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ABSTRACT 

Zinc oxide (ZnO) thin films were formed by RF reactive magnetron sputtering onto p-type silicon and glass substrates held at 
room temperature. The thickness of the films deposited was in the range 160 – 398 nm. The thickness dependence structural, 
morphological and optical properties of ZnO films were systematically investigated. The maximum crystallite size of 21 nm 
observed at films thickness of 231 nm by X- ray diffraction. Scanning electron microscopic analysis revealed that the growth of 
nanowires in all the films. The root mean square roughness of the films increased from 7.3 to 53 nm in the thickness range of 
investigation. Fourier transform infrared analysis confirmed the Zn-O bonding located at wavenumber of 413 cm

-1
. The average 

optical transmittance of the films was about 89 % in the visible region. The optical band gap of the ZnO films decreased from 
3.14 to 3.02 eV with increase of film thickness from 160 to 398 nm respectively. Copyright © 2012 VBRI Press.  
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Introduction  

Zinc Oxide (ZnO) is an attractive semiconducting material 
due to its promising properties of high electrical 
conductivity and good optical transparency. It has 
advantages of nontoxicity, low cast and abundance of raw 

material with high stability [1]. ZnO was found various 

technological applications such as solar cells [2], active 
material for highly sensitive humidity and oxygen gas 

sensors [3, 4], transparent electrodes for flat –panel 

displays [4], p-n junction diodes [5], UV photodetectors 

[6], ultraviolet light emitting diodes [7], transparent thin 

film transistors [8] and piezoelectric nanogenerators [9]. In 
the recent years, the novel ZnO nanostructures are reported 
to have potential applications for optical emission, 

catalysis, sensing, actuation, and drug delivery [10]. The 
increase in surface area and the quantum confinement 
effects have made nanostructured materials are quite 
distinct from their bulk form in both electrical and optical 
properties. Various one-dimensional structures of ZnO, 
such as nanowires, nanorods, and nanobelts, have attracted 

much attention [11, 12]. ZnO thin films have been grown 
by various deposition techniques such as thermal oxidation 

of zinc [13], chemical bath deposition [14], spray pyrolysis 

[15, 16], sol-gel process [17], electron beam evaporation 

[18], atomic layer deposition [19], pulsed laser deposition 

[20], metal organic chemical vapor deposition [21], 

molecular beam epitaxy [22, 23], and DC [24-28] and RF 

[29-33] magnetron sputtering and electrodeposition [34]. 
The physical properties of the formed films depend on the 
deposition method employed and process parameters 
maintained during the growth of the films. Among these 
deposition techniques, magnetron sputtering is industrially 
adopted thin films preparation method because of the 
advantages in the generation of uniform and large area 
films. The physical properties of the sputtering films 
depends mainly on the process parameters such as oxygen 
partial pressure, sputter power, substrate temperature, 
substrate bias, thickness and post deposition annealing. 

Wang et al. [35] observed that the ZnO films formed by RF 
magnetron sputtering at low oxygen flow rate of 2 sccm the 
surface in the shape of rods with diameter about 200 nm 
and the rods  separated with the large distance of 0.3 – 2.0 
μm. The average surface roughness of the films decreased 
to 0.42 nm with increase of oxygen flow rate of 6 sccm. 
The films formed were polycrystalline with wurtzite 
structured ZnO and the intensity of (002) orientation 
increased with increase of oxygen flow rate due to decrease 
of oxygen vacancies. The optical band gap of the films 
increased from 3.10 to 3.24 eV with increase of oxygen 

flow rate from 0 to 6 sccm. Mandal et al. [36] achieved 
wurtzite structured ZnO films with increase in grain size 
from 30 to 50 nm and root mean square surface roughness 
increased from 8 to 12 nm and the band gap decreased from 
3.32 to 3.24 eV with increase of substrate temperature from 

313 to 673 K. Daniel et al. [31] reported that the crystallite 
size of the films increased from 16 to 27 nm and optical 
band gap decreased from 3.29 to 3.25 eV in the as-
deposited and the films annealed at 673 K respectively. 

Hoon et al. [28] reported that the grain size of the films 
increased from 137 to 230 nm and surface roughness of the 
films increased from 2.3 to 8.0 nm with increase of films 

thickness from 150 to 700 nm in DC magnetron sputtered 
ZnO films. Thin films exhibited high optical transmittance 
in the range 70 – 90 %. The transmittance decreased to 50-
70% in the wavelength range 400 - 850 nm, when the 
deposited film thickness beyond the 700 nm. In the present 
investigation, ZnO films with various thicknesses in the 
range 160-398 nm by using RF magnetron sputtering 
techniques. The effect of film thickness on the structural, 
morphological and optical properties of ZnO films was 
systematically studied and reported the results.   
 

Experimental 

Thin films of zinc oxide were formed on to well cleaned p-
silicon (100) and Corning glass substrates held at room 
temperature by RF magnetron sputtering method. Metallic 
zinc target (99.99 % pure supplied by Nuclear Fuel 
Complex, India) with 50 mm diameter was used as sputter 
target for deposition of experimental films in the sputter up 
configuration. The sputter chamber was evacuated to the 
base pressure of 2x10

-4
 Pa employing diffusion pump and 

rotary pump combination along with liquid nitrogen trap. 
Pressure in the sputter chamber was measured with digital 
Pirani - Penning gauge combination. Argon and oxygen 
(99.999 % purity) were used as sputter and reactive gases 
for deposition of the films. Individual Aaloborg (Model 
GFC 17) mass flow controllers were employed to admit 
these gases in required quantities in the sputter chamber. 
After attaining the ultimate base pressure of 2x10

-4
 Pa, 

oxygen gas was introduced to the pressure of 2x10
-2

 Pa. 
Later argon gas was admitted to achieve sputter pressure of 
5 Pa. Radio frequency (RF) power (Advanced Energy 
Model ATX-600 W) fed to the sputter target was 150 W. 
ZnO films with different thicknesses were deposited by 
varying the deposition times. The deposition conditions 
maintained during the growth of the ZnO films are given in 

Table 1. 
 
Table 1. Deposition parameters for the growth of ZnO films. 

 
Sputter target                                     : Zn 

Target to substrate distance                : 50mm 

Base pressure                                      : 2x10-4 Pa 

Oxygen partial pressure (pO2)            : 2x10-2 Pa 

Sputter pressure                                   : 5 Pa 

Sputter power                                      : 150 W 

Film thickness                                     : 160 - 398 nm 

 
      The thickness of the deposited films was measured 
using Vecco Dektak (Model 150) depth profilometer. The 
crystallographic structure of the films was determined with 
glancing angle X- ray diffractometer (Bruker D8 Advance 
diffractometer) at the glancing angle of 4

o
 with 

monochromatic Co Kα1 radiation with wavelength of 
1.7889 A

o
. The surface morphology of the films was 

analysed with scanning electron microscope (Hitachi SEM 
Model S: 4000) and atomic force microscope (Bench 
Apparatus digital Instrument Model 3100). Fourier 
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transform infrared spectrophotometer (Nicolet Magana IR 
750) was used to record the transmittance in the 
wavenumber in the range 400 - 4000 cm

-1
. The optical 

transmittance of the films was recorded using UV-Vis-NIR 
double beam spectrophotometer (Perkin – Elmer Lambda 
950) in the wavelength range 300 -1200 cm. 
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Fig. 1. Dependence of ZnO film thickness on the deposition time. 
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Fig. 2. XRD profiles of ZnO films of different thicknesses. 

 

Results and discussion 

Film thickness is one of the crucial factors for application 
of transparent films. ZnO films with different thicknesses 
were deposited by varying the time of deposition by fixing 
other deposition parameters as constant. The thickness of 

the deposited films determined with depth profilometer was 
increased from 160 to 398 nm with the increase of 

deposition time from 40 to 100 minutes. Fig. 1 shows the 
dependence of film thickness on the deposition time. The 
thickness of the films increased nearly linearly with the 
increase of deposition time. The deposition rate of the films 
determined from the film thickness and the deposition time 
was about 3.91 nm/min. Thin films formed at less 
deposition times were low thickness and contributes to 
higher transparency and reduction in the electrical 
resistivity.   
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Fig. 3. Dependence of dislocation density and strain on thickness of the 
ZnO films. 

 
Structural analysis 

Fig. 2 shows the X-ray diffraction profiles of ZnO films in 
the thickness of 160, 231, 316 and 398 nm. From the XRD 
profile, the films deposited at thickness of 160 nm 
exhibited the (100) orientation at 2θ = 37.1

0
 with less 

intensity indicated that the nanocrystals were embedded in 
amorphous matrix. As the film thickness increased to 231 
nm, the intensity of the (100) was increased greatly and an 
additional peak was located at 66.6

0
 related to the (110) 

orientation indicated that the films were nanocrystalline in 
nature [JCPDS card no: 89 - 1397]. Further increase of 
thickness to 316 nm the intensity of the diffraction peaks 
decreased. At higher thickness of 398 nm the intensity of 
(100) and (110) reflections diminished revealed the 
reduction in the crystallinity of the films. In the literature, 

Bouderbala et al. [29] also achieved amorphous films at 
low thickness of 70 nm in RF magnetron sputtered ZnO 
films. The peak intensity and crystallinity are associated 
with the crystallinity of the deposited films. According to 
the crystal growth mechanism the growth faces of 
crystallites correspond to the crystal shape of equilibrium 

determined by the orientation of the crystal [22]. The 
dislocation density (δ) and the strain (ε) developed in the 
films were calculated from the X-ray diffraction (100) 

reflection using the relation [37]. 
 

δ = 1/L
2
                                         (1) 

 ε = βcosθ/4                                    (2) 
 

where β is the full width at half maximum (FWHM) 

intensity. Fig. 3 shows the dependence of dislocation 
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density and strain developed on the thickness of the films. 
The dislocation density of the ZnO films decreased from 
1.57 x10

16
 to 1.8x10

15 
 lines/m

2 
with  increase of film 

thickness from 160 to 231 nm, there after increased to 
6.5x10

15
 lines/ m

2
 at higher thickness of 398 nm. The strain 

in the films first decreased from 5x10
-3

 line
-2

 /m
4
 to 1.8x10

-

3
 line

-2
 /m

4
 with increase of film thickness from 160 to 231 

nm due to the transformation from amorphous to 
nanocrystalline.  
       A gradual increase in the strain to 3.3 x10

-3
 line

-2
 /m

4
 at 

higher thickness of 398 nm was due to the decrease in the 
crystallinity of the films. The crystallite size (L) of the films 
was calculated from the (100) reflection peak using the 

Debye- Scherrer’s relation [38] 

 
 L=0.9λ/βcosθ                                 (3) 
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Fig. 4. Variation of crystallite size and FWHM with thickness of the ZnO 
films. 

    

(a) (b)

(c) (d)

 
 
Fig. 5. Scanning electron micrographs of ZnO films of different 
thicknesses: (a) 160 nm, (b) 231 nm, (c) 316nm and (d) 398 nm. 
 

       Fig. 4 shows the variation of full width at half 
maximum and crystallite size with the thickness of ZnO 
films. The full width at half maximum intensity decreased 
from 1.13 to 0.44

0
 with the increase of film thickness from 

160 to 231 nm, thereafter it increased to 0.81
0
 at higher 

thickness of 398 nm. The crystallite size of the films 
increased from 8 to 21 nm with increase of film thickness 

from 160 to 231 nm while at higher thickness of 398 nm it 
was decreased to 12 nm. At low thickness of 160 nm the 
high value of full width at half maximum and small 
crystallite size of 8 nm was due to the amorphous nature of 
the films. It is in accordance with the report on RF 
magnetron sputtered ZnO

 
films where the amorphous nature 

observed at thickness of 70 nm [29]. As the thickness 
increased to 231 nm the crystallinity of the films improved 
this indicated the nanocrystalline films, hence decrease in 
the full width at half maximum to 0.44 there by 
enhancement in the crystallite size to 21 nm. At higher 
thickness the increase in full width at half maximum and 
decrease in the crystallite size was due to the reduction in 
the crystallinity of the films. 
 

(a) RMS = 7. 3 nm (b) RMS = 40 nm 

(c) RMS = 53 nm
 

 

Fig. 6. Atomic force micrographs of ZnO films of different thicknesses: 
(a) 231 nm, (b) 316 nm and (c) 398 nm.  

 
SEM analysis 

Fig. 5 shows the SEM images of ZnO films of different 
thicknesses. It is seen from the figures that thin films of 160 
nm exhibited smaller size nanowires. When the thickness of 
the films increased to 231 nm, the shape of nanowires 
disappeared and presence of dense surface with porous like 
structure due to improvement in the crystallinity of the 
films. It was also supported by the XRD analysis that the 
crystallinity enhanced as the thickness of the films 
increased to 231 nm. Further increase of film thickness to 
316 nm, the dense surface structure disappeared and growth 
of nanowires with length of about 450 nm. Further increase 
of film thickness to 398 nm the number and size of 
nanowires were decreased due to reduction in the 

crystallinity [20, 23].  
 
AFM analysis 

Fig. 6 shows the atomic force morphological images of 
ZnO films formed at different thicknesses. The atomic force 
microscopy was used to determine average size of the 
grains nucleated in the ZnO films. For the film thickness of 
231 nm the root mean square roughness (RMS) was 7.3 nm. 
With increase of film thickness to 398 nm the RMS 
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roughness is gradually increased to 53 nm. The increase of 
RMS roughness with the increase of film thickness was due 
to the larger size grains formation as well as increase in the 

porosity of the films [39]. Such an increase of film 

thickness was also noticed by Hoon et al. [28]. The increase 
of RMS roughness of ZnO films leads significant effect on 
the industrial applications such as gas sensors.  
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Fig. 7. Fourier transform infrared transmittance spectra of ZnO films. 
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Fig. 8. Optical transmittance spectra of ZnO films of different 
thicknesses. 
 

FTIR analysis 

Fig. 7 shows the FTIR transmittance spectra recorded on 
the ZnO films formed on p-silicon substrates of different 
film thicknesses. An absorption band observed at 412 cm

-1
 

corresponds to the Zn-O stretching vibration of hexagonal 

ZnO [27]. The film deposited at low thickness of 160 nm 
contained the full width at half maximum was 10.8 cm

-1
. As 

the film thickness of the films increased to 231 nm, the 
FWHM of the absorption band decreased to 6 cm

-1
 due to 

improvement in the crystallinity as supported the XRD 
data. Further increase of the film thickness to 398 nm the 
FWHM increased to 9.6 cm

-1
 due to decrease of (100) 

phase intensity and degradation of crystallinity.  
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Fig. 9. Plot of (αhν)2 versus photon energy (hν) of ZnO films. 

 
Optical properties 

Optical transmittance data gives the information on the 
energy band gap, extinction coefficient and refractive index 

of the deposited films. Fig. 8 displays the optical 
transmittance spectra of ZnO films of different thicknesses. 
The optical transmittance of ZnO films increased with 
increase of the films thickness upto 231 nm and then 
decreased at higher thickness of 398 nm. The average 
optical transmittance was 89 % in the visible wavelength 
range 450 - 650 nm. Sharp absorption edge was observed at 
the wavelength of about 405 nm and shifted towards higher 
wavelengths side with increase of films thickness in the 
thickness range of investigation. The optical absorption 
coefficient (α) was calculated from the film thickness and 
optical transmittance data using the relation 
 

α = (1/t)lnT                                    (4)                                                                                                  
 
    The optical band gap (Eg) of the ZnO films can be 

calculated from the relation [16]  
 

(αhν) = A(hν–Eg)
1/2

                         (5) 
 
where A is the edge width parameter and hν the incident 
photon energy. 

    Fig. 9 shows the plots of (αhν)
2
 versus photon energy of 

ZnO films. The optical band gap of ZnO films decreased 
from 3.14 to 3.02 eV with the increase of films thickness 
from 160 to 398 nm. The decrease in the optical band gap 
with the increase of film thickness was due to decrease of 

lattice defects [40]. The extinction coefficient (k) of the 
films was also calculated by using the relation  
 

 k = αλ/4п                                  (6) 
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    The extinction coefficient of the ZnO films first 
increased from 1.5 to 2.3 with increase of film thickness 
from 160 to 231 nm and thereafter decreased to 0.54 at 

high thickness of 398 nm (Fig. 10). The refractive index (n) 
of the films was determined from the optical transmittance 
interference data employing Swanepoel’s envelope method 

from the relation [41] 

 
n(λ) = [N + (N

2 
– n0

2
n1

2
)

1/2
]

1/2
                  (7) 

 
N = 2n0n1[(TM - Tm)/TMTm] + [(n0

2
+n1

2
)/2]         (8) 

 
where TM and Tm are the optical transmittance maxima and 
minima and n0 and n1 the refractive indices of air and 
substrate respectively. The variation of refractive index and 
extinction coefficient (at 500 nm) of the films as a function 

of film thickness are shown in Fig. 10. 
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Fig. 10. Dependence of refractive index and extinction coefficient on 
thickness of ZnO films. 

 
   The refractive index of ZnO films first decreased from 
1.86 to 1.80 with increase of film thickness from 160 to 
231 nm, thereafter the refractive index increased to 2.19 
with increase of film thickness to 398 nm as shown in the 

Table 2. 
 
 
Film 

thickness                 

(nm)                   

 

FWHM 

(degree)                 
Crystallite 

size (nm)                           
Optical 

band gap   

(eV)                              

Refractive 

index   

160 1.13                        8   3.14                          1.86                    
231                      0.44                       21 3.10                          1.80                     
318   0.64                       15 3.06                          1.91                      
398 0.80                       12   3.02 2.19 

 

Conclusion 

The film thickness dependence of structural, morphological 
and optical properties of nanocrystalline hexagonal ZnO 
films deposited by RF magnetron sputtering on glass and 
silicon p-type (100) substrates held at room temperature 
was systematically studied. The XRD analysis revealed that 
low value of FWHM of 0.44

0
 and maximum crystallite size 

of 21 nm was found at film thickness of 231 nm. The FTIR 
spectrum revealed the Zn-O bonding confirmed at 

wavenumber of about 413 cm
-1

. The SEM images revealed 
the nanowires with length of about 450 nm at films 
thickness of 318 nm. The optical studies revealed the 
maximum transmittance of 96 % found in film thickness of 
231 nm. The optical band gap of ZnO films decreased from 
3.14 to 3.02 eV with increase of film thickness from 160 to 
398 nm.  
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