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ABSTRACT 

We examined thin films of zinc oxide nanostructure synthesized by radio frequency (RF) magnetron sputtering 
in this study. The ZnO films were deposited with different doping weight ratios (0 %, 2%, 4% and 6%) of 
zirconium (Zr) on glass and silicon substrates. The X-ray diffraction patterns revealed that ZnO thin films 
exhibit a hexagonal crystal structure of wurtzite with polycrystalline grains oriented in the direction of (0 0 2). 
With a clean surface, AFM and SEM images display a uniform microstructure. Some important structural 
parameters of the films were calculated (lattice parameters of the hexagonal cell, size of the crystallite). The 
results showed that the nanoscale grain size of all thin films is about 60 nm. The size of the crystallite ranged 
from 21 to 41 nm and, with increasing doping concentration, it was usually found to increase. Optical 
experiments have shown that thin films of the ZnO nanostructure have a direct energy gap. The microstructural 
and optical characteristics dependence on the various doping concentrations of zirconium in ZnO nanostructure 
thin films is discussed. 
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INTRODUCTION 

Nanoparticles (NPs) are a broad class of particulate matter containing materials, which have a single dimension 
less than 100 nm[1]. Nano-materials have become an important part of applied science and engineering studies. 
Due to its high chemical stability, zinc oxide ZnO is considered one of the best choices in the development of 
thin film silicon-based solar cells [2]. The broad direct optical band gap of ZnO is approximately 3.37 V at room 
temperature, and due to this value and other properties such as high electrical conductivity, photoelectrical 
properties, and high visible and near-infrared spectral transmission coefficient (>80 percent) made 
nanostructures thin films of ZnO of great importance in  modern solid-state system technology (solar cells, gas 
sensors, light-emitting diodes,  transparent field effect transistors, transparent conductive electrodes , electronics 
in UV ranges, etc.) [1–13]. 

In order to modulate electrical, optical and structural properties of semiconductors, doping is the deliberate 
introduction of impurities (elements or compounds) into its surface(Deposition ). The depth of their adhesion 
and their penetration into the semiconductor molecular structure depends on various factors. Thin films of 
zirconium (Zr) doped zinc oxide (ZZO) belong to the large bandgap semiconductor, being a promising 
replacement for ITO because for its high temperature stability (>700 K), high visible region optical 
transmittance and lower electrical resistivity [4–6]. Zr is an impurity of the n-type, and Zr4+ and Zn2+ have 
almost the same ionic radius of 0.72 A, so Zr4+ could easily substitute Zn2+ in crystal lattice [2]. 

Many techniques, including "magnetron sputtering, molecular beam epitaxy, pulsed laser deposition, spray 
pyrolysis, spin coating, chemical vapor deposition and others have been updated to prepare high-quality thin 
films. Among these methods, due to its nanostructural characteristics, high purity, uniformity, homogeneity, low 
substrate temperature, and high interfacial adhesion, RF-magnetron sputtering is of increased interest [7–9]. In 
recent years, several techniques for synthesizing ZnO nanocrystals have seen a substantial development in the 
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technological equipment of nanostructure thin films and ZnO-based heterostructures [3]. RF-magnetron 
sputtering formed nanostructure thin films are highly dense over the entire substrate region. 

The crystal quality of ZnO is generally dependent on growth temperature, thickness and buffer layer annealing 
[4]. Due to its unusual combination of desirable properties such as good optics, non-toxicity, electrical behavior, 
reasonably high refractive index, and its low cost, ZnO has some advantages over other oxide materials. Zinc 
oxide crystallizes in two main formulas, Wurtzite hexagonal and cubic zinc alloy. In both structures, the zinc 
and oxide centers are tetrahedral, which is the most characteristic structural geometry for zinc [10]. The wurtzite 
structure is more stable in environmental conditions and is therefore the most common [11]. 

The demand for low-cost and high-performance optoelectronic devices leads to more efficient thin films of 
transparent conductive oxide (TCO).Transparent oxide conducting films (TCO) have a significant effect because 
they have a range of advantages [12]. For many applications, especially for the construction of solar elements, 
such as solar cells, ZnO is a TCO material of considerable technological interest. ZnO doped structural and 
optical studies with Zr thin films grown over (001) p-type silicon (Si) and glass substrates utilizing RF 
sputtering technology are reported in this work. 

EXPERIMENTAL DETAILS 

Thin film preparation and characterization 

In the present work, The four ZnO:Zr nanostructure samples of dopant content (0%, 2%, 4% and 6%) are 
deposited on glass and silicon substrates by radio frequency (RF) (13.56 MHz) magnetron sputtering method in 
pure argon gas using a commercially available ZnO nanostructure powder with a purity of (99.99%), employed 
as source materials. The zinc powder was mixed with zirconium powder in different weight ratios (2%, 4%, 6%) 
in addition to pure ZnO to prepare the targets of  5 cm diameter . The substrates were placed inside the chamber 
so that the distance between the substrate and the target was 10 cm, and the power of 150 watts remained 
constant over the two-hour deposition process time. The sample was heated up to 100 ° C. The deposition 
process was carried out inside the chamber under a basic vacuum pressure of 10-5 bar. 

The crystalline structure of ZnO films was analyzed by X-ray diffraction technique using (XRD-6000 
SHIMADZU X-RAY DEFRACTOMETER  3KW). The thickness of the thin films was measured and ranged 
between (190–500) nm. The optical transmittance was measured using a UV spectrophotometer (UV-1800 PC, 
Shimadzu) in the (300–850) nm wavelength range. Parameters were measured at room temperature, such as 
optical reflection recording and transmission parameters. The surface microstructure examinations were 
performed by both Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) techniques. 

The absorption coefficient (α) was determined using the relation: 

α = 2.303 A / t                                                                                                                                                        (1) 

where; 

A is the absorpance of the thin film 

t is the thickness of the thin film 

using a well-known Scherer formula, from X-Ray diffraction data, the grain size was calculated: 

D = k λ / β cos θ                                                                                                                                                     (2) 

Where: 

D is the grain size 
k  is a unitless constant that depend on the shape of rhe crystal (shape factor), often has the order of 0.9.  
λ equal 1.54060 which represent the wavelength of X-ray 
β is the corrected full width half maxima 
θ is the angle at which maximum peak occurs (Bragg diffraction angle) 
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ZnO crystal can be distinguished by optical transitions. Using Taus relation for the direct band gap transition, 
optical band was calculated: 

For the allowed direct transition 

αhν = Ad (hν – Eg0)1/2                                                                                                                                             (3) 

For the forbidden direct transition 

αhν = Ai (hν – Eg0)3/2                                                                                                                                             (4) 

where; 

h is the incident photon energy 
Eg0 represent the opticat energy band gap (for wave factor k=0) 
Ad and Ai are characteristic parameters for respective transition (independent of photon energy. 
Both the allowed and forbidden direct electronic transition are drown. The relation between ( Eg0 )3/2, ( Eg0 )2  
and photon energy ( hν ) are shown in Fig.3. the value of energy gap can be obtained by extrapolating the linear 
part of the curve to intercept the X-axis, the interception point represent the energy gap value. 

RESULTS AND DISCUSSION 

Structural properties 

For the purpose of studying the structural properties of thin films, X-ray diffraction technique was used. From 
the diffraction pattern shown in figure 1, it is found that the zinc oxide films possess a polycrystalline and have 
wurtzite hexagonal structure. Crystallization of the thin films was in a predominant direction parallel to the 
substrate surface. Through the shape of the pattern obtained from the thin films samples deposited on the glass 
substrates, it is evident that there are several peaks. The pattern showed that all the films have a peak at 2θ = 
34.4 which denote the pattern 002 of pure ZnO. Other peaks denote other patterns and elements according to 
their density. Since no clear peaks could be observed in the diffraction pattern of the thin filmss, this could 
indicate that the films are nearly stoichiometric [ 3–16]. Some of the diagnostic properties inferred from the X-
ray diffraction analysis are listed in the table 1. 
 

 

Figure 1. XRD spectrum for samples of different doping ratios. 
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Optical properties 

Optical measurements of the thin films were performed. The optical transmittance was measured in the 
wavelength range (300 to 1800) nm. The absorbance and transmittance spectrum for samples with different 
doping ratios presented in figure 2 revealed that all deposited films have an average transmittance of (80 – 95) 
% in the visible range with a sharp edge in the (300 -400) nm range. Through optical measurements, it was 
observed that the value of the energy gap increases with increasing the concentration of zirconium. This result is 
not surprising, as the energy gap value is expected to increase depending on the increase in carriers' 
concentration. This increase in the energy gap can be explained by the Prostein- Moss effect. The obtained 
energy band gap width values ranged from (3.1 to 3.34), and these values are listed in the table 2.  
 

 

Figure 2. Transmittance and absorbance 

Table 1. Thickness and XRD parameters for ZnO with different Zr doping ratios thin films 

Samples 
Film thickness 

nm 

Peak at 
2  θ  

(deg.) 

FWHM 
(deg.) 

Crystalline Size 
(nm) 

Pure ZnO 196.5 
33.8390 0.21060 41.17 
34.2586 0.24780 35.03 
34.6382 0.4000 21.72 

ZnO + 2% Zr 210.7 
34.0301 0.69520 12.48 
35.9370 0.65720 13.27 
31.5431 0.53670 16.06 

ZnO + 4% Zr 243.1 
34.1488 0.40090 21.46 
35.8679 0.58380 24.84 
33.5893 0.24280 35.68 

ZnO + 6% Zr 251.2 
34.3189 0.36720 23.46 
33.5893 0.36000 24.07 
35.6873 0.36660 23.61 
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Pure ZnO 

 

2% Zr 

 

4% Zr 

 

6% Zr 

Figure 3. The optical band gap (Eg) determined for both allowed and forbidden direct transitions. 
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Table 2. Energy band gap both allowed and forbidden direct transition for different Zr doping concentrations. 

Samples 
Allowed direct transition 

 Eg (eV) 
Forbidden direct transition 

 Eg (eV) 
Pure ZnO 3.25 3.1 

ZnO + 2% Zr 3.31 3.17 
ZnO + 4% Zr 3.33 3.19 
ZnO + 6% Zr 3.34 3.21 

Atomic force microscopy 

The deposited thin film surface morphology was analyzed using Atomic Force Microscopy (AFM). The 
obtained AFM images for both pure and doped thin films are shown in Fig.4. As is evident, from visual 
inspection of the images, the morphological aspects of the deposited films can be predicted, that is the grain of 
different size, irregular shapes, and separation may be present in the films. From the comparison of images of 
different concentrations of zirconium, we conclude that the concentration of zirconium effectively improved the 
morphological properties of the films. The roughness values and the root mean square RMS are decreased while 
the grain size increased with increasing Zr doping ratios and lead to smoothing the surface of the film[2-12]. 
 

 

a- Pure ZnO 

 

b- ZnO+2% Zr 

 

c- ZnO + 4% Zr 
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d- ZnO+ 6% Zr 

Figure 4. Two- and three-dimensional surface morphology images of ZnO samples deposited on silicon 
substrate obtained from AFM 

Scanning Electron Microscopy 

SEM was used to analyze the deposited films surface topography. The images showed the surface shape as 
uniform, homogeneous and crack free. Fig. 5 shows the images of different ratios of doping thin films deposited 
on silicon substrates at 1 µm scale and 39.22 kX magnifications. A remarkable change in parameters obtained 
from AFM and SEM images are presented in Table 3. 

    

Figure 5. SEM images of ZnO thin films deposited on silicon substrates. 

Table 3. Average grain size, grain mean diameter, root mean square, and roughness average of Zr-doped ZnO 
thin films deposited on silicon substrates. 

Sample 
Average Grain 

size 
(nm) 

Root Mean Square 
(nm) 

Roughness average 
 (nm) 

Peak-peak  
(nm) 

Pure ZnO 54.25 11.928 9.649 78.900 
ZnO + 2% Zr 54.77 9.267 7.528 65.153 
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ZnO + 4% Zr 59.10 5.000 5.826 42.121 
ZnO + 6% Zr 65.74 4.639 3.983 41.727 

CONCLUSION 

Thin films of nano structure ZnO:Zr were successfully synthesized by RF plasma sputtering method. The films 
were deposited on glass and silicon substrates with different doping ratios. The X-ray diffraction spectrum 
showed that there were several peaks, the most prominent of which was at 34.3, which represented 002 for zinc 
oxide, as well as other peaks with less intensity, which denotes that all films have a hexagonal wurzite structure 
with a preferential orientation in the 002 direction. No significant effect of doping was observed on the resulting 
spectrum, but there is a slight shift on the orientation of the 002 peaks with increasing Zr concentration. The 
study revealed, by measuring the optical properties of  films with different doping ratios. The study shows that 
there is a slight increase in the value of the transmittance with the increasing of doping ratios, this increase is 
related to the crystal structure of the deposited film. This increase can be attributed to the decrease in scattering 
and absorption of light due to an increase in the grain size of the crystals and a decrease in the surface roughness 
of the thin films with the increase in the ratios of doping. The optical band gap energy was found to increase 
with increasing concentration of doping, following the Prostein-Moss effect.Thin films analysis images by AFM 
and SEM showed a good uniformity and homogeneity in the structure of the crystalline with the smoothness of 
the surface increased with increasing concentration of doping ratios. 
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