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This paper reports the structural and optoelectronic properties of prepared pure and Mg 

doped ZnO nanoparticles using co-magnetron sputtering technique. The phase purity and 

crystallites size of synthesized ZnO and Mg doped nanoparticles were characterized and 

examined using X-ray diffractometar XRD and scanning electron microscopy SEM . The 

elemental analysis was examined by using energy-dispersive X-ray spectroscopy EDX. 

The optical properties Eop were carried out by using U-V-VIS double beam spectroscopy 

to study the optoelectronic properties of the thin films under test. The power on Mg target 

(ratio of Mg) affected the structural parameters such as lattice constant, grain size, strain e 

as well as the optical parameters such as Urbach tail, optical energy gap, refractive index 

and carrier concentration. 
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1. Introduction 
 

A great deal of attentions have been paid to the transparent conductive oxide (TCO) thin 

films due to their plenty applications such as transparent electrodes in flat panel displays, touch 

panels and solar cells. Zinc oxide (ZnO) is one of the most promising TCO materials because ZnO 

is an abundant, low-cost, and non-toxic material [1]. The intrinsic n-type semi-conductivity of 

ZnO arises from such structural defects as oxygen vacancies and zinc interstitials [2]. For 

improving its electrical conductivity, ZnO was doped with other metal elements such as boron, 

aluminum, gallium, magnesium etc. The resistivity of  MZO thin films are over 10
5
 Ω cm and 

nearly equivalent to the resistivity of intrinsic ZnO. To promote the electrical conductivity of 

MZO films, it was suggested that extra dopant be added to the MZO thin films such as gallium [3]. 

There are few limitations in the application of pure ZnO for integrated optical devices which 

require a much wider band gap [4]. The band gap of ZnO can be tailored by alloying ZnO with 

group II elements e.g. Be, Mg, Ca, Cd, and Sr [5]. Moreover, the radius of the Mg
2+

 ion (0.57 Å) 

closely matches with the radius of Zn
2+

 ion (0.60 Å), so the incorporation of Mg
2+

 ion into ZnO 

lattice is quite favorable, thus forming MZO. The MZO thin films can be synthesized using 

various techniques such as RF sputtering, molecular-beam epitaxy, sol–gel, pulse laser deposition 

and chemical vapor deposition [6]. So the study of the effect of thermal treatment on the structural 

and optical properties of  the optical properties of ZnO can be controlled by changing the energy 

band gap of  ZnO through doping it with wide band gap materials. It has been indicated that the 

energy band gap of ZnO could be changed from 3.24 eV to 4.0  eV by doping zinc oxide with 

magnesium oxide (MgO) of  wide band gap 7.70 eV [7].  Modification of the band gap and save 

the lattice constants similar to each other are essential to construct a hetereojunction of two 

different materials [8].  
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The band gap of alloy MgxZn1−xO films are in the range from 3.3 to 4.00 eV because 

magnesium oxide (MgO) has wider band gap energy (7.9 eV) compared with ZnO (3.3 eV). 

Meanwhile, MgxZn1−xO have ZnO wurtzite structure in case the content of  Mg in the films is up 

to 0.49 [ 9- 10 ]. Thence, alloy MgxZn1−xO has been considered as an appropriate ternary alloy 

system that can construct efficient heterojunction with ZnO [11]. It was found that  as Mg 

concentration x increases, the values of the refractive index n decreases and the index dispersions 

become smaller [12].  It was  revealed that, with the rise of annealing temperature the crystallinity 

and the surface roughness of the MZO films were increased whereas the optical transmittance and 

the energy band gap were decreased [13]. It was observed that the XRD peak related to (002) 

plane shifted systematically towards higher angle with the increase in annealing temperature i.e., 

from 34.471 to 34.571 for MZO and from 34.491 to 34.601 for other MZO [13]. The reason of this 

peak shifting was the change of stress, firstly due to the increase in annealing temperature [14- 15] 

additionally due to the increase in Mg concentration [16]. The XRD analysis revealed that, the 

FWHM of the peak corresponds to (002) plane was narrowed with increasing annealing 

temperature [13], indicating improvement in crystallinity [17].  It was also found that lower 

boundary of the grain size was gradually enlarged with enhancing annealing temperature for MZO 

films. This could be due to the coalescences of grains at higher annealing temperatures [17]. By 

comparing the lower boundary of the grain size of MZO and the other MZO for identical 

annealing temperature, it could be pronounced that Mg incorporation slightly deteriorates the 

crystallinity of the thin films [13]. From reflectance and absorption measurements, the obtained 

band gap energy tends to augment from 3.287 to 3.827 eV as the doping content (Mg) increases 

[17]. This widening of the optical band gap is explained by the Burstein-Moss effect which causes 

a significant increase of electron concentration (2.89x10
18

- 5.19x 10
20

 cm
-3

).  These crystallites 

were found to be randomly distributed and irregularly disoriented. The grain size was found to 

decrease from 109 nm to 55 nm as the MgO content varied from 0 to 40% suggesting that there is 

coalescence of small grains for high doped ZnO samples [17]. It was observed that that the average 

reflectance is found to vary from 75 to 93% in the visible region for all the samples and  the 

reflectance increases about 50 to 70% as the MgO doping content increases.  It was observed 

clearly a blue-shifting of the absorption spectra towards the UV region, indicating an increase of 

the band gap. Further, the values of  Eg increased with increasing Mg doping. Nidhi Adhlakra and 

et. al. [18]  have reported similar results for doped ZnO samples with MgO concentrations 

between and 50%. However, this increment in the band gap Eg was believed to be caused by the 

Burstein-Moss effect [19-21].  Shan et al. [19] have demonstrated that the Mg doping in ZnO leads 

to an obvious increase in the carrier concentration and a blue shift of the band gap.  A. Ghosh et al. 

[21] have showed that the variation in the optical band gap is analyzed in terms of Burstein-Moss 

band gap widening. It was reported that the optical energy gap of ZnxMg1-xO increases with 

increasing the content of Mg [22]. Zhao-Hui Li et. al. [23] shown that the grain size of the ZnO-

like hexagonal phase (Zn, Mg)O decreased as the Mg content increased. But the transmittance and 

optical band gap of (Zn, Mg)O films increased with the increase of the Mg content [23].  

As far as the authors know that a little attention has been paid to study the structural and 

optical properties of Mg-ZnO thin films prepared by co-magnetron sputtering technique whereas 

MgO-ZnO has been studied extensively. So, in the present work, the structural and optical 

properties of Mg-ZnO deposited by co-magnetron sputtering technique are studied. 

 

 

2. Experimental 
 

The Mg-ZnO films were deposited on silicon substrates in a UNIX 350 magnetron 

sputtering system with a base pressure of 2 × 10
−2

 mbar. The sintered ceramic targets of  ZnO 

(purity 99.99%) and Mg (purity 99.99%) were employed as the source material. An argon Ar 

(99.999%) was used as sputtering gas. The separation between the substrate and target was 10 cm. 

During the film deposition, the argon  pressure maintained at 2.5x10
-3

 torr. The angle between the 

target and substrate was 70
o
.  The dc sputtering power on ZnO target was 100W , the rf power on 

Mg target was varying between 0 W to 100 W. The substrate temperature was kept at room 

temperature. The structure of films was measured by a Rigaku D/Max- A Xray diffractometer (Cu 
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K radiation,  = 1.54178A, ˚ 40KV, 60 mA).  The average grain size of the samples was determined 

by measuring the FWHM values of the strongest peak of the XRD and estimated by using the 

relation of Scherrer formula [24]. Optical transmission measurements were carried out over the 

wavelength range of 300–1200 nm using a Jasco UV-VIS  double beam spectrophotometer. The 

absorption coefficient 𝛼 of the films was determined from the spectrophotometer reading using the 

following formula [25]: 

 

𝛼 =  
2.303

𝑑
log (

1−𝑅

𝑇
)                                                              (1) 

 

d is the thickness of the film, T is the transmittance and R is the reflectance of the film.  

The optical energy gap Eop was estimated from the optical measurements by analyzing the 

optical data with the expression for the optical absorbance, and the photon energy, ℎ𝜐 using the 

equation [26]: 

 

(𝛼ℎ𝜐)2 = 𝐴(ℎ𝜐 − 𝐸𝑜𝑝)                                                        (2) 

 

A is a constant and h is the Planck's constant. The optical energy gap was obtained by 

extrapolating the linear portions of the plots of  (αhυ)
2
 versus hυ to α = 0. 

The Urbach tail Eu of the thin films under test was determined from the linear slope of the 

curve Ln𝛼 vs photon enrgy using the equation [27]: 

 

𝛼 =  𝛼𝑜exp(
ℎ𝜈

𝐸𝑢
)                                                                   (3) 

 

The refractive index n for weak and medium absorption regions is given as [28]: 

 

𝑛 = [𝑁 + (𝑁2 − 𝑛𝑠
2)

1

2 ]
1

2                                                        (4) 

 

𝑁 = 2𝑛
𝑇𝑀𝑎𝑥 − 𝑇𝑀𝑖𝑛

𝑇𝑀𝑎𝑥𝑇𝑀𝑖𝑛
+

𝑠2 + 1

2
 

𝑠 =
1

𝑇𝑠
√

1

𝑇𝑠
− 1 

and  

𝑁 =  
2𝑠

𝑇𝑀𝑖𝑛
+

𝑠2

2
 

 

for transparent region. 

s is the refractive index of the quartz substrate, TMax and TMin are the transmission maximum and 

the corresponding minimum at a certain wavelength λ, s and Ts are the refractive index and the 

transmittance of the substrate respectively.  
The real part ε1 of the complex dielectric function ε can be written as [29]: 

 

𝜀1 = 𝑛2- 𝑘2 =  𝜀∞ −  
𝑒2

𝜋𝐶2

𝑀

𝑚∗ 𝜆2                                            (5) 

 

ε∞ is the residual dielectric constant, C is the velocity of light, N is the concentration of the free 

carrier, m* is the electron effective mass (=0.24mo for ZnO) 
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3. Results and discussions 
 

3.1 Energy dispersive X-ray analysis 

The EDX analysis reveal that the 0 watt on Mg target and 100 watt on ZnO target, there is 

no Mg content in the grown film as shown in Fig. 1-a. Raising the power on Mg target resulted in 

increasing the content of Mg 0, 1.66, 0.27, 1.43, 1.53, and 1.79 for power 0, 20 watt, 40 watt, 60 

watt, 80 watt and 100 watt respectively, whereas, ratio of oxygen and magnesium were around 39 

and 44 respectively as shown in Fig. 1-b, c, d, e,f.  

 

 
Fig. 1-a: ZnO only 

 

 

 
Fig. 1-b: 20 watt on Mg target. 

 

 

 
Fig.1-c: 40 watt on Mg target. 
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Fig.1-d: 60 watt on Mg target. 

 

 

 
Fig. 1-e: 80 watt on Mg target 

 

 

 
Fig. 1-f: 100 watt on Mg target. 

 

 

3.2 Scan electron micrograph 

The scan electron micrograph indicate that increasing Mg content leads to increasing the 

grain size as seen in Figs.2-a,b,c.  

 



538 

 

 
 

Fig.2-a: Zn O only 

 

 

 
 

Fig.2-b: 40 watt on Mg target 

 

 

 
 

Fig.2-c: 80 watt on Mg target 

 

 

3.3 X-ray diffraction result 

The X-ray micrograph showed that there is a peak related to (002) plane shifted towards 

lower angle such as 34.58, 34.27, 34.22, 34.19, 34.16 with increasing the power on Mg target  0, 

20, 40, 60, 80 watt respectively as seen in Fig.3. The reason of this peak shifting probably is due to 

the change of stress. Figure 4shows the out of plane c lattice parameter derived from 2𝜃-s as a 

function of the power on Mg target.  The c lattice parameter increased from 4.995 A
o
 to 5.031 A

o
 

with increasing the power on Mg target. The crystallite sizes D were calculated using Debye-

Scherrer equation [30]: 

𝐷 =  
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 

 

where λ is the wavelength of X-ray used in XRD, β is the full-width at half maximum FWHM and 

2θ is the angle at which peaks exist. The grain size values found to increase from 9.13 nm to 17.18 
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nm with increasing the power on Mg target from 20watt to 80watt. The strain 𝜉 of the films under 

test was calculated by the equation [31]: 

 

𝜉 = [
𝜆

𝐷𝑐𝑜𝑠𝜃
−  𝛽] x

1

𝑡𝑎𝑛𝜃
 

 

The calculated values of the strain found to decrease from 5.993x10
-3

 to  3.305x10
-3

 with 

increasing the power on Mg target. The number of dislocations Sd can be calculated from the 

following equation: 

Sd = 1/D 

 

It is obvious from table 1 that the number of dislocations decreases with increasing the 

power on Mg target. 

 

 
 

Fig.3: XRD of the Mg-ZnO thin films deposited at different power on Mg target 
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Fig. 4. Variations of the lattice constant with power on Mg target 

 

 

Table 1. Structural parameters of Mg-ZnO thin films deposited under different power on Mg target 

 

Power 

on Mg 

target 

2θ FWHM 

(
o
) 

Lattice 

constants(A) 

Crystallite size 

(nm) 

Sd x10
7 

Interplanar 

spacing (nm) 

Strain 

x10
-3 

0.0 34.58 0.28 2.981 26.73 3.741 0.574 3.946 

20 34.27 0.85 3,005 9.13 10.953 0.579 5.993 

40 34.22 0.60 5.802 13.74 7.278 0.580 5.747 

60 34.19 0.48 5.806 17.18 5.821 0.581 3.383 

80 34.16 0.50 5.812 16.59 6.028 0.581 3.305 

  

 

20 25 30 35 40 45 50 55 60

0

200

400

600

800

1000

1200

1400

In
te

n
s
it
y
 (

u
.a

.)

2

 Mg 0

 Mg 20

 Mg 40

 Mg 60

 Mg 80



540 

 

It can be observed from table 1 that as the power on Mg target ( reflect the content of Mg) 

increase starting from 20 watt, the FWHM and strain decrease while the crystallite size, lattice 

constant and interplanar spacing increase. It can be concluded from table 1 that increasing the 

power on Mg target improved the crystalline quality of ZnO film effectively. 

 

3.4 Optical properties of the thin films  

The optical transmittance spectra of  MgZnO thin films deposited under different power 

on Mg target are shown in Fig. 5. It is clear that the transmittance increases when the power on Mg 

target and then decreases with more increasing of the power on Mag target. 
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Fig. 5-a. Transmittance spectra of MgZnO films deposited at different power on Mg target 
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Fig.5-b. Transmittance spectra of MgZnO films deposited at different power on Mg target 
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 The typical UV-VIS-NIR optical reflectance spectra of Mg-ZnO thin films under test are 

shown in Fig. 6. It is clear that the reflectance decreases with increasing the power on Mg target. 

This decrease in reflection can be attributed to the surface roughness of the films, which in turn 

depends on the particle size [32]. 

 

 
 

Fig. 6: Reflectance spectra for Mg-ZnO thin films deposited under different power on Mg target 

 

 

Fig. 7 displays the absorption of the thin films under test, where the absorption decreases 

in the absorption region which is in consistence to increasing the transmittance in the same region. 

In addition, the absorption decreases with increasing the power on Mg target. 

 

 
 

Fig.7. Spectra of the absorption of the films under test 

 

 

 Fig. 8 reveal that the extinction coefficient decreases with increase the power on Mg target 

which can be owed to the decrease of the absorption coefficient 𝛼, where 𝑘 =  
𝛼𝜆

4𝜋
 .  

 

 
 

Fig.8: Extinction coefficient spectra for Mg-ZnO thin films deposited under  

different power on Mg target 
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Urbach tails were determined using equation 3 from the slopes of the straight lines of the 

plots as seen in Fig.9-a. The Urbach tails found to decrease in the range of power 0-40 Watt and 

then increase with more increasing of the power as seen in Fig. 9-b. 
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Fig. 9-a: Plots of Ln𝛼 vs photon energy for the thin films under test. 
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Fig.9-b: Variations of Urbach tail with power on Mg target 

 

 

The dependence of the optical gap on the power on Mg target is demonstrated in Fig. 10, 

where it is determined by extrapolating the linear portion of the plots of (αhυ)^2 versus hυ. It is 

obvious that the optical gap decreases with increasing the power on Mg target. The decrease of the 

optical gap is attributed to the increase of the particle size [33]. 
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Fig.10: Plot of (αhυ)^2 versus photon energy for Mg- ZnO thin film deposited at different power on Mg 

target, and the variations of the optical gap with power on Mg target. 

 

 

The refractive index n found to have the normal dispersion for all films under test as seen 

in Fig. 11-a. Further, the refractive index decreases in the range of power from 20 watt to 60 watt 

and then increases with more increasing of the power on Mg target as seen in Fig. 12-b. In 

addition, the packing density behaves as the refractive index with Mg content. 
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Fig.11-a: Spectra of the refractive index of the films under test. 
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Fig.11-b: Variations of refractive index and packing density with Mg content. 
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The dielectric constant for the thin films under test found to increase as the  

Power on Mg increase from 0 to 40 Watt and then decreases with more increasing of the power as 

seen in Fig.12. 

 

 
 

Fig.12: Variations of dielectric constant with power on Mg.  

 
 

Using eq. 5, the carrier concentration n can be calculated from the slope of the straight 

lines of Fig. 13-a. The carrier concentration found to increase with increasing the power on Mg 

target starting from power 20 Watt as seen in Fig. 13-b.  

 

 
 

Fig. 13-a: Plots of dielectric constant versus 𝜆2 for as-deposited Mg-ZnO thin films under  

different power on Mg target   
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Fig. 13-b: Variations of the carrier concentration with power on Mg target 
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4. Conclusion 
 

Co-magnetron sputtering was used to prepare Mg-ZnO thin films under powers on Mg 

target. The X-ray diffraction patterns show crystalline feature. Lattice constant and grain size 

increase with increasing power on Mg target staring from 20 Watt, whereas, strain and number of 

dislocation decrease. Urbach tail increases with power on Mg target starting from 40 Watt, 

whereas, optical energy gap decreases as well as the real dielectric constant. Refractive index 

behaves as normal dispersion. Carrier concentration increases with increasing the power on Mg 

target (ratio of Mg).  
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