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Abstract 
This study evaluated the electronic and optical properties of the Al- and F-
doped ZnO by the first-principles study based on the density functional the-
ory. The results show that the Al-3s, Al-3p, and F-2p orbitals introduce new 
impurity states near the Fermi level. This phenomenon significantly increases 
the density of states (DOS) in the conduction band of ZnO, which further en-
hances the carrier concentration and thus improves its electrical conductivity. 
It is worth noting that the electron mobility of F-doped ZnO is higher than 
that of Al-doped ZnO. Moreover, the two doped systems exhibit similar trans-
mittance characteristics in the visible light band. This study provides a theo-
retical explanation for the modulation mechanisms of F and Al elements on 
the electronic structure and optoelectronic properties of ZnO. 
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1. Introduction 

Transparent Conductive Oxides (TCOs) are a category of special oxide materials 
that simultaneously possess high visible light transmittance, excellent electronic 
conductivity, and indispensable application value in the field of optoelectronics 
[1]. Indium tin oxide (ITO), which is indium trioxide (In2O3) doped with tin (Sn), 
is the most widely used TCO material at present [2]. However, this material has 
shortcomings such as high raw material cost, strict deposition process conditions, 
and weak mechanical properties, which limit its further application. Compared 
with ITO, ZnO thin films exhibit comparable optical and electrical properties. 
Specifically, they show characteristics including high visible light transmittance, a 
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wide band gap (3.37 eV), a large exciton binding energy, and high electron mobil-
ity. Meanwhile, ZnO also has advantages such as non-toxicity, low preparation 
cost, and abundant reserves of raw materials. Thus, it is expected to replace ITO 
as a promising candidate TCO material in the field of optoelectronics [3] [4]. 

However, single-component ZnO lacks chemical and thermal stability and has 
poor conductivity in long-term applications. Therefore, doping is required to im-
prove and regulate its optoelectronic properties. Researchers have conducted ex-
tensive work on the doping modification of ZnO [5]-[10]. Among different dop-
ing elements, metallic Al and non-metallic F are the two most widely used dopants 
currently. Significant progress has been achieved in the optoelectronic properties 
of Al-doped ZnO (AZO) and F-doped ZnO (FZO) thin films, with their electrical 
conductivity and visible light transmittance reaching the order of 10−4 Ω·cm and 
90%, respectively [11] [12]. Nevertheless, existing studies rarely analyze the effects 
of metallic Al and non-metallic F doping on the optoelectronic properties of ZnO 
systems from a microscopic perspective, especially by combining carrier transport 
mechanisms and optical response mechanisms. 

In this study, first-principles calculation methods based on density functional 
theory (DFT) were used to calculate the structural properties, electronic struc-
tures, and optical properties of ZnO systems doped with metallic Al and non-me-
tallic F. The influence mechanisms of metallic Al and non-metallic F on the opto-
electronic properties of ZnO systems were explored. 

2. Calculation Models and Methods 

Figure 1 shows the conventional unit cell of ZnO, where red atoms represent ox-
ygen (O) atoms and gray atoms represent zinc (Zn) atoms. The conventional unit 
cell of ZnO was expanded by 2 times along the x, y, and z directions respectively, 
resulting in a 2 × 2 × 2 supercell. This supercell contains 16 O atoms and 16 Zn 
atoms. Considering that substitutional doping is easier to carry out than intersti-
tial doping, we used Al and F atoms to replace Z and O atoms respectively, with a 
doping concentration of 6.25 at.%. 
 

 
Figure 1. Conventional unit cell of ZnO. The red atoms represent O atoms, and the grey 
atoms represent Zn atoms. 
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The density functional calculation software package CASTEP was used to cal-
culate the structural, electronic, and optical properties of pure ZnO and doped 
ZnO systems [13]. The exchange potential and correlation potential were de-
scribed using the Perdew-Becke-Erzenhof functional within the generalized gra-
dient approximation. The k-point grid and cutoff energy were set to 4 × 4 × 2 and 
360 eV, respectively. The convergence threshold for self-consistent iteration was 
set to 1 × 10−6 eV. 

3. Results and Discussion 
3.2. Structural Optimization 

The optimized lattice parameters and differences in volume for the doped ZnO 
systems are listed in Table 1. The lattice parameters of pure ZnO are calculated as 
a = b = 3.293 Å, c = 5.304 Å, close to the experimental value [14]. After Al atom 
doping, the volume was reduced to 57.516 Å3, with a volume change rate of 0.35%. 
In contrast, after F atom doping, the volume was increased to 58.699 Å3, with a 
volume change rate of 2.06%. This phenomenon is mainly attributed to the differ-
ences in atomic radii between Al atom and Zn atom, as well as between F atom 
and Zn atom. 

 
Table 1. Optimized lattice parameters and volume difference (ΔV) of doped ZnO systems. 

Materials 
Lattice parameters (Å) 

V (Å3) ΔV (%) 
a b c 

Pure ZnO 3.293 3.293 5.304 57.516 / 

Al-doped ZnO 3.288 3.288 5.304 57.314 −0.35 

F-doped ZnO 3.313 3.313 5.348 58.699 2.06 

3.2. Electronic Properties 

Figure 2(a) shows the calculated band structure of pure ZnO. The red dotted line 
represents the Fermi energy level. It is found that the pure ZnO is a direct band 
gap semiconductor at the Z point. The calculated band gap value is 0.735 eV, 
which is consistent with the values reported in the literature [15] [16]. However, 
this value is much smaller than the experimental value, and this discrepancy is 
caused by the inherent limitations of the GGA functional itself, and does not affect 
the subsequent analysis of electronic structure and optical properties. Figure 2(b), 
Figure 2(c) show the band structures of doped ZnO. After Al and F atoms are 
doped into the ZnO lattice, the Fermi level enters the conduction band. The doped 
systems are transformed into n-type direct band gap semiconductors and exhibit 
metallic characteristics, with enhanced electrical conductivity. Electrons in the va-
lence band are restricted by the Pauli exclusion principle and enter the conduction 
band above the Fermi level, leading to a widening of the optical band gap of the 
doped systems. 

To further analyze the electronic structure, we calculated the total density of 

https://doi.org/10.4236/msce.2025.1311001


X. J. Xiao et al. 
 

 

DOI: 10.4236/msce.2025.1311001 4 Journal of Materials Science and Chemical Engineering 
 

states and partial density of states of pure ZnO and doped ZnO, as shown in 
Figure 3. In the electronic structure of pure ZnO, the density of states of Zn-3d 
orbitals is localized at deep energy levels. The valence band is mainly contributed 
by O-2p orbitals, while the conduction band is dominated by Zn- 4s and 4p 
orbitals. After Al is doped into ZnO, the 3s and 3p orbitals of Al introduce new 
impurity states near the Fermi level, which significantly increases the density of  

 

 
Figure 2. The band structures of (a) pure ZnO, (b) Al-doped ZnO, and (c) F-doped ZnO. 

 

 
Figure 3. Density of states of (a) pure ZnO, (b) Al-doped ZnO, (c) F-doped ZnO, (d) Al atoms, and (e) F atoms. 
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states of the conduction band and is beneficial to the improvement of carrier con-
centration. For F-doped ZnO, the density of states of F-2p orbitals is distributed 
in the shallow energy level region and also makes contributions near the Fermi 
level, thus enhancing the electronic density of states of the conduction band. In 
conclusion, both Al and F doping introduce impurity states at the Fermi level in 
the electronic structure of ZnO, which helps to improve the carrier concentration 
and electrical conductivity of the doped systems. 

In addition, to analyze the electron transport mechanism of different doped 
systems, the bending degree of the energy bands at the conduction band minimum 
(CBM) was compared. A larger curvature corresponds to a smaller effective mass, 
while a smaller curvature corresponds to a larger effective mass. Figure 4 presents 
the E-K diagrams along the horizontal direction and vertical direction. It can be 
observed from the figure that in the horizontal direction, the curvature of the 
CBM energy band of the F-doped ZnO system is larger than that of pure ZnO. In 
contrast, the curvature of the CBM energy band of the Al-doped ZnO system 
is smaller than that of pure ZnO. This indicates that the electron effective mass of 
the F-doped ZnO system in the horizontal direction is smaller than that of the Al-
doped ZnO system. In the vertical direction, the curvatures of the CBM energy 
bands of both F-doped and Al-doped ZnO systems are smaller than that of pure 
ZnO, which means that the electron effective masses of the doped ZnO systems in 
the vertical direction are larger than that of pure ZnO. It is worth noting that the 
electron effective mass of the F-doped ZnO system in the vertical direction is 
smaller than that of the Al-doped ZnO system. 

 

 
Figure 4. The E-K diagrams along the (a) horizontal and (b) vertical directions. 

3.3. Optical Properties 

The real and imaginary parts of the complex dielectric function can be obtained 
using the scissors operator method. With the values of these two parts, the ab-
sorbance and reflectance curves can be further calculated. Then, combined with 
the relationship of “Absorbance + Reflectance + Transmittance = 1”, the trans-
mittance spectra of pure ZnO, Al-doped ZnO, and F-doped ZnO were finally ob-
tained, as shown in Figure 5. In the longer wavelength range of visible light, the 
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transmittance of the doped systems is slightly higher than that of pure ZnO, which 
is caused by the lower reflectance. In the shorter wavelength range of visible light 
and the larger wavelength range of ultraviolet light, the transmittance of the doped 
systems is significantly higher than that of pure ZnO, which is mainly attributed 
to the increase in optical band gap. From the perspective of electronic structure, 
electrons in the O-2p orbitals of the valence band absorb photon energy and then 
jump to the Al-3p, F-2p, and Zn-4p orbitals above the Fermi level, resulting in a 
blue shift of the absorption edge. In the visible light band, the Al-doped ZnO sys-
tem and the F-doped ZnO system exhibit similar transmittance properties, with 
both transmittances reaching more than 90%, which is consistent with the results 
reported in previous experiments [11] [12]. 

 

 
Figure 5. Transmittance of pure ZnO and doped systems. 

4. Conclusion 

In this paper, the structure, electronic and optical properties of the Al- and F-
doped ZnO have been investigated by the first-principles study based on the den-
sity functional theory. The calculated lattice constants of ZnO are in agreement 
with experimental values. The incorporation of F and Al elements modifies the 
electronic structure of ZnO, transforming ZnO into an n-type semiconductor 
with an increased optical band gap and enhanced electrical conductivity. The elec-
tron effective masses of F-doped ZnO in both horizontal and vertical directions 
are smaller than those of Al-doped ZnO, indicating that F-doped ZnO exhibits 
higher electron mobility. The calculation results of optical properties show that 
the incorporation of F and Al elements increases the transmittance of ZnO in the 
short-wavelength range of visible light and the long-wavelength range of ultravi-
olet light, and both doped systems exhibit similar transmittance characteristics in 
the visible light band, with both transmittances reaching more than 90%. 
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