
Journal of Non-Crystalline Solids 560 (2021) 120726

Available online 12 February 2021
0022-3093/© 2021 Elsevier B.V. All rights reserved.

Effect of Mg content on electronic structure, optical and structural 
properties of amorphous ZnO nanoparticles: A DFTB study 

Hasan Kurban a,b, Sholeh Alaei c, Mustafa Kurban d,* 

a Computer Science Department, Indiana University, Bloomington, 47405 IN, USA 
b Computer Engineering Department, Siirt University, 56100 Siirt, Turkey 
c Department of Physics, Urmia Branch, Islamic Azad University, Urmia, Iran 
d Department of Electrical and Electronics Engineering, Kırşehir Ahi Evran University, 40100 Kırşehir, Turkey   
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A B S T R A C T   

In this work, we perform a theoretical analysis of structural, electronic, and optical properties of pure and Mg- 
doped amorphous ZnO nanoparticles (a-ZnO NPs) using DFTB method. Our results show that Zn atoms are more 
preferential for Mg atoms than for O atoms because the number of Mg–Zn bonds is greater than that of Mg–O. 
The rise in the content of Mg in a-ZnO NPs leads to an increase of Mg–Zn and Mg–O interactions. Mg atoms 
prefer to locate near the center of a-ZnO NP, but Zn and O atoms nearly preserve their positions which is 
compatible with radial distribution function peaks. The orbital energies display a decrease in the energy gap from 
3.592 to 3.546 eV while increasing Mg content. The LUMO level is also significantly shifted to higher energies. 
The results also reveal that the performance of pure a-ZnO NP can be enhanced with a subsequent increase in Mg 
content.   

1. Introduction 

Among II–VI group of semiconductors, Zinc oxide (ZnO) has attrac
ted great scrutiny due to its unique electronic structure, chemical and 
optical properties as well as high abundance in nature and non-toxicity 
[1–3]. Due to its desirable chemical properties according to stability and 
catalytic activity, ZnO has been used as a good candidate in many areas 
including solar cells, gas sensors, optoelectronics, and ultraviolet 
light-emitting/detecting devices [3–5]. In addition to bulk ZnO, more 
specifically, its nanostructures such as nanoparticles (NPs), nanorods, 
nanotubes, nanowires, nanobelts, nanosprings, nanosaws, etc., have 
been grown using various methods [6–11]. Among them, significant 
attention has been paid to ZnO NPs due to their fascinating properties, 
being widely studied in various fields as photodetectors [12], energetic 
materials [13], and biomedical agents [14]. 

Recent studies show that it is possible to get better or desirable 
features of materials by doping an atom or changing their structural 
properties under high temperature or pressure, especially at nanolevel 
[15–17]. Herein, many efforts have been carried out on Al, Ca, Cu, Fe, 
Co, Sn, Mn, Ga, Li and Mg-doped ZnO NPs to enhance the structural and 
optoelectronic properties of pure ZnO NPs [18–25]. The obtained results 
from the literature show that the use of doped ZnO NPs allows 

improving the sensitivity, electrocatalyst and photocatalytic properties, 
current efficiency of light-emitting diodes and antibacterial reducing the 
spread of bacterial infections. On the other hand, the amorphous 
transparent oxide materials, especially ionic amorphous oxide ones, 
have vast use in device technology. Among these oxide semiconductors, 
amorphous ZnO (a-ZnO) has high electron mobility (~ 5-40 cm2 /V s) 
making it a suitable candidate for the application of thin-film transistors. 
In comparison to the crystalline form of ZnO, the amorphous counter
part possesses some advantages such as efficient optical properties, 
lower cost, and easier methods to produce a large sheet of this kind of 
material at low temperatures [26,27]. Besides, the energy gap of a-ZnO 
is found as 1.60 eV (experimental) [28] and 0.74 eV (theoretical) [29], 
which are considerable smaller than its crystal form (3.37 eV) [30]. As 
can be seen from the literature, the doping process and amorphous lead 
to some significant advantages over the pure and crystalline ZnO. 

In the present paper, the influences of Mg content on electronic 
structure, optical and structural properties of a-ZnO NPs have been 
performed by the density-functional tight-binding (DFTB) approach. 
When compared with relevant studies mentioned above, the novelty and 
advantages of this study are to investigate doping Mg atoms on a-ZnO 
NPs for the first time. In this perspective, we have carried out the vari
ation of the number of bonds of binary Mg–Mg, Mg–O, Mg–Zn, 
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Zn–Zn and O–Zn interactions, segregation phenomena of Mg, Zn and O 
atoms, radial distribution function (RDF), the density of states (DOS), 
orbital energies (HOMO, LUMO and HOMO-LUMO energy gap), and 
refractive index as a function of Mg concentration. 

2. The method of calculations 

We used the DFTB+ code [31], which is an implementation of DFTB 
method, with the 3ob/3ob-3-1 ,[32,33] set of Slater Koster parameters. 
ZnO NP was carved from a wurtzite bulk ZnO 60 × 60 × 60 supercell. To 
create a spherical NP model with desirable radius, which is chosen as 
0.9 nm in this study, the atoms within the spherical area are only 
considered, but the other atoms are removed from the supercell. The 
crystalline ZnO needs to grow stands at high temperature (773–1073 K) 
[34], which is a significant disadvantage against a-ZnO, which can be 
prepared at low temperature, even at room temperature [30]. In this 
study, the ZnO NP was first melted by heating it to 2300 K almost cor
responding to experimental melting point (2247 K) of ZnO [35], within 
the NVT ensemble in the frame of molecular dynamics (MD) simula
tions. The time step of MD was chosen as 1 fs. Then, the melt structure 
was cooled to 300 K to obtain an amorphous structure. 

The number of bonds (nij) is an important parameter for NPs and 
used to differentiate the degree of packing in general. The nij [36] is 
expressed by 

nij =
∑

i<j
δij (1)  

where δij= {
1, rij ≤ 1.2r(0)ij

0, rij > 1.2r(0)ij 

i, j = Mg, Zn or O, rij is the distance between 

atom i and j and r(0)ij is a nearest neighbor criterion derived by fitting the 
binary data of . We perform, in this study, the atomic distribution of Mg, 
Zn and O atoms in the studied pure and Mg-doped a-ZnO NPs using nij. 

It is one of the major problems of some materials [37] to set up a 
stable structure for providing materials with high-efficiency. It is known 
that the distribution of atoms in crystalline materials is, homogeneous 
[38], but not for amorphous materials. In this perspective, we analyzed 
the order parameter (RTi ) which explores the distribution of the different 
types of atoms [39] to find the stable structure in NPs. Let nTi be the 
number Ti type atoms in the ternary ABC NPs, ri the distance of the 
atoms to the coordinate center of the NP, then RTi , the average distance 
of a type Ti atoms in accordance with the center of a NP, is calculated as 
follows: 

RTi =
1

nTi

∑nTi

i=1
ri (2) 

An ∈ distance from center of NP to a reference point is defined to 
show the location of atoms; if RTi < ∈min (a “small” value), the Ti type 
atoms are at the center, and if RTi > ∈max (a “large” value), the Ti type 
atoms are at the surface region of NP. If neither is true, i.e., if ∈min ≤

RTi ≤ ∈max (a “medium” value), a well-mixed NP. 

3. Results and discussion 

Fig. 1 shows the optimized structures of pure and some of Mg-doped 
a-ZnO NPs with various concentrations of Mg. In Fig. 2, the log of the 
number of bonds shows the variation of the number of bonds of binary 
interactions in the Mg-doped ZnO NPs as a function of Mg concentration. 
The number of Mg–Mg bonds increases with an increase in Mg doping 
concentration which authenticates the little loss in the crystallinity 
originating from distortion of the lattice. Considering Fig. 2, the number 
of Mg–O and Mg–Zn bonds increases with a raise in the content of Mg 
atoms, while the bond numbers of Zn–Zn and O–Zn reduce. In other 
words, the average number of Zn–Zn and Zn–O bonds was calculated 
less as the number of dopants increases. Besides, the bond numbers of 
Mg–Z and Mg–O are relatively greater than other bonds. This holds out 
that O and Zn atoms tend to make more bonds with Mg doping, but Zn 
atoms have more tendency to bond with Mg than O atoms. Comparing 
all possible number of bonds, the increase in Mg doping leads to the 
sharp increase in the number of O and Zn bonds. The reduction of the 
number of Zn-Zn and O-Zn bonds is not as sharp as the increment of 
Mg–Zn and Mg–O bond numbers, i.e., the change in the number of the 

Fig. 1. Optimized structures of pure and Mg-doped amorphous ZnO nanoparticles (Mg is orange, Zn is gray, and O is red). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 2. Variation of number of bonds of binary Mg–Mg, Mg–O, Mg–Zn, Zn- 
Zn and O–Zn interactions as a function of Mg concentration. 
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first ones is not significant as the latter bond numbers. 
The order parameter (R) is one of the factors used to understand the 

distribution of atoms in a material. Thus, according to the R, the stable 
structure of NPs can be analyzed. The definition of the R was presented 
in our previous paper [40]. The R is employed for determining the 
segregation phenomena of atoms in Mg-doped a-ZnO NPs. As it is dis
played in Fig. 3, with the increase of doping concentration, Mg atoms 
prefer to locate near the center of NP and try to indwell most portion of 
it. However, Zn and O atoms is completely opposite to Mg atoms. The Zn 
and O atoms have tendency to preserve their positions in the Mg-doped 
a-ZnO NPs and make their effort not to shift their locations. In addition 
to this trend, on the other hand, as Mg concentration rises, the dopant 
ions may replace Zn ions in the host lattice. In addition, it is observed 
that Mg atoms tend to place near the surface in a-ZnO NPs. The radius of 
Mg2+ ions is smaller than Zn2+ ion ones, thus, some of Mg+2 ions may 
substitute Zn2+ ions. The R for Mg exhibits a slight drop as the Mg 
concentration increases and varies widely with an increase in the con
centration of Mg atoms, while the R remains nearly constant for O 
atoms. But for Zn atoms, the R exhibits a gradual decrease, caused by the 
presence of 5-10% of Mg atoms within a-ZnO NPs, then returns to the 
previous value. In the literature, it is reported that incorporation of 
dopant atoms affects the lattice structure of the host materials [41]. 
Moreover, the basic structure of a-ZnO NPs like crystalline ones is not 
modified and retains their original structure. 

Using the obtained results, we explore the influence of doping con
centration of Mg atoms on the formation of a stable structure a-ZnO NPs. 
Calculating the Radial Distribution Function (RDF) of the bond lengths 
between the constituent atoms is one of the techniques used to quantify 
the lack of long-range crystalline order to be the defining feature of 
amorphous structures. The RDF can be used to verify the structure 
evolution of a-ZnO NPs in the presence of different concentrations of Mg 
atoms. The shape and location of the RDF peaks also allow determining a 
model of the atomic structure of NPs and estimating the disorder and 
amorphous form. 

Fig. 4-up presents the RDF for Zn-Zn and O-O binary interactions in 
the pure a-ZnO NP. All RDF calculations are done for each optimized 
atomic pair of a-ZnO NP. The results show that there is one outstanding 
peak with values of 6.2 and 4.8 for Zn and O atoms with a distance of 1.7 
Å and 1.9 Å corresponding to pure ZnO, respectively. Therefore, Zn–Zn 
interactions possess higher and sharper peak distribution than O–O 
interactions. However, O atoms have larger RDF than Zn atoms, i.e., O 
atoms placed in inner shells near to the center of a-ZnO NP. The posi
tions of these peaks are in line with experimental and theoretical peaks 

in the literature which has reported around 2 Å [42,43]. It is compre
hended that the ZnO bulk character is preserved in the amorphous 
sample, as well. This behavior has also been observed in other amor
phous oxides [42,43]. Furthermore, the maximum point of RDF peaks of 
Zn and O interactions nearly compatible with those for crystalline ZnO 
[44]. 

We also observe that, on the one hand, in Mg-doped a-NPs, the RDF 
of Zn and O atoms are similar, whereas it is also completely different in 
peak height and position for Mg (shown in Fig. 4-down). Thus, dopant 
Mg influences the RDF values when compared to pure a-ZnO NP. For 
20% Mg-doped a-ZnO NP, the RDF values for Mg has moved to higher 
values in comparison to values of Zn and O peaks. The distributions of 
Mg atoms are also wider than in the case of Zn and O atoms. This con
firms that the Mg atoms tend to locate near the surface of Mg-doped a- 
ZnO NP. The maximum RDF peak of Mg atoms is also greater than that of 
Zn and O. The RDF of this peak which is around 34 at a radius of 1.8 Å is 
related to the maximum concentration of Mg doping. Moreover, the Zn 
and O peaks are not perceptibly affected by the presence of Mg atoms as 
dopants, there is only a slight decrease in the RDF peaks of mentioned 
atoms. This shows that Zn and O atoms start to fluctuate from their 
equilibrium positions swiftly, so the peak positions change very slightly. 

To get better insight on the electronic structure of pure and Mg- 
doped a-ZnO NPs, the total density of states with a wide range of Mg 
doping concentrations is performed as shown in Fig. 5. The DOS Fig. 3. Mg concentration dependence of the order parameter of Mg, Zn and O 

atoms in pure and Mg-doped amorphous ZnO nanoparticles. 

Fig. 4. Radial distribution function of pure (up) and 20% Mg-doped amorphous 
ZnO (down) nanoparticles. 
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analyses indicate that the greatest contribution results from 20% and 
15% Mg-doped a-ZnO NPs. The main reason of fluctuations in the DOS is 
the concentration percentage of doping with Mg into a-ZnO NPs. 
Experimental findings show that ZnO NPs possess the energy gaps of 
approximately 3.5 eV [45]. The study show that the energy gap is 
remarkably affected by some factors such as phase structure, size of the 
structure, temperature. It can be evidently noticed that the energy gaps 
of Mg-doped ZnO NPs decrease significantly compared with pure ZnO 
and thus both the valence band (VB) to the conduction band (CB) shift 
toward the low-energy region. It is interesting to note that the increase 
in the CB is greater than that of the VB. 

Investigations about the energy gap modulation with Mg content and 
their relations do not follow a similar trend for crystalline and amor
phous ZnO. In this regard, more studies about the role of various factors 
along with doping concentration on widening or narrowing of the en
ergy gap of a-ZnO NPs is needed. In Fig. 6, the HOMO-LUMO energy gap 
of pure and Mg-doped a-ZnO NPs as a function of Mg concentration are 
presented. Highest occupied molecular orbital (HOMO) as electron do
nors and lowest unoccupied molecular orbital (LUMO) as electron ac
ceptors are important parameters to determine the reactivity of NPs. The 
energy difference between HOMO and LUMO orbits is called as the 

energy gap which is important stability for the structure. 
The predicted results for the HOMO-LUMO gap for the ZnO NPs from 

DFTB calculations and experimental are compared in Fig. 6. For pure 
ZnO NPs, we find that the predicted energy gap value obtained from 
calculations equals 3.592 eV which is the highest HOMO-LUMO gap. 
The calculated result is compatible with experimental data of 3.36 eV 
[24]. Considering the effect of Mg doping concentration, we observe 
that the HOMO-LUMO gap drops rapidly to a value of 3.526 eV in the 
case of 2.5% Mg-doped a-ZnO NP. The lowest HOMO-LUMO gap for the 
doped ZnO NPs results in 7.5% Mg concentration with the value of 
3.525 eV (the electronic gap) from DFTB and its experimental value is 
3.04 eV (the optical gap). The differences between theory and experi
ment are expected results because the electronic energy gap is larger 
than that of optical gap. Furthermore, the trend just documented is not 
obeyed for Mg concentrations more than 7.5%, i.e., for 12.5% Mg 
doping and more, the HOMO-LUMO gap increases as dopant concen
tration rises. From Fig. 6, the energy gaps correlate with a higher frac
tion of Mg doping, i.e., 12.5, 15 and 20% are 3.5310 eV, 3.5380 eV and 
3.546 eV, respectively. However, in the literature, there is no study on 
Mg doping concentration more than 7.5% for ZnO NP. 

A similar trend in the bandgap upon doping was also observed for 
Ag-doped ZnO [46], but it is observed some fluctuations for Cr and 
Mg-doped ZnO. Chang et al. reported that the decrease in the optical 
bandgap of ZnO NPs with dopant Cr could eventuate in the formation of 
defects and higher flow of electrons from the VB to CB of ZnO material, 
so caused augmentation of the electronic conductivity of the material 
[47]. Thus, due to the presence of dopant, ZnO NPs indicate a bandgap 
significantly smaller than that of its crystalline structure. It is very likely 
that similar effects are observed in the present study. We find out that 
increasing of Mg doping concentration up to 20% eventuates in nar
rower the energy gap in comparison with pure material but wider than 
minor Mg doping concentration. Many other studies show that the 
content of Mg atoms influences bandgap of crystalline ZnO nano
structure and reported controversial results about its effect on the 
fluctuations of bandgap. It is noteworthy to mention that, to the best of 
our knowledge, there is no theoretical nor experimental report on the 
Mg doping concentration augmentation effect on a-ZnO. Thus, it can be 
concluded that Mg doping may provide an efficient way to modulate the 
energy gap in a-ZnO. 

To obtain a broader perspective on the effect of Mg content, the 
HOMO and LUMO energy levels of pure and Mg-doped a-ZnO NPs are 
presented in Fig. 7. We observe that the HOMO and LUMO energy levels 
are -7.855 eV and -4.263 eV respectively, generating an energy gap 
value of about 3.592 eV for pure ZnO NPs. After doping 2.5% Mg atoms 
on a-ZnO NPs, the HOMO and LUMO energies reduce values of -7.874 eV 
and -4.348 eV, respectively. The energy band gap of 2.5% doped a-ZnO 
NPs significantly decreases from 3.592 eV to 3.526 eV upon Mg doping. 
As seen in Fig. 7, after the increase in the Mg content, the LUMO level is 
significantly shifted to higher energies, while the trend is different in 
HOMO energy level. It is obvious that in the case of 7.5% Mg-doped 
ZnO, the HOMO increases from -7.874 eV to -7.869 eV which agrees 
with LUMO behavior. However, the trend is not similar for 12.5 and 15% 
doping concentration, i.e., HOMO decreases to -7.870 eV. For increasing 
Mg doping concentration, repeatedly, a rise in HOMO level to -7.867 eV 
occurs and thus the energy gap is predicted as 3.546 eV. The energy gap 
values of Mg-doped a-ZnO NPs were decreased with doping of Mg, and 
the narrower band gap belongs to 7.5% concentration of Mg doping. We 
noticed that the increase in Mg doping content results in fluctuations in 
the energy gap, HOMO and LUMO. Many studies have been reported on 
the fact of the narrow and decreased energy gap for doped crystalline 
ZnO with Mg, Ag, In and Ni [48–50]. 

According to the previous studies, different dopant atoms can adjust 
the energy gap of ZnO, so it helps to make UV photodetectors and 
photoconductive detectors in different UV regimes [51,52]. In this re
gard, there has been a great interest in high optical refractive index n 
and larger energy gap because of the applications of ZnO material in 

Fig. 5. The total density of states (DOS) of pure and Mg-doped amorphous ZnO 
nanoparticles. 

Fig. 6. The HOMO-LUMO energy gap of pure and Mg-doped amorphous ZnO 
nanoparticles as a function of Mg concentration. 
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optoelectronic and sensor industries. The refractive index, n is, on the 
other hand, one of important parameters for optical materials and 
applications. 

The calculated n of pure and Mg-doped a-ZnO NPs are displayed in 
Fig. 8. The obtained n values are calculated as based on Moss, Ravindra, 
Hervé-Vandamme and Kumar-Singh relations. Considering Ravindra 

model, the n is in the range of 1.856 - 1.885 and it increases from 1.856 
for pure ZnO to 1.897 and 1.898 for 2.5 and 7.5% Mg doping concen
tration, respectively. For more Mg doping concentration, little decrease 
is found for n values, but, generally, it can be concluded that Mg doping 
increases the n. Moreover, the n of pure a-ZnO goes up with an increase 
in Mg content for both Moss and Kumar models, and it is placed in the 
range of 2.229- 2.238 for Kumar relation and 2.267 to 2.275 for Moss 
relation. The n values obtained from Hervé-Vandamme relation are 
higher than of other relations. It is the highest for 7.5 % Mg doping 
concentration with the value of 2.885. All four NP models present the 
same pattern between Mg doping concentration and the n and thus give 
similar results. To improve the performance of optical devices, optical 
sensors and optical interference filters, there is a need not only for the 
high n but also for wide energy gap materials. Besides, a higher Mg 
content (7.5% or more) on ZnO NPs gives rise to an increase in the n 
value. 

4. Conclusion 

In the present study, the effect of Mg content on electronic structure, 
optical and structural properties of a-ZnO NPs, for the first time, has 
been carried out by the DFTB approach. We examine the number of 
bonds, order parameter, and RDF of two-body Mg, Zn and O in
teractions. Our results show that Mg atoms prefer to bond with Zn and O 
atoms, so the number of Mg–O and Mg–Zn bonds increases with a raise 
in the content of Mg atoms while the number of Zn–Zn and O–Zn 
bonds reduces. Also, Mg atoms tend to interact with Zn atoms more than 
O atoms. The segregation of Mg, Zn and O atoms indicates that Mg atoms 

Fig. 7. HOMO and LUMO energy levels of pure and Mg-doped amorphous ZnO nanoparticles as a function of Mg concentration.  

Fig. 8. Refractive index of pure and Mg-doped amorphous ZnO nanoparticles 
as a function of Mg concentration. 
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tend to locate at the center, while Zn and O atoms keep nearly their 
locations. The energy gap of pure a-ZnO NPs is reduced from 3.59 eV to 
3.54 eV with the dopant Mg atoms due to the considerable change in the 
LUMO level. The trend of the energy gap is also consistent with exper
imental results. Finally, a higher Mg content in the ZnO NPs gives rise to 
an increase in the refractive index. Overall, Mg-doped a-ZnO NPs have 
more desirable properties than that of the pure ZnO, so they can be 
preferred as a promising material for optoelectronic applications. 
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