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The electronic structure and optical properties of Al-doped ZnO with different concentration in wurtzite phase
have been systematically investigated using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid density functional
on the basis of density functional theory (DFT). The calculated results show that the lattice parameters change
little with Al-doped. The optical band gap and electrical conductivity gradually increase with the increasing of
Al doping concentration. In addition, the Al-doped ZnO creates shallow donor states around Fermi level in the
conduction band minimum from mainly Al-3s state. The dielectric function, absorption coefficient are predicted.
The results show that the absorption peaks of Al-doped ZnO have a blue-shift compared with pure ZnO.
Beside this, the absorption of visible light can be enhanced.

1. Introduction

Zinc oxide (ZnO) is a unique semiconductor material with a direct wide band gap (-3.40 eV) and has a large
exciton binding energy (60 meV) at room temperature, which was confimed (Srikant and Clarke (1998),
Pearton, et al. (2003)). As a result, ZnO has been widely studied for potential applications, such as chemical
and gas sensors, optical and magnetic memory devices, UV-light emitting diodes, solar cells, transparent
conductive oxides and some other applications, which were confimed (Saoud, et al. (2015), Franklin, et al.
(2013), Pearton, et al. (2005)). Al-doped ZnO has attracted a lot of attention due to it is a cheap,
environmental friendly, more abundant, and highly stable material. The Al-doped ZnO have wide potential
applications as transparent conductive oxide and electrical conductivity, Devi, et al. (2015) reported, potential
solar cell electrodes, Kumarakuru, et al. (2014) reported, optoelectronic and photonic devices, Al-Ghamdi, et
al. (2014) reported.

The reliable optical property is decided by accurate electronic structure. Band gap is very challenging for first
principle theory, since most methods, including local density approximation (LDA) and generalized gradient
approximation (GGA), the common exchange—correlation functional in the density functional theory (DFT),
sometimes underestimate band gap by as large as 3 eV which was confimed (Ruan, et al. (2014)). In this
paper, we are presenting a detailed investigate for Al-doped ZnO on the electronic structure, thermodynamic
stability and optical properties using the Heyd-Scuseria-Ernzerhof (HSEO06) hybrid functional based on DFT
rather than the scissors operator for standard DFT functional, to obtain accurate and reliable optical properties
for Al-doped ZnO system.

2. Method of calculation

All calculations in our work were performed based on the DFT within the projector augmented wave (PAW)
method as implemented in the Vienna Ab-initio Simulation Package (VASP) code, Kresse and Furthmuller
(1996), Kresse (1999) reported. The structure optimization was performed using the GGA of DFT employing
Perdew—Burke—Ernzerhof (PBE) functional form, Perdew, et al. (1997) reported. The electronic structures and
optical properties were calculated on the optimized structures using the hybrid density functional HSEOQG,
which replaces the slowly decaying long-ranged part of the Fock exchange, by the corresponding density
functional counterpart. The resulting expression for the exchange-correlation energy is given by:
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where, the screening parameter w defines the range-separation of the electron—electron interaction into a
short-(SR) and long- ranged (LR) part, is assigned a value of 0.207A-1, which is called HSE06, Krukau, et
al.(2006) reported. The short-range interactions become negligible when the distance exceeds 2/w. Hartree-
Fock mixing constant a is set to 0.375 for pure and Al-doped ZnO systems, Zhou, et al. (2015) reported.

The valence electron for the O, Zn and Al atoms were chosen as 2s22p4, 3d'%4s2 and 3s23p’, respectively. All
the coordinates of atoms and the lattice parameters of wurtzite Zn1xAlxO (x=3.125%, 6.25% and 12.5%) were
fully relaxed before calculating electronic structure. The electron wave function was expanded in plane waves
to a cutoff energy of 500 eV with total energy converging to lower than 1x10-5eV/atom. The lattice constants
and all atomic positions for each supercell were fully relaxed until the maximal force on each atom was less
than 0.02 eV/A. The convergence threshold for self-consistent field (SCF) calculation accuracy was 1x10®
eV/atom. A grid of 11x11x7 k points was used for the unit cell. To simulate various Al doping concentration,
three different ZnO supercell (2x2x4, 2x2x2 and 2x2x1) were considered, in which one Zn atom was
substituted with one Al atom, which correspond to the doping concentration 3.125%, 6.25% and 12.5%,
respectively. Monkhorst-Pack grids of 3x3x1, 5x5x3, 4x4x5 were used for Brillouin zone sampling for doping
concentration 3.125%, 6.25% and 12.5%, respectively.

3. Results and discussion

3.1 Structural properties

The optimized lattice constants are a = 3.257 A and ¢ = 5.224 A for pure ZnO, which are in good agreement
with the experimental data (a = 3.250 A, ¢ = 5.207 A), Xu, et al. (2004) reported, and theoretical data (a =
3.254 A, ¢ =5.238 A), Zhou (2015) reported. The result shows that the calculation parameters are reasonable.
Based on the optimized wurtzite ZnO unit cell, lattice parameters for Zn1xAlxO (x=3.125%, 6.25% and 12.5%)
have been optimized as in Table 1. It is observed from Table 1, the lattice parameters change nonlinearly with
the increasing of Al doping concentration and the lattice parameters of Al doping change little comparing with
pure ZnO. The reasons for deviations in lattice parameters are mainly related to the little difference in the Al3*
(0.54 A)and Zn2* (0.74 A) ionic radius and electro negativity between the Al and Zn atoms.

Table 1: Optimized lattice parameters of Zn1xAlxO.

x=0 x=3.125% x=6.25% x=12.5%
a(A) 3.257 3.288 3.284 3.279
b (A) 3.257 3.288 3.284 3.279
c(A) 5.224 5.306 5.309 5.292

3.2 Electronic properties

The calculated band structures of pure ZnO along higher symmetry directions in the Brillouin zone using
HSEOQ6 hybrid functional are shown in Fig. 1. The calculated band structure shows that ZnO is a direct band
gap semiconductor because the top valence and the bottom conduction are found at the same I point. The
calculated band gap of pure ZnO is 3.31 eV, which is in excellent agreement with experimental result, Devi
(2015) reported and previous calculated results of HSEO6 functional form, Wan, et al. (2011) reported, and
larger than the previous reported DFT results, Zhang, et al. (2012) reported. HSE06 hybrid functional solves
the well-known “gap program” intrinsic factor of DFT due to adequately flexible to precisely reproduce both the
potential exchange-correlation energy and equivalent potential.
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Figure 1: The band structure of pure ZnO using HSEO06 hybrid functional. The Fermi level is setto 0 eV.
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Figure 2: Total densities of states for Znl1-xAlxO (x = 0, 3.125%, 6.25%, 12.5%) using HSEO06 hybrid
functional. The Fermi level is setto 0 eV.

In order to show the effect of doping concentration on the electronic properties, the total densities of states
(DOS) of ZnO with different Al doping concentration are shown in Fig. 2.

As shown in Fig. 2 for Al-doped ZnO, the whole energy bands move toward to the low energy region.
Moreover, the shift of the energy levels increases with the increasing Al doping concentration. Compared with
pure ZnO, the most remarkable feature is that the Fermi level shifts into the conductional band minimum for Al
doping cases, moreover, the shift of Fermi level increases with the increasing Al concentration, which indicates
a typical n-type doping behavior which was confirmed (Li, et al. (2011)). The peaks near the Fermi level
become weaker and wider as Al doping concentration increases. As the increasing of Al concentration, the
magnitude of these occupied states increases, the occupied states increases implies that the optical band gap
(Eg* from the top of the valence band to the Fermi level) increases using Burstein-Mott-effect, Burstein (1954)
reported, which were confirmed (Devi (2015), Park, et al. (2015)). Estimated optical band gap energies of
3.125%, 6.25% and 12.5% Al-doped ZnO are 3.80, 4.54 and 5.22 eV respectively.
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Figure 3: Partial densities of states for Zni1xAlxO at concentration x of (a) 0, (b) 3.125% using HSEO06 hybrid
functional. The Fermilevel is setto 0 eV.

To illustrate why the optical band gap change with Al doping, we investigate the partial density of states
(PDOS) for Zn1-xAlxO at concentration x = 0 and 3.125% using HSEO06 hybrid functional as shown in Fig. 3.

As shown in Fig. 3(a), for pure ZnO, the lower valence band (between -7.4 and -5.5 eV) is chiefly contributed
by the Zn-3d states and the upper valence band (between -4.8 and 0 eV) is mainly from O-2p states. The Zn-
3d states located mainly in the energy range between -7.4 and -5.5 eV, which were confirmed (Powell, et al.
(1971), Maldonado and Stashans (2010)). The conduction band mainly originates from the Zn-4s states which
strongly hybridize with O-2p states and has a slight contribution from Zn-3d states.

For 3.125% Al doping concentration, the whole energy bands move 4.7eV towards the low energy region. The
PDOS of Zn-4s and O-2p states of Al-doping ZnO shift to lower energy range compared with those of pure
ZnO. The lower valence band is mainly dominated by the contribution of Zn-3d, O-2p and mix with Al-3s states,
while the upper part, near the Fermi level, is occupied by the O-2p state. Al-doped ZnO creates shallow donor
states of Al-3s around Fermi level in the conduction band minimum. The conduction band upper the Fermi
energy level, is primarily dominated by Zn-4s, O-2p slightly hybridize with the Al-3s, Al-3p states. The doubly
occupied states is prevented by Pauli principle and therefore, the valence electrons is excited to higher energy
level in the conduction band with required extra energy.

3.3 Optical properties

The optical properties can be calculated by the complex dielectric function g(w)=¢g1(w)+ie2(w), where €1(w) and
e2(w) are the real and imaginary parts of the dielectric function, respectively. In general, the electronic band
structure is directly associated with imaginary part €2(w) and it can be calculated by adding all possible
occupied states to the unoccupied states of transitions. Since ZnO film usually grows along the (001)
orientation, the polarization vectors of incident light are set perpendicular to the c axis (E _Lc) in this work. The
imaginary part of the dielectric function e2(w) of the pure ZnO, and Al doped ZnO for different composition is
shown in Fig. 4 with energy up to 10 eV.
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Figure 4: The imaginary part of dielectric function from HSEO06 hybrid functional for Zn1xAlxO (x = 0, 3.125%,
6.25%, 12.5%) in (001) direction.
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For pure ZnO, there are two main peaks at 4.41, 9.55 eV, which was confirmed (Zhou (2015)). Compared with
pure ZnO, the imaginary parts e2(w) of Al-doped ZnO have obvious peaks in low energy region, which
originate mainly from the transitions of impurity Al-3s, Al-3p states and Zn-4s states in the conduction band,
which was confirmed (Luo, et al. (2014)). On the other hand, compared with the two main peaks of pure ZnO,
the corresponding peaks for Al doped ZnO shift upward energy region because the optical band gap increase
with Al doped.
For the promising applications in optoelectronic devices, the optical absorption from near IR to UV region
should be taken into account. The absorption coefficient a(w) can be derived from €1(w) and e2(w) using the
relations as follows.
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Figure 5: The absorption coefficients for Zni1xAlxO (x = 0, 3.125%, 6.25%, 12.5%) in (001) direction.

The absorption coefficients of Al doped ZnO are plotted in Fig. 5. The absorption coefficient for pure ZnO is
low in the visible region, which was confimed (Park (2015)). In UV region, the absorption coefficient
decreases with increasing Al doping concentration, while in near IR region, the absorption coefficient
increases with increasing Al doping concentration. Moreover, the UV absorption edge is blue shifted with
increasing of Al doping concentration, due to the occupied states close to conductional band minimum are
shallow donor states and the broadening of the optical band gap.

4, Conclusions

In this work, cThe results show that HSE06 hybrid functional appropriately corrects the shortcomings of
standard PBE approximation for band structure. The analysis reveals that the lattice parameters of Al-doped
Zn0O change nonlinearly with the increasing of Al doping concentration, and the lattice parameters change little
comparing with pure ZnO. The electronic structures show that the Fermi level of Al-doped ZnO shift up to
conduction band, which indicates an n-type ZnO with good electrical conductivity can be obtained by Al doping.
Meanwhile, the optical band gap is gradually increased with the increasing of Al doping concentration. The
DOS calculations show that Zn-3d and O-2p states dominated the central and lower part of the valence band,
and Al-3s states contribute to the lower part of the valence band. Al-doped ZnO creates shallow donor states
of Al-3s around Fermi level in the conduction band minimum. The calculated optical properties indicate Al-
doped ZnO induce a transition in the conduction band in low energy region, and absorption peaks of Al-doped
ZnO have a blue-shift compared with pure ZnO. Meanwhile, Al-doped ZnO can enhance the absorption of
visible light. That is to say, the Al-doped ZnO can be chosen as potential optoelectronic device applications.
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