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ABSTRACT 
 

The lattice parameters, average bond length, band structure and density of states (DOS) 
of pure ZnO and La-doped ZnO were calculated using the density functional theory 
(DFT) with the addition of Hubbard U (DFT+U) correction method. Lanthanum, La is 
a p-type dopant that might be viewed as a practical method for improving a 
piezoelectric nanogenerator's performance. The calculated lattice parameters and 
volume of pure ZnO expanded after La doping which are a=b=3.251 Å, c=5.208 Å and 
V= 48.346 Å3. The Zn-O bond length of La-doped ZnO is higher than that of pure ZnO 
which makes the La-doped ZnO having stronger bonding than pure ZnO. The 
calculated band gap of pure ZnO was 3.415 eV and for La-doped ZnO, the band gap 
shows an increases to 3.457 eV. The calculated band gap approaches the experimental 
band gap with the implementation of Hubbard U at Ud at Zn and La sites and Up at O 
sites. The density of states (DOS) of both pure ZnO and La-doped ZnO were conducted 
to determine the contribution of s, p and d orbitals that appear in the minimum 
conduction band and maximum valence band. As a result, we believe that our findings 
will be useful in understanding the doping impact in ZnO and will motivate further 
theoretical research. 
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INTRODUCTION 
 
Zinc oxide (ZnO) is a II-VI compound semiconductor that has a wide direct band gap 
of around 3.3 to 3.4 eV and exhibits large exciton bonding energy (60 meV) at ambient 
temperature [1]. Because of its semiconductor properties, ZnO can be used in a variety 
of technological applications such as piezoelectric [2], gas sensor [3], light-emitting 
diodes [4], photocatalyst [5] and others.  

Nowadays, computational method is an important part of materials research 
since they can solve and provide a detailed explanation of the structural and electronic 
properties of the materials. Generalize gradient approximation (GGA) and local density 
approximation (LDA) methods from various software programmes were used to 
evaluate structural and electronic properties of materials [6-9]. For pure ZnO, some 
researches have been performed the calculations based on the standard density 
functional theory (DFT) and the band gap energy obtained shows a range of value 
between 0.6 eV and 0.9 eV [6,7,10,11] which is an underestimate compared to the 
experimental energy band gap  (3.4 eV) [12]. This is because the energy band gap for 
larger electronic d and f orbital systems was calculated inaccurately. For a better result 
on the electronic localization of d and f electrons and to improve the calculated energy 
band gap, several revised XC approximations, such as DFT+U, hybrid functional, GW 
approximation and DMFT, have been presented in the previous research [12]. In the 
calculation of the energy band gap of ZnO, the hybrid functionals (PBE0, HSE06, and 
sX) proved to be more accurate. However, hybrid functionals are known to have a 
greater computational cost and longer to solve the problem [13]. In the computation of 
structure, elastic constant, energy band gap, and electronic localization of 3d orbitals, 
the less expensive and more popular semiempirical GGA+U functional applied to ZnO 
has been reported to be more accurate [14]. Furthermore, the DFT+U method is 
appropriate and commonly employed in more complicated or large-scale systems of 
materials such as larger supercell structures, applications for substitution/doping, 
defects, and surface analyses [15]. 

ZnO has the potential to be a piezoelectric material that has attracted interest 
due to its high piezoelectricity and high level of biocompatibility. Many researchers 
have chosen to improve ZnO's piezoelectric property using various doping and 
interface techniques. Doping is one of the most basic methods for modifying the band 
gap and lattice parameters, which affect the piezoelectric output. Moreover, Yang Bai 
[16] states that materials with a wider band gap are perfect for piezoelectric 
applications. Impurity doping of ZnO has recently received a lot of attention [17] and 
is a useful method to increase the band gap. Previous research showed that the dopants 
from transition metal groups such as silver (Ag), aluminum (Al), molybdenum (Mo) 
and tin (Sn) doped with ZnO obtained band gap energies of 2.878 eV, 3.201 eV, 3.312 
eV and 3.190 eV, respectively [18-20]. It was also reported that doping of group-I 
elements such as lithium (Li) and cerium (Ce) in ZnO also produced small band gap 
than rare-earth group which are 3.20 eV, 0.66 eV [21, 22]. The properties of ZnO can 
also be improved by doping with a rare earth metal element which is a special dopant 
with a particular electronic structure [23]. Achehboune et al. study on the electronic 
properties of both erbium-doped ZnO and ytterbium-doped ZnO. They determined the 
band gap of the doping crystal structure with the addition of Hubbard U at 3.290 eV 
and 3.250 eV [6,10].  Besides, Mohamed et al. study on the effect of gadolinium (Gd) 
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doping on on the structural, optical, and magnetic properties of ZnO based diluted 
magnetic semiconductor nanorods stated that the band gap of Gd-doped ZnO produced 
are 3.26 eV [8]. In previous research, Chen et al. have used the spin-coating process to 
create La-doped ZnO films with different La doping concentrations by using the sol-
gel method. The band gap of La-doped ZnO films increases linearly from 3.270 to 
3.326 eV [5]. In addition, Deng et al. [24] studied the effect of La doping on the 
electronic structure and optical properties of ZnO via standard DFT and obtained a 
band gap of 0.837 eV. Meanwhile, the same conclusions were also drawn in another 
work [25]. In addition, a previous study by Kang et al. showed that the La-doping could 
improve the output piezoelectric performance of ZnO since the band gap of La-doping 
is greater than that of pure ZnO [1].  

In this work, we focused on theoretical studies of pure and La-doped ZnO using 
a first-principle study based on the density functional theory (DFT). The standard DFT 
method which uses XC functionals from LDA, GGA and GGA-PBEsol obtained the 
underestimated band gap energy. However, there is no further understanding of how to 
apply Hubbard U to the properties of La-doped ZnO. Hence, here we performed a 
detailed analysis on the structural parameters, the average bond length, band structure 
and density of states of pure ZnO and La-doped ZnO with a focus on the DFT and 
DFT+U methods. 
 

COMPUTATIONAL METHOD 
 
The first-principle study was performed with the Cambridge Serial Total Energy 
Package (CASTEP) [26] code which is based on the density functional theory (DFT) 
with implementation of Hubbard U (DFT+U) via a plane wave pseudopotential 
method. The exchange-correlation (XC) functional known as local density 
approximation by Ceperley and Alder as parametrized by Perdew and Zunger (LDA-
CAPZ) [27, 28] and generalized gradient approximation of Perdew-Burke-Ernzerhof 
(GGA-PBE) [29] and Perdew-Burke-Ernzerhof for solids (GGA-PBEsol) [30] were 
used in the calculation. The ZnO was hexagonal wurtzite which corresponds to the 
P63mc space group. The core region and valence electrons of the atoms in the 2×2×2 
supercell of pure ZnO and La-doped ZnO are described by LDA and GGA functionals. 
The valence-electron configuration for Zn, O and La atoms is chosen as Zn-3d10s2, O-
2s2p4 and La-5s25p65d16s2, respectively. The numerical integration of the Brillouin 
zone for Monkhorst-Pack k-point sampling is performed using 5×5×4 for pure ZnO 
and 6×6×1 for La-doped ZnO, respectively, with the cut-off energy of the plane wave 
is 380 eV. In a 2×2×2 supercell of ZnO, the percentage of dopant (La) is 6.25% where 
La is substituted at a rate of one atom per 16 total atoms of Zn. The energy change, 
maximum force, maximum stress, and maximum displacement convergence threshold 
parameters were set at 1.0×10-5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 0.001 Å, 
respectively. In this study, the doping was accomplished by simply substituting a La 
atom for the Zn atom in the ZnO crystal structure. The Hubbard U method is applied 
to predict the accuracy of structural properties and to improve the calculated results of 
pure ZnO and La-doped ZnO since the DFT method produced an underestimated 
results in electronic properties. Thus, the calculated structural and electronic properties 
of the pure ZnO and La-doped ZnO in this work using DFT and DFT+U with the strong 
effective on-site Coulomb repulsion among the localized d and p-state were described 
according to the following formalism: 
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∑ 𝑇𝑟(𝜌+ − 𝜌+𝜌+)+     (1) 
 
 

RESULTS AND DISCUSSION 
 

Structural Properties 
The structural parameters are computed to explain the physical properties of pure ZnO 
and La-doped ZnO. The crystal structure of La-doped ZnO is shown in Figure 1. The 
La-doped ZnO was constructed by replacing one of the Zn atoms with La atom. The 
2×2×2 supercell of ZnO consists of 16 Zn atom and 16 O atom. There are 16 different 
positions of Zn that can be substituted by La. Thus, the most stable position of La was 
investigated by calculating the formation energy of La doping in ZnO structure at 
different doping positions as shown in Figure 2. According to the law of energy 
conversion, formation energy is the difference between the energy of the systems after 
and before the replacement. The substitutional reaction may occur at the position where 
the formation energy is lower. The formation energy formula in this work refers to the 
formalism published by Van de Walle et al. [31]. The following formulas are used to 
compute the formation energy, 𝐸,: 
 

𝐸, = 𝐸-.:012 +	𝐸01 − (𝐸012 +	𝐸-.)    (2) 
 
where 𝐸-.:012	is the total energy of La-doped ZnO, 𝐸012 is the total energy of pure 
ZnO and 𝐸-. and 𝐸01 represent the energy of single La atom and Zn atom, respectively. 
La doping in ZnO is most efficient at the P4 position since it has the lowest formation 
energy. The position at P.4 is more stable than other position with 
Ef= -30000.76543874 eV. As a result, this structure has been used in the calculations 
for the structural and electrical properties of La-doped ZnO. 

The calculated lattice parameters and volume of both pure ZnO and La-doped 
ZnO from LDA-CAPZ, GGA-PBE and GGA-PBEsol functionals compared with the 
experimental data were listed in Table 1. For pure ZnO, the calculated lattice 
parameters from GGA-PBEsol functional with the values of a=b=3.245 Å and c=5.234 
Å are very close to the determined lattice parameters by previous experiment result 
[32]. When the La atom is substituted for the Zn atom, it can be seen clearly that the 
calculated lattice parameters, a=b=3.250 Å and c=5.240 Å from LDA-CAPZ 
functional are close to the experimental data [33]. Besides, it was found that the lattice 
parameters and volume of the La-doped ZnO were larger than those of pure ZnO. This 
is because the ionic diameter (radius) of the La3+ ion (1.22 Å) is greater than that of the 
Zn+ ion (0.74 Å) [33]. As a result, it can be said that even though La-doping affected 
the values of the lattice parameters, the crystal system (hexagonal) and space group 
(P63mc) remained the same.  

Based on the optimized cell structure, the average bond lengths of pure ZnO 
and La-doped ZnO were investigated and tabulated as in Table 2. The bond length of 
Zn-O increases from 1.980 Å to 1.991 Å after La atom replaces the Zn atom. This 
results from the difference in atomic radius between Zn and La. Since Zn has a smaller 
atomic radius than La, O atoms are spread out closer to La and form shorter Zn-O 
bonds as a result. Additionally, it should be noted that there is higher population of La-
O bonds than Zn-O bonds. 
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Figure 1. Crystal structure of 2×2×2 supercell of La-doped ZnO (P. is referred as 

position) 
 
 

 
 

Figure 2. Formation energy of La-doped ZnO in different La positions 
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Table 1. Structural parameters of pure ZnO and La-doped ZnO by using LDA-CAPZ, 
GGA-PBE and GGA-PBEsol functionals compared to the experimental data 

 
 Materials Method a=b (Å) c (Å) V 

(Å3) 
Ref. 

Calcul
ated 

Pure 
ZnO 

LDA-
CAPZ 

3.190 5.160 45.48
5 

This 
work 

  GGA-
PBE 

3.289 5.305 49.69
3 

This 
work 

  GGA-
PBEsol 

3.245 5.234 47.72
6 

This 
work 

  LDA 3.189 5.237 46.18
1 

[8] 

  GGA-
PBEsol 

3.257 5.337 49.02
4 

[8] 

  GGA-
PBE-
HSE06 

3.262 5.212 - [9] 

 La-doped 
ZnO 

LDA-
CAPZ 

3.250 5.240 48.34
6 

This 
work 

  GGA-
PBE 

3.347 5.364 53.09
0 

This 
work 

  GGA-
PBEsol 

3.301 5.290 50.64
3 

This 
work 

  GGA-
PBE 

3.285 5.294 - [34] 

Experi
ment 

Pure 
ZnO 

XRD  3.251 5.208 48.02
3 

[32] 

 La-doped 
ZnO 

XRD  3.250 5.206 47.61
0 

[33] 

 
Table 2. Average bond length for pure ZnO and La-doped ZnO 

 
Bond Pure ZnO (Å) La-doped ZnO (Å) 
Zn-O  1.980 1.991 
O-O  - 2.933 
La-O  - 2.265 

 
Band structures 
The band structures of pure ZnO as displayed in Figure 3(a) shows a direct band gap 
of about 0.618 eV at the symmetric G point which is lower than the experimental band 
gaps of 3.4 eV [35]. The underestimated value of the bandgap in pure ZnO is caused 
by weaknesses in LDA and GGA, which underestimate the binding energy in the d-
state and cause an excess of hybridization with anion p-valence states. The DFT+U 
method tends to stabilize the localized d-state and p-state of the electron in a correlated 
system.  

The calculations of the band gap of pure ZnO using value of U at the d-state of 
Zn, Ud,Zn, from 2 eV to 10 eV are shown in Figure 4(a). However, the highest Ud,Zn at 
10 eV presents a band gap of 1.108 eV which is still far from the experimental band 
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gap. According to the previous author, considering U at the p-state of O, Up,O, has no 
effect on the total energy [36]. In fact, the band gap near the experimental was achieved 
by combining Ud,Zn and Up,O. Thus, the Ud,Zn are set between 5 eV and 10 eV, while 
Up,O are set in the range of 5 eV to 10 eV. As a result, the energy band gap increased to 
3.415 eV and slightly exceeded the experimental energy band gap (3.4 eV) after adding 
the U value in both the Ud,Zn at 9 eV and Up,O at 8 eV as shown in Figure 3(b) and 4(b). 
Besides, the energy band gap of ZnO from our calculation is consistent and close to the 
other DFT+U results as shown in Table 3 [6, 7, 10, 11]. 
 

 
Figure 3. Band structure of (a) ZnO and (b) ZnO+U 

 

 
Figure 4.  Relationship between (a) Ud,Zn vs band gap for ZnO and (b) Up,O vs band 

gap of ZnO 
 

The band structures of La-doped ZnO without Hubbard U correction method 
are shown in Figure 5(a). The calculated band gap of La-doped ZnO is 0.715 eV which 
is underestimated compared to the experimental band gap of 3.30 eV [5]. It is clearly 
seen that the band gap of La-doped ZnO is larger than that of pure ZnO which is 
consistent with the experimental band gap [5, 24]. For the La-doped ZnO with Hubbard 
U correction method, lanthanum (III) oxide (La2O3) calculation was used to determine 
the U value needed to add in the La atom. La2O3 has an experimental band gap of about 
5.5 eV [37]. The calculated band gap of La2O3 from GGA-PBEsol functional is 3.662 
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eV which is lower than the experimental band gap. Therefore, the DFT+U method can 
be adopted. After varying the U value at the d-state of La, Ud,La, between 2 eV and 10 
eV, the bandgap was far from the experimental data as presented in Figure 6(a). Thus, 
the U value was incorporated into the p-state of La, Up,La, which varied it in the range 
of 2 eV to 10 eV while the La d-state, Ud,La, and the O p-state, Up,O were fixed at 2 eV 
and 8 eV, respectively (Figure 6(b)). The result from Ud,La = 2 eV and Up,La = 6 eV 
values indicated that the energy band gap of La2O3 is increase to 5.449 eV which is 
close to the experimental band gap. The selected U values from the La2O3 structure 
were used to proceed with the calculation of the energy band gap for La-doped ZnO. 
In Figure 6(b), the calculation of La-doped ZnO with the implementation of selected U 
values (Ud,Zn = 9 eV, Ud,La = 2 eV, Up,La = 6 eV and Up,O = 8 eV) shows that the band 
gap energy is equivalent to 3.457 eV which is quite overestimated compared to the 
experimental result [5]. This result can be compared with other rare-earth elements 
results. For example, the previous researches from Achehboune et al. [6, 10] study on 
the Er-doped ZnO and Yb-doped ZnO, obtained band gap of the doping crystal 
structure with the inclusion of Hubbard U at 3.290 eV and 3.650 eV after doping with 
Er and Yb dopants, respectively, towards the Zn site.  

 

 
Figure 5. Band structure of (a) La-doped ZnO and (b) La-doped ZnO+U 

 
Figure 6.  Relationship between (a) Ud,La vs band gap for La-doped ZnO and (b) Up,La 

vs band gap of La-doped ZnO (Ud,La and Up,O were fixed at 2 eV and 8 eV, 
respectively) 
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The doped La atoms cause a significant change in the energy band structure in 

the La doped ZnO system when compared to the pure ZnO. The electron states have 
degenerated and there are a lot of extra electrons in the bottom of the conduction band 
for La doped ZnO systems. Both the top of the valence band and the bottom of the 
conduction band shift in the direction of the lower energy level. However, variation 
extent of the former is much smaller than the latter one. Therefore, energy gap in ZnO 
with La-doping increases comparing to the pure ZnO as tabulate in Table 3.  
 

Table 3. Energy bandgap of ZnO and La-doped ZnO by using DFT and DFT+U 
methods 

Materials Method Energy band gap (eV) References DFT DFT+U Experiment 
ZnO GGA-

PBEsol 
0.618 3.415 - This work 

 GGA-PBE 0.740 3.380 - [6] 
 GGA-PBE - 3.380 - [10] 
 LDA-CAPZ 0.795 3.097 - [7] 
 GGA-PBE 0.741 3.092 - [7] 
 GGA-

PBEsol 
0.622 3.102 - [7] 

 GGA-PW91 0.813 3.172 - [11] 
 UV-VIS 

Spectrocsopy 
- - 3.4 [38] 

 X-ray 
Spectroscopy 

- - 3.3 [39] 

La-
doped 
ZnO 

LDA-CAPZ 0.715 3.457 - This work 

 Sol-gel - - 3.3 [5] 
 
Density of states (DOS) 
Figures 7 and 8 show the partial density of state (PDOS) and total density of state 
(TDOS) for pure ZnO and ZnO+U, respectively. In the Figure 7, the valence band (VB) 
of pure ZnO mainly consist of contributions from O-2p, O-2s and Zn-3d states. The 
conduction band (CB) is formed mostly by Zn-4s state and a weak contribution of O-
2p state was found. Based on Figure 8, applying Hubbard U at d and p-states (Ud+Up) 
caused the Zn-3d and O-2p states at VB to shift towards the lower energy and Zn-4s 
and O-2p states at CB shifts toward higher energy level resulting in a widening of the 
band gap. 

The partial density of state (PDOS) and total density of state (TDOS) of La-
doped ZnO and La-doped ZnO+U are showed in Figures 9 and 10, respectively. When 
ZnO doped by La atom, it is clearly seen that the Fermi level shifts upward into the 
conduction band which is the so-called Burstein-Moss effect due to the surplus 
electrons by the doping of La on ZnO as shown in Figure 9. With the implemented of 
Hubbard U as illustrated in Figure 10, the contribution of Zn-3d, O-2p, O-2s, La-5p 
and La-6s shifts toward the lower energy valence band cause of opening band gap from 
Eg= 0.715 eV to Eg= 3.457 eV. 
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Figure 7. (a) PDOS of ZnO (b) DOS of ZnO 

 

 
Figure 8. (a) PDOS of ZnO+U (b) DOS of ZnO+U 

 

 
Figure 9. (a) PDOS of La-doped ZnO (b) DOS of La-doped ZnO 
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Figure 10. (a) PDOS of La-doped ZnO+U (b) DOS of La-doped ZnO+U 
 

CONCLUSIONS 
 

In this paper, based on the first-principle theory, the DFT+U method is used to calculate 
the effect of La doping on the structural and electronic properties of pure ZnO. For the 
structural properties, the lattice parameters and volume expanded when La was added 
to the ZnO materials. The La and O atoms on the ZnO have strong interactions and 
weak Zn-O bonds. The standard DFT calculation of the energy band gap of pure ZnO 
and La-doped ZnO produces an underestimated value compared to the experimental 
result. Thus, the Hubbard U correction method tends to maintain the electron's localised 
p and d-states in stable states. The band gap of pure ZnO increases from 3.415 eV to 
3.457 eV after doping with the La atom. The electrons in the La orbit are transferred to 
the 2p orbit of the O atom. At the same time, 2p electrons from O atoms are transferred 
to Zn atoms, resulting in the positive charge of Zn atoms being reduced significantly. 
The Fermi energy level shifted up into the conduction band due to the surplus electrons 
caused by the participation of lanthanum. Thus, La-doped ZnO has the characteristics 
of a degenerate semiconductor and widens the energy gap of ZnO. 
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