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A systematic study on electronic and optical properties of wurtzite zinc oxide (ZnO) with different La-
doping concentrations has been performed. The calculations are based on the first principles plane-
wave pseudopotential method with the density functional theory (DFT) and the generalized gradient
approximation (GGA). According to the results, the band gap of ZnO is broadened due to the increase of
La-doping concentrations. By La-doping, the decrease of absorption coefficient and the blueshift of
absorption edge are obtained. In addition, there is a strong interaction between the La atom and the
surrounding atoms, because the high electron density overlaps. By Mulliken population analysis, we
found out that the metallization effect appears due to the increase of La-doping concentration, which
demonstrates that the La-doped ZnO is a potential material as a low absorption coefficient
semiconductor material. The simulation and calculation results are in good agreement with the existing
experimental data and the study can provide a theoretical basis for future applications of La-doped ZnO
as a semi-transparent electrode.
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INTRODUCTION

Zinc oxide (ZnO) is an important semiconductor
compound of the II-VI group with a wide direct band-gap
of 3.37 eV at 300K and a large exciton binding energy of
60 meV (Li et al., 2010; Ramakrishna et al., 2000). It is a
potential candidate material for ultraviolet and blue light-
emitting diodes and electro-luminescent displays
(Anandan et al., 2007). It has also attracted considerable
attention in recent years owing to its photocatalytic ability
in the degradation of various environmental pollutants,
such as pesticides, detergents, dyes and volatile organic
compounds into carbon dioxide, water and mineral acids
under ultraviolet (UV) light irradiation (Hoffmann et al.,
1995; Sehili et al., 1989). Moreover, ZnO is believed to be
one of the most promising materials for the detection, the
windows layers of solar cells and the surface acoustic

*Corresponding  author. E-mail:

huwei@hnu.edu.cn.

yunzeng@hnu.edu.cn,

wave devices (Chowdhury et al., 2010).

During the past decades, doped with an optically active
luminescence center, ZnO nanocrystallites create new
opportunities for luminescent study and application of
nanometer scale material (Sans et al., 2005; Tang et al.,
2008). Doped with transition-metal element or rare-earth
element, ZnO can be used as effective phosphor
materials (Kim and Seshadri, 2008; Yu et al., 2009). It
has already been reported that La-doped ZnO film
(ZnO:La) exhibits excellent violet and green light-emitting
properties, and the band gap can be modulated by
varying the doping concentrations. Lan et al. (2007)
studied the structural and optical properties of ZnO:La
films prepared on quartz substrates by RF magnetron
sputtering. With the increase of doping level, the band
gap of ZnO films evaluated by the linear fitting linearly
increase from 3.270 to 3.326 eV. The average
transmittance in the visible range is over 80%, and a
blueshift of the absorption edge is observed (Lan et al.,
2007). Unfortunately, the principles of the variation of
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Figure 1. ZnO supercells for calculation (a) Model 3 with 2x2x2 supercell and (b)
Model2 with 3x2x2 supercell. One of the Zn atoms was substituted by one La atom in

each supercell.

Table 1. Models of ZnO:La supercell.

Model Supercell range Atoms number Concentration of doped La (%)
M1(Zn16016) 2x2x2 32 (Zn:16, O:16) 0

M2(Znz3LaOz4) 3x2x2 48 (Zn:23, 0:24, La:1) 4.17
M3(ZnisLaO1e) 2x2x2 32 (Zn:15, O:16, La:1) 6.25

band gap and optical properties have not been syste-
matically studied. Moreover, whether the metallization
takes place in La-doped ZnO system has not been
discussed.

In this paper, we study the electronic and optical
properties of ZnO:La using first-principles calculations
based on density functional theory (DFT) and generalized
gradient approximation (GGA) in Material Studio 4.0. Our
results show that the existence of doped La atoms leads
to wider energy gap due to the contribution of La-5d
valence electrons and the absorption threshold of ZnO:La
systems is considerably blueshifted. Subsequently, the
atomic populations (Mulliken) and difference of the
charge density contour of the ZnO supercells with
different La-doping concentration are also studied. In the
end, comparison between calculation results and
experimental data is also performed.

COMPUTATIONAL APPROACH

The ideal ZnO has a hexagonal wurtzite structure with the space
group P63/mc and C6v-4 symmetry, with two Zn atoms and two O
atoms in each primitive cell. The cell parameters are a=b=0.32493
nm, ¢=0.52054 nm, o=p=90° and y=120° (Vispute et al., 1998).
Based on the primitive cell, a series of ZnO supercells with and

without La-doping were constructed and calculated to investigate
the effect of La on the properties of ZnO, as shown in Figure 1 and
Table 1.

Numerical calculations were carried out by CASTEP in material
studio 4.0 based on first principles. The GGA with the Perdew
Burke Ernzerhof exchange-correlation functional were employed in
the simulations. Ultrasoft pseudopotential was used to describe the
electron-ion interaction. The energy cutoff (Ecut) of plane wave
functions was set at 380.0 eV, which was confirmed to be large
enough. All atomic positions in the ZnO supercell had been relaxed
according to the total energy and force using the Broyden Fletcher
Goldfarb Shanno (BFGS) scheme, based on the cell optimization
criterion (RMS force of 0.01 eV/A, stress of 0.02 GPa and
displacement of 5.0x10-4 A). The calculation of total energy and
electronic was followed by cell optimization with Survey of
Consumer Finance (SCF) tolerance of 5.0x10-6 eV/atom (Xie et al.,
2010).

RESULTS AND DISCUSSION
Structural optimization

The optimization of the supercell is the first step in the
calculation. We performed a series of calculations for cell
optimization and the optimized result of the supercell of
pure ZnO is a=b=0.32845 nm, ¢=0.52939 nm, which is a
good agreement with the experimental results
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Table 2. Lattice parameters at the different concentration of La.

Model Concentration of doped La (%) Lattice parameter (nm) cla
M1(Zn16016) 0 a=0.32845,c=0.52939 1.6118
M2(Zn23La024) 4.17 a=0.33220,c=0.53452 1.6090
M3(ZnisLaOss) 6.25 a=0.33478,c=0.53669 1.6031
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Figure 2. Energy band structure (a) and DOS (b) of pure ZnO supercell.

(a=b=0.32501 nm, ¢=0.52071 nm) (Kisi and Elcombe,
1989). Thus, the same calculation condition was adopted
to calculate the geometrical, electronic and energetic
structures of the ZnO with and without La-doping. The
optimized results of the ZnO:La supercells are presented
in Table 2. Due to the longer bond length of La-O than
that of Zn-0O, the lattice parameters increased with the
concentration of La as shown in Table 2.

Electronic structure

Figure 2 illustrates the calculated band structures (BS),
partial and total electronic density of states (PDOS and
TDOS) of pure ZnO supercell system. The Fermi-level
has been specified to be zero in this paper. It can be seen
that the bottom of the conduction band and top of the
valence band are at the same k-point (G), which is the
representative characteristic for direct gap semi-
conductors. In local density functional theory, neglecting
of excitation state during Kohn-Sham function’s
calculation results in lower energy levels above valence
band in calculation energy band than that of experimental
results, while, the energy levels below valence band in
calculation are consistent with the experimental results.
Thus, the energy gap in the first principles calculation,

based on local density functional theory is lower than that
in the experiment. The calculated band gap of pure ZnO
in this paper is 0.743 eV, which is in good agreement with
other calculations, but obviously lower than experimental
one (3.37 eV). Therefore, scissors approximation with the
value of 2.627 eV will be adopted in the calculation
(Lyons et al., 2009; Xie et al., 2011).

Figure 2 shows the TDOS of ZnO and the PDOS of Zn
and O atoms. It should be noted that a sharp TDOS peak
of ZnO appears at about -17 eV, which is mainly from O-s
state. The valence band above -6.2 eV of ZnO can be
divided into two regions: the lower part from -6.2 to -
4.3eV and the upper part from -4.3 to about 0 eV, of
which the lower valence band is contributed by a mixture
of 3d states of Zn and 2p states of O, while the upper part
comes mainly from 2p states of O. The conduction band
of ZnO is mainly composed of the 4s state of Zn and 2p
state of O. A significant charge transfer from Zn (4s) to O
(2p) orbits is as shown in Table 3 and a overlap between
the Zn (4s) and O (2p) valence electrons as shown in
Figure 2 reveals ionic bond between the first nearest
neighbor (FNN) Zn-O in pure ZnO.

The energy band structures and DOS in 3x2x2 (M2)
and 2x2x2 (M3) ZnO:La supercell are, respectively
depicted in Figures 3 and 4. Compared to the pure ZnO
supercell model, the doped La atoms lead to a notable
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Table 3. Atomic populations (Mulliken) of the ZnO supercells.
Specie Ml(aneole) M2(Zn23La024) M3(Zn15La016)
P Zn O n O La Zn ©) La
S 0.49 1.86 0.59 1.86 1.91 0.55 1.86 1.87
p 0.72 4.96 0.72 4.95 6.02 0.73 4.95 6.11
d 9.97 0 9.98 0 1.39 9.98 0 1.42
Total 11.18 6.82 11.28 6.81 9.32 11.25 6.81 9.39
Charge (e) 0.82 -0.82 0.72 -0.80 1.68 0.75 -0.81 1.61
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Figure 3. Energy band structure (a) and DOS (b) of 3x2x2 (M2) ZnO:La supercell.
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Figure 4. Energy band structure (a) and DOS (b) of 2x2x2 (M3) ZnO:La supercell.
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Figure 5. Plots (001) surface of difference of the charge density contour for ZnO
supercells with and without La-doping. (a) M1 and (b) M3.

variation of the energy band structure in the La doped
ZnO system. For La doped ZnO systems, a large number
of surplus electrons exist in the bottom of the conduction
band and the states of electrons have degenerated. The
bottom of conduction band and the top of valence band
both move toward the lower energy level. However,
variation extent of the former is much smaller than the
latter one. Therefore, energy gap in ZnO system with La-
doping increases comparing to the pure ZnO system,
such as 3.38 and 3.48 eV for the M2 and M3 models,
respectively, as shown in Figures 3 and 4. The band gap
in ZnO system broadened with the increasing La-doping
concentration, which is verified by the experiment (Lan et
al., 2007).

Total DOS is separated to three regions in higher
concentration La-doping ZnO system (M3), that is, higher
energy region (2.5 to 6 eV), lower energy region (-8.3 to -
2.3 eV) and the energy region below -16 eV, as shown in
Figure 4. For the higher energy region, the bonding
electrons mainly come from the valence electrons of La
(d) orbits. The bonding electrons in the lower energy
region are mainly contributed by the valence electrons of
Zn (d) and O (p) orbits, while the bonding electrons below
-16 eV mainly originate from the contribution of valence
electrons of La (p) and O (s) orbits. An overlap between
La (p) and O (s) orbits reveals that the La (p) to O (s)
hybridization has emerged and chemical bonds have
been formed in this region.

As discussed earlier, the bonding electrons in higher
energy region mainly come from the valence electrons of
La (d) orbits. In addition, only weak metallic bonding
between the FNN La-Zn is observed in La doped ZnO
systems. Thus, more bonding electrons near the Fermi
energy level in higher concentration La doped ZnO
supercell (M3) are achieved when compared with M2, as
shown in Figure 3. As shown in Table 3, one La atom
losses 1.68 and 1.61 electrons, and its FNN one Zn atom
losses 0.72 and 0.75 electrons, while, one O atom nearby
La atom accepts 0.8 and 0.81 electrons, respectively, in

La-doped ZnO supercell models M2 and M3. The results
show that more than one free electron exists in La-doped
ZnO supercells, and it may result in metallization of the
La-doped ZnO systems (Wan et al., 2008; Pauporte and
Lincot, 1999).

In order to further study the influence induced by La-
doping on electronic interaction, the plots of difference of
charge density contour on the (001) and (110) plane of
the ZnO supercell with and without La-doping are as
shown in Figures 5 and 6. As shown in Figures 5 and 6,
the distribution of electrons is of great difference in the
undoped and doped circumstances. For the pure ZnO
system, the directional characteristics of electronic cloud
were conspicuous. Thus, the combine force between Zn
and O atoms mainly comes from the covalent bond, and
only weak ionic bond is found in pure ZnO system. After
doping La into ZnO, the ionic bond becomes stronger,
covalent bond weaker and the charge cloud is more
inhomogeneous. When one Zn atom is substituted by
one La atom, the density of electrons surrounding La
atom is higher, while the density of electrons around O
atoms becomes lower. The interaction between the La
atom and the surrounding ones was enhanced and a high
density of overlapped charges was observed, the
charges moved to lower energy levels as well (Ozgur et
al., 2005; Xie et al., 2011).

Optical properties

The absorption spectra of the undoped ZnO and La-
doped ZnO with different concentrations of La ions are as
shown in Figure 7. In Figure 7, the absorption threshold
of pure ZnO is about 3.3 eV, corresponding to the band
gap of 3.37 eV. The peak value of absorption spectrum in
pure ZnO located at 11 eV, which is the result of charge
transfer from O-2p (-2 eV) to Zn-4s (8 eV) orbits.
However, certain difference exists between peak value’s
location and charge transfer energy due to relaxation
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Figure 6. Plots (110) surface of difference of the charge density contour for ZnO supercells

with and without La-doping. (a) M1 and (b) M3.

(c) M3

5.0x10° - /\/\
s y ' : R
(b) M2

T ¥ T T T
1.0x10° -
5.0x10‘: /\
0.0 ] T T 1 T

s ] (a) M1

Absorption coefficient

T v T T T
0 5 10 15 20 25 30

Frequency (eV)

Figure 7. Calculation results of absorption spectra in the ZnO
supercells. (a) without La-doping, (b) and (c) for M2 and M3,
respectively.

effects in electron transfer process. Compared with pure
ZnO, considerable blueshift of absorption threshold in
ZnO:La systems was achieved due to the wider energy
gap as shown in Figures 3 and 4. In addition, the peak
value of absorption coefficient decreases after La doping
in ZnO systems. The optical reflectance spectra of
ZnO:La system with different doping concentrations is as
shown in Figure 8. All curves show relatively low
reflectivity (<15%) in the visible light range. These results
of calculation are consistent with experimental one
pointed out in Ramakrishna et al. (2000).

Conclusions

Using a first principles plane wave pseudopotential
method, the electronic structures and optical properties of
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Figure 8. Calculation results of reflectance spectra for ZnO:La
supercells with varying doping concentrations.

La-doped ZnO system have been studied. A series of
ZnO supercell models were constructed and the energy
band structures, DOS and PDOS of ZnO system were
calculated and analyzed. The results showed that,
obvious variation and wider energy gap of energy band
structures were achieved in ZnO system with La-doping.
The atomic populations of the ZnO supercells showed
that more than one free electron exists in La-doped ZnO
supercells, and it might result in metallization of the La-
doped ZnO systems. In addition, optical characteristics of
ZnO system were studied. The decrease of absorption
coefficient, lower reflectivity in the visible light range and
the blueshift of absorption threshold were gained with the
increase of La doping concentration in ZnO system. We
showed good coincidence between the results of cal-
culations an the existing experimental data, and these
analyses, based on first - principles calculations
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demonstrated that the La-doped ZnO was a suitable
material as transparent electrodes in solar cells.
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