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The Effect of Mg Content on the Physical Properties of ZnO Films 

Deposited by Ultrasonic Spray Pyrolysis 
 

 

Emrah SARICA *1  

 

 

Abstract 

 

ZnO is a versatile material and tailoring its physical properties to the field of application is 

technologically crucial. Intentionally doping with a foreign element is the most common and 

useful method for that. In this presented work, ZnO films doped at different Mg concentrations 

(0%, 5%, 10%, and 15%) were deposited onto glass substrates by ultrasonic spray pyrolysis in 

order to investigate the effect of Mg doping. AFM and SEM images captured for the 

morphological investigations revealed that Mg doping deteriorated the surface of the films. The 

structural analysis showed that the Mg doping at 5% enhanced the structural properties, but the 

crystallization level was adversely affected at higher Mg concentrations. Optical band gap and 

Urbach energies increased from 3.30 eV to 3.45 eV and from 79.5 meV to 119.8 meV, 

respectively. The lowest electrical resistivity was noted as 8.72101 cm for Mg-doped ZnO 

films at 5%.   

 

Keywords: Ultrasonic spray pyrolysis, Mg doping, ZnO thin films, optical properties 

 

 

1. INTRODUCTION 

 

One of the most studied metal oxide 

semiconductors, ZnO has unique physical 

properties such as consisting of abundant and 

non-toxic elements, having n-type electrical 

conductivity in its nature due to native defects 

(i.e., oxygen vacancies-VO, zinc interstitials-

Znİ), large band gap (3.3 eV) and high 

exitonic binding energy (60 meV) etc., [1]. 

In particular, the high exciton binding energy 

along with the wide band gap makes ZnO 

well-suited for opto-electronic devices such 

as LEDs [2]. Its high transparency which is 

another feature of ZnO allows transmitting 
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light with very low losses and this makes ZnO 

a favorable material in solar cells as a buffer 

layer or transparent conductive layer in which 

the light penetrates through and reaches the 

active region [3–5]. High carrier mobility 

along with a wide band gap and high optical 

transmittance also makes ZnO an important 

material for thin film transistors to be used in 

future display technologies such as invisible 

electronic devices [6–8]. 

 

However, these superior properties of ZnO 

may still be insufficient to achieve more 

efficient optoelectronic or electronic devices. 

At this point, the effort to tailor the physical 
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properties of ZnO by external doping with 

various elements takes the stage. Substitution 

of Group III (Al, In, Ga etc.) and Group VII 

(F, Cl etc.) elements with Zn and O, 

respectively, increases the free electron 

concentration and hence n-type conductivity 

whereas p-type conductivity can be achieved 

with the substitution of Group II (Li, Na, and 

K) and Group V (N, P, As, and Sb) elements. 

However, it should be noted that obtaining p-

type ZnO requires quite a laborious effort due 

to the compensation of acceptors by donor 

defects such as Zni, VO [9]. 

  

Bandgap engineering is another endeavor to 

get efficient devices. For instance, widening 

in bandgap of ZnO allows transmittance of 

light in the short wavelength region and it 

makes ZnO a preferred material for solar 

blind UV photodetectors, UV-LEDs etc., 

[10]. At this point, Mg doping reveals 

remarkable results due to the fact that the 

bandgap of MgO (7.8 eV) is quite larger than 

that of ZnO [11]. Liu et al. reported that 

doping of Mg into ZnO in nanorod form 

provides a high potential application in UV 

photodetectors due to its high UV/visible 

detection ratio as well as fast rise/fall time 

[12]. Besides, non-toxic ZnO is considered as 

novel buffer layer in thin film solar cells, and 

Mg doping is proposed as an effective way to 

altering conduction band offset at the 

buffer/absorber interface [13]. Törndahl et al. 

experimentally investigated the impact of 

ALD deposited Zn1-xMgxO buffer layer in 

Cu(In,Ga)Se2 solar cells and reported that the 

increasing Mg content till a certain 

concentration lead to enhancement in open 

circuit voltage in CIGS solar cells. They also 

showed that the conduction band offset at 

buffer/absorber interface can be tailored for 

x<0.2, effectively [14]. Similarly, Li et al. 

inserted a Zn1-xMgxO layer between 

ZnO/Sb2Se3 interface and reported that Zn1-

xMgxO layer enables to enhance the efficiency 

by passivating interfacial defects and 

reducing recombination loss at the 

ZnO/Sb2Se3 interface [15]. On the other hand, 

Mg doping into ZnO is not only useful for 

adjusting energy band levels, but can also 

provide functionality to the ZnO. Islam and 

Azam experimentally showed that Mg doping 

into ZnO lattice improves the photocatalytic 

activity by creating localized electronic states 

within the band gap. It was explained that the 

probability of electron-hole recombination 

diminishes due to these localized states that 

behave as traps for the electrons in the 

conduction band and hereby photocatalytic 

activity is enhanced [16]. Okeke et al., on the 

other hand, proved that Mg doping into ZnO 

also allows enhancement in antibacterial 

properties as well as photocatalytic activity 

[17].  

 

All these studies reveal that Mg doping gives 

superior properties to ZnO films. Therefore, 

this study aims to examine the variation in 

physical properties of ZnO thin films due to 

the Mg doping, by ultrasonic spray pyrolysis 

technique. 

 

2. MATERIALS AND METHODS 

 

2.1. Deposition of Thin Films 

 

In the first step of thin film deposition, 

microscope slides used as substrate were 

ultrasonically cleaned in soapy water, 

acetone, methanol and deionized (DI) water 

for 15 min, respectively. Substrates were 

rinsed under running DI water between two 

consecutive steps. At the second stage, spray 

solutions were prepared by mixing of (0.05 

M) Zn(CH3COO)22H2O and (0.05 M) 

MgCl26H2O aqueous solution at certain 

concentrations of 0, 5, 10 and 15 %v/v. 

Finally, the prepared spray solution was 

sprayed by passing through the ultrasonic 

atomizer which operates at 100 kHz onto pre-

heated glass substrates for 25 min by keeping 

the solution flow rate at 4 ml/min. 

Temperature of glass substrates was kept at 

4255C during the deposition and controlled 

by using an PID controller equipped with 

iron-constantan thermocouple. Distance 

between ultrasonic nozzle and substrate was 

maintained at 30 cm. Compressed air at 0.7 

bar pressure was used as carrier gas. 

 

Emrah SARICA

The Effect of Mg Content on the Physical Properties of ZnO Films Deposited by Ultrasonic Spray Pyroly...

Sakarya University Journal of Science 27(3), 621-633, 2023 622



   

 

2.2. Characterization of Thin Films 

 

Surface morphologies of undoped and Mg-

doped ZnO thin films were evaluated by 

means of atomic force microscope (AFM) and 

scanning electron microscope (SEM) images. 

AFM images were captured by Park Systems 

XE-100 and surface roughness values were 

determined via XEI version 1.7.1 software. 

HITACHI SU5000 Field Emission Scanning 

Electron Microscope was used to get both top 

surface images and cross-sectional view to 

determine the film thickness. In addition to 

that, elemental compositions of all films were 

confirmed by means of energy-dispersive X-

ray spectroscopy (EDS) spectra taken by the 

Oxford X-MaxN 80 detector which is an 

attachment of SEM system. Structural 

investigations of all deposited thin films were 

carried out by means of X-ray diffraction 

pattern taken by x-ray diffractometer 

(PANalytical Empyrean), having CuKα 

radiation (λ= 1.5406 Å) operating at 40 mA 

and 45 kV. A continuous scan mode was used 

to collect 2θ data from 25° to 65° with a step 

of Δ(2θ) = 0.013°. Optical transmittance and 

absorbance spectra belonging to deposited 

films were recorded by Rigol Ultra-3660 

double beam UV-Visible spectrophotometer. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Morphological and Elemental 

Investigations 

 

Figure 1 shows the 3D-AFM images of 

undoped and Mg-doped ZnO thin films. 

Bright and dark regions throughout the 

surfaces are related to the hill and valley 

formations, respectively. It indicates the 

presence of randomly distributed particle 

formations with different sizes on the surface. 

Although the ultrasonic nozzle used to spray 

the prepared solution in fine droplets enables 

to get droplets of most frequently 20 m in 

diameter, the size of the droplets obtained 

varies in the range of 10-60 m. This leads to 

formation of hill and valley along the surface 

of thin films and inhibits to get perfectly 

smooth surfaces. Average (Ra) and root mean 

square (Rq) values of surface roughness of all 

films were found to be in the range of 2.02- 

4.39 nm and 2.69-5.68 nm, respectively, and 

listed in Table 1. 

 

As seen from the Table 1, lowest surface 

roughness was obtained for undoped ZnO 

films and roughness increased due to Mg 

doping. This deterioration in the surface 

morphologies is also clearly seen in the SEM 

images given in Figure 2. As seen from Figure 

2, undoped ZnO films consisted of grains with 

a certain geometry but the grain-like 

appearance disappeared for the Mg-doped 

films, gradually. This may also be correlated 

with the deterioration of the crystal structure, 

as will be discussed later. 

 

Meanwhile, the cross-sectional SEM images 

were inserted in Figure 2. Film thicknesses 

were determined as the average of 

measurements taken from ten different 

regions along these images via ImageJ 

software. Thickness of the films were also 

listed in Table 1. 
 

Figure 3 represents the EDS spectra taken for 

the compositional analysis of ZnO:Mg thin 

films. As seen from these spectra strong 

signals were detected belonging to Zn and O 

atoms for all films and whereas Mg signal 

existed for only Mg-doped ZnO films as 

expected. Besides the Zn, O and Mg signal, a 

C peak observed for all films it may have 

come out as surface contamination or 

environmental impurity. Detected atomic 

percentage of Mg is noted as 2.4%, 3.6% and 

5.7% for Mg doped ZnO at 5%, 10% and 15% 

v/v, respectively. Although the Mg ratio in 

EDS spectra was not exactly the same as the 

ratio in the spray solution, the detected Mg 

atomic percent in EDS spectra increased as 

the manganese ratio in the solution increased.
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Figure 1 AFM images of (a) undoped and (b) Mg doped at 5% (c) Mg doped at 10% and (d) Mg doped 

at 15% ZnO thin films 

 

Table 1 Thickness and surface roughness (Ra and Rq are the average and root mean square values of 

roughness) values of all deposited thin films 

Material Thickness (nm) Ra (nm) Rq (nm) 

ZnO 300 2.02 2.69 

ZnO:Mg(5%) 305 4.04 5.16 

ZnO:Mg(10%) 205 3.24 4.05 

ZnO:Mg(15%) 340 4.39 5.68 

 

 
Figure 2 100K magnified surface and cross-sectional (inserted) SEM images of (a) undoped and (b) 

Mg doped at 5% (c) Mg doped at 10% and (d) Mg doped at 15% ZnO thin films 
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Figure 3 EDS spectra of (a) undoped and (b) Mg doped at 5% (c) Mg doped at 10% and (d) Mg doped 

at 15% ZnO thin films 

 

3.2. Structural Investigations 

 

Structural analysis of ZnO:Mg films were 

performed by using XRD patterns given in 

Figure 4. Three diffraction peaks on these 

patterns located at 2 32.1, 34.8 and 36.6 

were observed and indexed to (100), (002) 

and (101) planes of hexagonal ZnO by 

comparing with PDF 00-036-1451 reference 

card. However, Mg-related peaks did not exist 

and it implies that there was no any secondary 

phase of MgxOy or ZnMgO. Some structural 

parameters extracted from the peaks on XRD 

patterns were listed in Table 2. The intensity 

of (100) plane peak was found to be higher 

than peaks of other planes for undoped ZnO 

films, but it decreased gradually with Mg 

content. Moreover, full width half maximum 

(FWHM) values of all peaks exist on XRD 

patterns increased, except for (200) plane of 

Mg doped ZnO at 5%. All these indicate that 

the crystallinity of ZnO films deteriorated by 

Mg doping. 

 

 
Figure 4 XRD patterns of undoped and Mg 

doped ZnO thin films 

 

Diffraction angle (2) and FWHM () are 

determinative on the structural parameters of 

films. Therefore, by using these extracted 

parameters, lattice constants (a and c), unit 

volume cell (V), mean crystallite size (D), and 

micro-strains were calculated by using the 

following relations and listed in Table 2.  

 

Lattice constants (a and c) were calculated by 

following equation [18] 

 
2 2 2

2 2 2

( )

1 4

3hkl

h hk k l

d a c

 + +
= + 

 
          (1) 
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where (hkl) and d are the miller indices and 

interplanar distance ( )2sin
d 


= , 

respectively. Unit cell for hexagonal crystal 

structure [18]; 

 

23

2
V a c=  ( )1 qn =                      (2) 

 

Mean crystallite size was calculated by using 

well-known Scherrer’s equation [18] 

 

coshkl

K
D



 
=              (3) 

 

where K is shape factor (0.94), λ is the 

wavelength of x-ray (λCuKα=0.154 nm), θ is 

the Bragg angle. Micro-strain () values were 

calculated by using following equation [18] 

 

4 tan



=            (4) 

 

Based on these calculations it can be 

concluded that Mg doping adversely affected 

the crystalline level of ZnO thin films. This 

may be due to slight differences between 

ionic radii of Zn2+ (0.74 Å) and Mg2+ (0.71 

Å) which are also known as crystal radii 

described as the physical size of ions in a solid 

by Shannon R.D [19]. Moreover, Mg may 

have also prevented the formation of ZnO as 

reported by others [20–22]. 

 
 

 

Table 2 Peaks position (2) FWHM (), interplanar spacing (d), miller indices (hkl), a-lattice and c-

lattice, c/a ratio, unit cell volume (V), crystallite size (D) and micro-strain values (ε) 

2 ()  () d (Å) (hkl) D (Å) ε×10−3 a (Å) c (Å) c/a V (Å3) 

32.22 0.4131 2.7764 100 209 6.24 

3.2059 5.1553 1.608 45.89 34.78 0.4515 2.5776 002 193 6.29 

36.70 0.4312 2.4471 101 203 5.67 

32.14 0.7632 2.7825 100 113 11.6 

3.2130 5.1557 1.605 46.09 34.77 0.3643 2.5779 002 239 5.08 

36.61 0.6891 2.4524 101 127 9.09 

32.14 0.7566 2.7824 100 114 11.5 

3.2128 5.1454 1.602 45.99 34.84 0.5696 2.5727 002 153 7.92 

36.58 0.6769 2.4547 101 129 8.94 

32.05 0.8284 2.7901 100 104 12.6 

3.2218 5.1480 1.598 46.28 34.83 0.6251 2.5740 002 139 8.70 

36.57 0.7838 2.4554 101 111 10.4 

3.3. Optical Investigations 

 

Optical properties were evaluated by means 

of transmittance and absorbance spectra given 

in Figure 5(a) and (b), respectively. Figure 

5(a) shows that all films exhibit high 

transparency (>90%) in the visible range of 

the electromagnetic spectrum and no 

considerable variation was observed along 

with the Mg doping. On the other hand, the 

absorption edge emerged in the range of 325-

390 nm as seen from Figure 5(b) and shifted 

towards shorter wavelength with the Mg 

doping as clearly seen from the plot given as 

inset in Figure 5(b). In addition to that, the 

absorption edge began to become more 

oblique with the addition of Mg. These 

indicate that band gap of deposited films 

enlarged and band tail fluctuation increased 

with Mg doping.  

 

In order to determine the band gap of all 

deposited thin films, extrapolation of the 

linear portion of the plots of (αhν)2 vs. hν at 

(αhν)2 = 0 was used according to Tauc’s 

method given by Eq (5), and listed in Table 3. 

  

( ) ( )n

gh A h E  = −             (5) 
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where h is the Planck’s constant,  is 

frequency, n is equal to 2 for allowed direct 

transition, A is a constant and Eg is the optical 

band gap. As seen from Table 3, band gap 

increased from 3.30 eV to 3.45 eV along with 

the Mg doping. These values are consistent 

with the previously reported studies and 

increment in band gap with increasing amount 

of doped Mg also reported by others [23–27]. 

In fact, in some reported studies [16, 28–31], 

the increase in the band gap is higher than this 

work. Mostly, the enlargement in band gap is 

attributed to Burstein-Moss effect [16, 25, 26, 

30, 32, 33]. Besides, Etacheri et al. state that 

another important factor affecting the band 

gap of the semiconductors is the lattice 

parameter, and an increase in the band gap 

values is observed along with the decrease of 

the c/a ratio [33]. Also, the electronegativity 

between Zn and Mg has also been suggested 

as the reason for the band gap widening [24, 

28]. In addition to these, a wider band gap of 

MgO (7.8 eV) has compared to ZnO may 

also be the reason for the increase in the band 

gap in the Mg doped ZnO films [20, 34, 35]. 

In this study, as will be discussed in the 

electrical analysis section, there were no 

findings that shows a remarkable 

improvement in electrical properties that 

could indicate an increase in carrier 

concentration with the incorporation of Mg. 

For this reason, it is very hard to explain the 

enlargement in the band gap seen in this study 

by the Burstein-Moss effect. So, the 

enlargement in the band gap might be related 

to the fact that MgO has a wider bandgap than 

ZnO. In order to investigate band tail 

fluctuations, ln vs. h plots given in Figure 

5(d) were constructed and Urbach energy (Eu) 

values for all films extracted from the slope of 

linear portion according to Eq. (6) and listed 

in Table 3. 

0 exp
U

h

E


 

 
=  

 
            (6) 

 

where 0 is a constant. As seen from Table 3, 

Mg doping into ZnO led to increase in Eu from 

79.5 meV to 119.8 meV. This implies that the 

degree of electronic disorder increases by Mg 

doping, in another words, the width of the 

localized states within the forbidden gap 

increases. Structural disorders such as crystal 

defects contributes to band tail states and 

increases the Urbach energy [16, 36].  

 
Figure 5 (a) Transmittance (b) absorbance, (c) hh plots, (d) lnh plots of undoped and Mg 

doped ZnO thin films 
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Table 3 Band gap (Eg), Urbach energy (Eu) and resistivity () values of ZnO:Mg thin films 

Material Eg (eV) Eu (meV)  (cm) 

ZnO 3.30 79.5 1.57102 

ZnO:Mg(5%) 3.38 102.8 8.72101 

ZnO:Mg(10%) 3.42 106.9 4.33102 

ZnO:Mg(15%) 3.45 119.8 3.05104 

The increase in Urbach energies is also 

correlated with the deterioration in the 

crystallization levels of the ZnO:Mg thin 

films deposited in this work. Similar 

deviation in the Urbach energies of ZnO with 

the Mg doping were also reported by Islam 

and Azam [16]. On the other hand, it is known 

that band tails tend to reduce the energy band 

gap of thin films [37, 38]. Therefore, in this 

work, observed increase in the width of band 

tails may have suppressed the enlargement in 

bandgap with Mg doping and inhibited 

getting larger band gaps. 

 

3.4. Electrical Investigations 

 

Electrical investigations were carried out in 

two steps. In the first step electrical 

conductivity type was determined by hot 

point probe techniques and it was noted that 

all films have n-type conductivity. It is very 

well known that point defects (i.e., donor 

defects such as O vacancies and Zn 

interstitials) are the reason for the n-type 

conductivity nature in ZnO films. 

   

In the second step electrical resistivity values 

were measured by means of four-point probe 

technique at room temperature listed in Table 

3. As seen from Table 3, electrical resistivity 

of Mg doped ZnO at 5% is found to be less 

than that of the undoped film. However, Mg 

doping at 10% and 15% led to increasing the 

electrical resistivity, and it was even found to 

be higher than the undoped ZnO films.  As 

known, electrical resistivity is related to 

carrier mobility and carrier concentration 

according to ( )1 qn = . It is reported that 

carrier concentration increases by formation 

of oxygen vacancies through the Mg doping 

due to the difference of electronegativity 

between Mg and Zn [33, 39]. Meanwhile, 

increased oxygen vacancy concentration also 

means a decrease in mobility [40]. Besides, 

Caglar et. al have stated that the substitution 

of Mg2+ and Zn2+ does not yield extra free 

electrons because of their equivalent valence 

state while the interstitial Mg ions donate 

extra electrons [41]. On the other hand, carrier 

mobility is directly dependent on the 

scattering of free carriers, and these 

scatterings implicitly depend on retardation 

by hopping transport, phonon scattering, 

impurity scattering, and grain boundary 

scattering [42, 43]. High carrier concentration 

can be achieved with externally doping, but 

this restricts carrier mobility because it will 

result in a high amount of ionized impurity 

and hence impurity scattering [43–45]. Grain 

boundary scattering, one of the primary 

carrier scattering mechanisms, is directly 

linked with the crystallite size as crystallites 

with small size results in a higher amount of 

grain boundaries, namely, a higher possibility 

of grain boundary scattering. Beyond that, 

segregation of excess Mg ions at the grain 

boundaries gives rise to an electrical barrier 

and thus enhances the effectiveness scattering 

of the carriers [39]. Vinoth et al. also reported 

that the electrical resistance increased with 

the decrease of mobility in Mg-doped ZnO 

films [46]. 

 

In fact, the trend in electrical resistivity 

variations in this work is in harmony with the 

variation of crystallite size of the films, which 

can be associated with grain boundary 

scattering. It can be argued that less electrical 

resistivity for 5% Mg-doped films compared 

to that of the undoped film may have been due 

to the enhancement in crystallite size along 

with the increase in carrier concentration 

resulting from the Mg incorporation. 

However, the relatively high Mg 

concentration (10% and 15 % v/v) in the spray 
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solution may have caused Mg segregation at 

the grain boundaries which may have resulted 

in grain boundary scattering more effective. 

Therefore, increase in the resistivity of 10% 

and 15% Mg-doped films may have been 

predominantly related to carrier mobility 

suffering grain boundary scattering. 

Additionally, as given in the optical analysis 

section, the increase in Urbach energies 

indicates the increase in localized states that 

act as traps for charge carriers [16]. This may 

be another reason for the rise in electrical 

resistivity. 
 

4. CONCLUSION 

 

In this work, Mg-doped ZnO thin films were 

successfully deposited onto glass substrates 

without any crack or void along the surface. 

However, the increase in surface roughness 

with Mg doping indicates that the 

morphology deteriorated. In addition to that, 

high amount of Mg doping led to not only a 

decrease in x-ray diffraction peak intensity 

but also a broadening of them which indicates 

shrinkage in crystallite size. Therefore, it can 

be concluded that Mg doping at these ratios 

has adversely affected both the crystallization 

and morphology of ZnO thin films. 

  

In terms of optical properties, it was found 

that Mg doping is convenient to get a ZnO 

film with a larger bandgap, whereas it causes 

an increase in localized defects within the 

band gap and band fluctuations considering 

the increase in Urbach energies. In addition to 

these, it was determined that electrical 

conductivity can be enhanced by Mg doping 

at 5%, but further doping concentrations 

caused a decrease in conductivity, due to the 

possibility of increased scattering 

mechanisms. 

 

In order to enhance the crystallization level of 

Mg doped ZnO films post-annealing 

treatment can be applied. This may also allow 

for an increase in the electrical conductivity 

by reducing free carrier scattering with the 

enhancement in crystallization level. On the 

other hand, enhancement in crystallization 

level (i.e., reduction in point defects) may also 

make it possible to obtain a wider band gap by 

reducing the tailing of the band edges. 
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