a) Transmission, (b) Absorbance, and (c) Reflectance spec-
tra for ZnO thin films deposited on glass substrates, at pH 10.5 and pH 
12.1. 
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( )
1
2

a gh A h Eα ν ν= −                                    (6) 

Or to forbidden direct transitions described by 

( )
3
2

f gh A h Eα ν ν= −                                    (7) 

where hν  is the incident photon energy, gE  represents the energy band gap, aA  and fA  are the character-
istic parameters, independent of the photon energy for respective transitions. 

According to Equation (5), in the vicinity of fundamental absorption edge the dependence ( ) ( )2h f hα ν ν=  
is linear. This means that ZnO films have direct band gap energy, which is in accordance with the energy band 
models proposed for hexagonal ZnO. This is confirmed by plotting ( )2hα ν  versus hν  (Figure 4). The values 
for the band gap width, Eg, have been determined by extrapolating the linear portions of the respective curves to
( )2 0hα ν = . 

For the investigated samples, these values of energy band gap calculated from absorption spectra 3.12 eV for 
pH = 12.1 and 3.32 eV for pH = 10.5. The last value is in good agreement with the values for bulk ZnO crystals. 
But Eg = 3.12 eV is smaller, this is due to the change in the grains shape and the decrease in thickness of the thin 
film. 

6. Chemical Characterization (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to monitor changes in the stoichiometry and oxidation state 
of ZnO thin films. The figure show XPS spectra of O1s and Zn2p core level region of ZnO films measured after 
heat treatment, and deposited on copper substrates. 

From the Figure 5(b), the two different O1s states indicated the presence of two different oxygen-bonding 
states at the surface. The peak with EB near 530 eV confirms that a fraction of the surface is composed of 
stoichiometrically bonded oxygen of ZnO. A neighbouring peak, near 532 eV, was attributed to non-stoi- 
chiometric ZnO. 

The Figure 5(c) shows XPS peaks at ~1022.47 and ~1045.82 eV. The binding energy difference between 
Zn2p3/2 and Zn2p1/2 is ~23 eV which is a characteristic value of ZnO. 

7. Conclusions 
ZnO thin films were synthesized on copper, silicon and glass substrates by SILAR process employing zinc sul-
phate as source of zinc. 
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Figure 4. Spectral dependence of the absorption coefficient, (αhν)2 = f(hν), 
for ZnO samples deposited on glass substrates at pH 10.5 and pH 12.1. 
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Figure 5. (a) XPS survey spectra of ZnO thin film, (b) and (c) corre-
sponding to the Zn2p and O1s core levels of ZnO supported on copper 
substrate at 80˚C after annealing in air at 450˚C for 2 h. 
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The crystallites are preferentially oriented with (002) plane parallel to the substrate surface. The SEM micro-
graphs revealed different shapes of ZnO thin films, which depend of various deposit parameters. Optical proper-
ties study exhibit direct band gap nature with band gap energy 3.12 eV and 3.32 eV, depending on the pH. 
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