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Abstract: Transparent conducting Zinc Oxide (ZnO) thin films with an average thickness 
of 130.5 nm were deposited on glass substrate at room temperature by RF sputtering 
technique. Three of the samples were then annealed in open air at 1500C, 3000C and 
4500C respectively. The fourth sample is reserved as the as-deposited or reference sample. 
The structural and electrical properties of the films were studied using X-ray diffraction 
and four-point probe technique. The XRD analysis of the annealed samples shows that 
they are poly crystalline with prepared orientation of [002], [102] and [103] planes. The 
spectra of the as-deposited sample appeared with a peak at [002] plane with low intensity. 
The as-deposited sample was found to have a resistivity of 11Ω.cm while that of the 
annealed samples lies between 1.2 Ω.cm to 5.6 Ω.cm. Other parameters calculated include 
the sheet resistance, Zn-O bond length, the figure of merit, strain and the stress. 
Keywords: ZnO, Air annealing, Sputtering technique, Film stress, Bond length. 
 
INTRODUCTION 

Presently, nano crystalline materials in the form of thin films have opened new 
chapter in the field of electronic applications, since material properties could be changed 
by changing the crystallite size and/or thickness of the film. Development of such 
materials, whose structural and electrical properties could be controlled, will be useful in 
many ways. For example, optoelectronic devices, particularly solar energy conversion 
devices could be modified accordingly. The synthesis of binary metal chalcogenide of 
groups II–VI semiconductors such as ZnO in a nano crystalline form has been a rapidly 
growing area of research due to their important non-linear optical properties, luminescent 
properties, quantum-size effect and other important physical and chemical properties.  

The properties of materials prepared by 
different methods are critically dependent on the nature 
of preparation technique and subsequent heat treatments 
like annealing in air, vacuum or different gaseous 
environments like H2, N2, Ar, etc. 

 
Zinc oxide (ZnO) is an inexpensive strategic 

material for various photonic applications. As one of 
the most important binary II-VI compounds, ZnO is a 
direct semiconductor of wurtzite structures that is 
suitable for short wavelength optoelectronic 
applications [1, 2]. ZnO exhibits a direct bandgap of 3.3 
to 3.37 eV at room temperature and efficient radiative 
recombination. Its large exciton binding energy of 60 
meV which is 2.4 times higher than that of gallium 
nitride (GaN), makes it transparent in visible light and 
operates in the UV to blue wavelengths, paves the way 
for an intense near band edge excitonic emission at 
room and even higher temperatures [3, 4]. ZnO thin 

films presents many remarkable characteristics due to 
their large bond strength, good optical quality, extreme 
stability of excitons and excellent piezoelectric 
properties. For this reason, ZnO thin films have many 
potential applications in various technological domains 
such as transparent conducting films/electrodes in 
display devices and solar energy cells, surface and bulk 
acoustic wave devices (SAW) and acoustic-optical 
devices, light emitting diodes (LEDs) and laser diodes 
(LDs). 

 
ZnO thin films have been prepared by a variety 

of deposition techniques such as rf sputtering [5-8], 
Spin coating [9], Spray pyrolysis [10], Electrochemical 
deposition [11, 12], Sol-gel [13, 14], Thermal 
evaporation [15], SILAR [16, 17] and Aqueous 
Chemical Growth method [18]. 

 
In this contribution, thin films of ZnO were 
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deposited on glass substrate by rf sputtering technique. 
Three of the four samples were annealed in open air to 
analyze their structural electrical properties. Sputtering 
offers a wide range of advantages, such as easy 
adaptation to large-scale and reproducible 
manufacturing. After all annealing is known to improve 
crystalline qualities conductivity of thin films [4]. 
 
MATERIALS AND METHODS 
Substrate cleaning 

Commercially available corning glass 7059 
micro slides of dimensions 25.4mm ×76.2mm × 1.2 mm 
were boiled in chromic acid for 2 hours at 100oC in an 
ultrasonic bath, boiled in dilute hydrogen peroxide 
solution for 15 minutes, rinsed in acetone, cleaned with 
double distilled water and finally dried with flowing 
Nitrogen gas and placed in the sputtering chamber. 
 
ZnO thin film formation 

 After evacuating the chamber to a base 
vacuum of 1×10-5 torr, argon/oxygen of (4N purity) gas 
mixture was fed to the system. The ZnO target (99.99% 
pure) of 4 cm in diameter was sputtered in pure 
argon/oxygen atmosphere for about 5 minutes to 
remove the surface layer of the target before the 
deposition of the film. ZnO films were deposited on the 
glass substrates at room temperature to a film thickness 
of 130.5 nm. The RF power used was 60W, target to 
substrate distance was constantly kept at 7cm.This 
deposition was carried out under argon/oxygen gas flow 
of 10 sccm.  
 

There were four samples from which 3 were 
annealed in open air for 60 minutes at 1500C, 3000C and 
4500C. The fourth sample was reserved as the reference 
or as-deposited sample. 
 
Characterization of ZnO thin films 

The thickness of the deposited films was 
measured using Veeco Dektak 150 profilemeter. The 
crystal structure of the films was inspected using an X-
ray diffraction performed in 2    at a voltage of 45kv 
and a current of 40 mA. The sweeping angle is 20 to 80 
degrees, the scan speed is 0.8 degrees/minute at a scan 
step of 0.02, employing a               
              radiation.  The electrical analysis of 
the samples was carried out using four-point probe. 
 
 

RESULTS AND DISCUSSION 
XRD studies 

Figure 1 shows XRD pattern for the as-
deposited as well as the annealed samples. This XRD 
spectra reveal that all the annealed thin films were 
polycrystalline with hexagonal structure (JCPDS 36-
1451) [19]. There are no visible peaks for the as-
deposited sample except that of peak [002] which 
appeared with low intensity. An improvement in the 
XRD structure can be noticed in the structure of the 
annealed samples. This indicates that annealing can 
enhance the structure of thin film as sizes of grains on 
the surface increases [20]. The diffraction peaks of the 
annealed samples are indexed as (002) plane at 2θ = 
34.020, 34.380 and 34.430 respectively. The peak 
position and the intensity are in accordance with the 
JCPDS card number #01-074- 9942. The XRD patterns 
of all the annealed samples indicated enhanced 
preferred orientation along the c-axis. 
 

The grain size was calculated using Debye-Scherrer‟s 
formula [21, 22] given by Eq. (1). 

 
      

                     (1)  
 
 where “d” is the grain size or crystallite size, „ ‟ the 
wavelength of the X-rays (1.5405Å), „θ‟ the diffraction 
angle, and   is the full width at half maximum of (002) 
peak of the XRD data. 
 

The lattice constants a and c, for a hexagonal 
structure are calculated by [16] using Eq. (2); 

 
    

       
         

      
              (2) 

 
where d is the interplanar space and h, k, l are Miller 
indices. 
 

The strain (ε) and stress (σ) in the film, along 
the c-axis were found to be within an acceptable range 
by using Eq. (3) and Eq. (4) [22]. 
   
             

     
               (3) 

                       
     

          (4) 
where       and       (5.2 Å) are the lattice parameters 
of the film and unstrained ZnO respectively. 
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Fig-1: XRD pattern for as-deposited and the annealed samples 

 
The calculated lattice constants are given in 

table 1. These lattice constants are seen to be in an 
acceptable range compared with those measured by [12-
14] and also in agreement with lattice constants of ZnO 
Zincite phase existing in the literature of ASTM card: a 
=3.2648Å and c =5.2194 Å. The calculated d-spacing is 
also within the range of JCPDS data (36-1451) for 
(002) planes given as 2.6049.  

 
The slight variations seen in d-spacing could 

be due to the interstitial zinc and it suggests that the unit 
cell might be elongated along the c-axis, and there is 
stress in the plane. The FWHM of the as-deposited 

sample stood at 0.5760. The FWHM increases with 
increase in the annealing temperature for the annealed 
samples. The grain size (D) for the as-deposited sample 
is 2.5199. Grain size increases with increase in the 
annealing temperature for the annealed samples. An 
increase in the FWHM indicates a degradation in the 
crystal quality [23]. The Zn-O bond length was also 
calculated [22] using Eq. (5) and Eq. (6). 

 

  √   

                     (5) 

     

     
             (6) 

 
Table-1: Grain size and FWHM for as-deposited sample and samples annealed in air 

Sample FWHM(2 ) Crystallite 
size (nm) 

2  (002) 
Peak 
only 

d-
spacing 

Lattice 
parameters a 
and c (Å)  

Bond 
Length 
(L)(Å) 

Strain(   
      

Stress(   
Gpa 

As-
deposited 

0.5760 129.82 34.40° 2.60 a=3.18 c=5.18 2.11 -0.38 8.9 

Annealed 
at 1500C 

1.1520 61.94 34.02° 2.63 a=3.23 c=5.10 2.15 -0.19 4.5 

Annealed 
at 3000C 

0.6720 109.77 34.38° 2.61 a=3.19 c=5.15 2.13 -0.96 2.2 

Annealed 
at 4500C 

0.4800 158.92 34.43° 2.60 a=3.18 c=5.20 2.14 0 0 

 
Electrical resistivity and sheet resistance 

Table 2 shows the resistivity and the sheet 
resistance of the ZnO thin films deposited by RF 
sputtering technique. According to the table, the as-
deposited sample exhibits the highest resistivity of 11 
Ω.cm. The resistivity of the annealed samples varies 
with the annealing temperature. Decrease in resistivity 
for the annealed samples as compared with the as-
deposited samples indicates the semiconducting nature 
of the samples. Resistivity of the TCO film depends 
strongly on the chamber oxygen pressure as well as the 
stoichiometry of the film. The electrical resistivity of 
thin films may also be affected by isotropic background 
scattering (arising from phonons and point defects), 
external surface scattering and grain boundary 
scattering [22].  

 
The sheet resistance of the samples is also 

displayed in table 2. The as-deposited sample shows the 

highest sheet resistance of 4.99 Ω. Sheet resistance 
varies for the annealed samples. The high sheet 
resistance observed for the as-deposited sample and the 
sample annealed at 1500C could be attributed to surface 
scattering and the decrease in carrier concentration [24]. 
For these films, more defects act as scattering centers 
which results in the formation of trapping states capable 
of trapping carriers and thereby immobilizing them. 
This reduces the number of free carriers available for 
electrical conduction.  

 
It has also been suggested that a decrease in 

sheet resistance with respect to increase in annealing 
temperature may be due to the better crystal orientation 
of the sample [25].  It is known that undoped ZnO thin 
films generally exhibit n- type conductivity, the value 
of which depends on the deposition parameters [26].  

 
The suitability of transparent conducting 
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oxides (TCOs) for optoelectronic applications can be 
quantified by a factor known as the figure of merit     
which is a combination of high electrical conductivity 
and low absorption (reported elsewhere) of visible light, 
calculated using Eq. (7) [23]. The as-deposited sample 
exhibited the lowest figure of merit while the sample 

annealed at 3000C exhibited the highest. 
  

                 (7) 
 
where   is the absorption coefficient at 550 nm and   
the electrical resistivity. 

 
Table-2: Sheet resistance (RS) and resistivity of as-deposited sample and samples annealed in air 

Annealing Temperature(0C)  Resistivity (Ω.cm) Sheet resistance (Rs)Ω Figure of merit          
As-deposited 11.0 4.99 0.99      

150 5.6 2.27 2.05      
300 1.2 0.544 3.29      
450 1.8 0.816        1.5      

 
CONCLUSIONS 

From the above studies, it is concluded that the 
ZnO thin films deposited by RF sputtering technique at 
room temperature and annealed at various temperatures 
have wurtzite crystalline structure with preferential 
orientation along the c-axis. The magnitude of the 
figure of merit shows that these films can be used for 
optoelectronic applications. 
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