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Abstract

Self-consistent ab initio calculations are performed on the structural, electronic and optical pro-
perties of wurtzite ZnO. The Full Potential Linearized Augmented Plane Wave (FP-LAPW) method
is applied to solve the Kohn-Sham equations. Results are obtained by using the PBE-GGA and
mBJLDA exchange correlation potentials. The energy and charge convergence have been examined
to study the ground state properties. The band structure and Density of States (DOS) diagrams are
plotted from the calculated equilibrium lattice parameters. The general profiles of the optical
spectra and the optical properties, including the real and imaginary part of dielectric function, re-
flectivity, refractive index, absorption co-efficient, electron energy loss function and optical con-
ductivity of wurtzite ZnO under ambient conditions are discussed. The optical anisotropy is stud-
ied through the calculated optical constants, namely dielectric function and refractive index along
three different crystallographic axes.
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1. Introduction

Zinc oxide (ZnO) is the most promising candidate of II-VI semiconductor family due to its vital applications in
various fields. It has attracted much interest of the research community for its electronic properties such as a
wide band gap, ~3.34 eV and a large exciton binding energy, 60 meV [1]. It is ample in nature, environmentally
friendly and even biocompatible. In addition, ZnO occupies an ideal place in optical and photonic devices, di-

"Corresponding author.

How to cite this paper: John, R. and Padmavathi, S. (2016) Ab Initio Calculations on Structural, Electronic and Optical Prop-
erties of ZnO in Wurtzite Phase. Crystal Structure Theory and Applications, 5, 24-41.
http://dx.doi.org/10.4236/csta.2016.52003



http://www.scirp.org/journal/csta
http://dx.doi.org/10.4236/csta.2016.52003
http://dx.doi.org/10.4236/csta.2016.52003
http://www.scirp.org
http://creativecommons.org/licenses/by/4.0/

R.John, S. Padmavathi

rectly or as a substrate for the growth of other semiconductors such as GaN and SiC [2]. Exploration on optical
properties and refractive index of ZnO were studied many decades ago [3]-[12]. Its superior electronic, optical
and piezoelectric properties make it a noticeable candidate for applications in visible and ultraviolet light emit-
ters, transparent field-effect transistors, ultraviolet nanolasers, photodetectors, solar cells, surface acoustic wave
devices, gas sensors and piezoelectric devices [13]-[17]. The technological importance of ZnO makes the re-
searchers to do continuous work on it and to achieve more potential utilization in optical devices.

ZnO crystallizes in three different structures such as hexagonal wurtzite (B4), cubic zincblende (B2), and cu-
bic rocksalt (B1). Hexagonal wurtzite structure of ZnO is the most stable structure under ambient conditions,
which belongs to the space group P6;mc. Each zinc atom is surrounded by four oxygen atoms, which are located
at the corner of a regular tetrahedron and vice versa [ 18]. Considerable studies have been done on structural and
optical properties of ZnO in wurtzite phase [18]-[23]. Schleife et al. [19] performed ab initio calculations of op-
tical and energy loss spectra of quasi particle ZnO with GGA+U scheme and scissor operator using VASP. Lin-
ear and non-linear optical response of ZnO has been studied with PW92, LDA scheme and scissor operator us-
ing ABINIT code by Fanjie Kong et al. [20]. The impact of pressure on structural transitions is also studied us-
ing band structure calculation as a tool and the optical properties at high-pressure phases of ZnO have also been
reported with GGA using CASTEP code by Jian Sun et al. [22].

The theoretical interpretations of optical properties are very important, because the electronic structure has a
large impression on optical and energy loss properties [19]. In the present work, we aim to give the theoretical
insight of the structural, electronic and optical properties of ZnO in wurtzite phase with efficient mBJLDA po-
tential using ab initio calculations. In Section 2, we give the computational details and brief description of the
method of calculation. In Section 3, we discuss the results of present calculation. Finally, the conclusions are
presented in Section 4.

2. Theoretical and Computational Details

First principle calculations are performed on structural, electronic and optical properties of wurtzite ZnO. To
obtain reliable results, a highly accurate Full Potential Linearized Augmented Plane Wave (FP-LAPW) method
is applied, as implemented in WIEN2k code based on Density Functional Theory (DFT) [25] [26]. The ex-
change correlation effect is treated using modified Becke-Johnson Local Density Approximation (mBJLDA)
[27] [28] and Perdew-Burke-Ernzerhof-Generalized Gradient Approximation (PBE-GGA) [29]. It is a well-
known fact that GGA underestimates the band gap value in semiconductors [20] [30] [31] and also locates the d
and f orbitals in a poor manner. This is mainly due to the fact that GGA prescriptions have simple forms and are
not amply flexible to accurately reproduce both the exchange—correlation energy and its charge derivative. To
overcome this shortcoming, the mBJLDA potential is employed to study the structural, electronic and optical
properties of ZnO in wurtzite structure. The mBJLDA potential not only provides better band gaps and also rea-
sonably reproduces the reliable experimental ones for semiconductors and highly correlated electron system
[31].

In FP-LAPW method, the basis set is obtained by dividing the unit cell into non-overlapping spheres sur-
rounding each atom and creating an interstitial region between them. The potential and the charge density are
expanded by spherical harmonics inside the muffin-tin sphere and by plane wave basis set in the interstitial re-
gion of the unit cell. The equilibrium volume ¥, bulk modulus By, pressure derivative of bulk modulus B; and
the ground state energy E, are determined by fitting the total energy versus the reduced and extended volume of
the unit cell into third-order Birch-Murnaghan’s equation of state (EOS) [32] [33]. In the third-order Birch-
Murnaghan’s equation of state (EOS), the total energy and pressure as a function of volume are given as,

O P (R O 0
P(r)- %ng/ _(%TBHH%(B(; _4){(%2/3 _11} @

respectively. In these expressions, Ej is the total energy; ¥ is the equilibrium volume; By is the bulk modulus at
pressure P =0; and B, is the first derivative of the bulk modulus with respect to pressure.
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Geometry minimization is also done for obtaining the optimized positions. To achieve the energy convergence
of the eigenvalues, the wave function in the interstitial regions is expanded in plane waves with a k cut-off, k,,x =
7.0/Ryt, where Ry denotes the smallest atomic sphere radius (muffin-tin radius) and k,,, denotes the magnitude
of the largest k-vector in the plane wave expansion. The valence wave functions inside the muffin-tin sphere are
expanded up to /,x = 10, while the charge density is Fourier expanded up to G, = 12 (Ryd)”z. The Ryt values
are 1.75 and 1.53 a.u. for Zn and O, respectively. A dense mesh of 1000 k points is used in the irreducible wedge
of the brillouin zone. The self-consistent calculations are iterated till the total energy converges below 10* Ry
and force converges below 1 mRy/a.u. Zn 3d, 4s and O 2s, 2p orbitals are considered as valence states and all
lower-lying states are treated as core. The atomic positions are (1/3, 2/3, 0) (2/3, 1/3, 0.5) for Zn and (1/3, 2/3,
0.38) (2/3, 1/3, 0.88) for O, respectively. The volume optimization curve is shown in Figure 1.

3. Results and Discussion
3.1. Structural Properties

The ground state structural properties such as, equilibrium lattice parameters (a, and ¢,), anion position parame-
ter u (which governs the positions of oxygen ions), equilibrium volume (¥p), bulk modulus (By) and its pressure
derivative ( B, ) calculated are shown in Table 1. The present values are in good agreement with the experimen-
tal one [20] [34] and are also compared with other reported theoretical values [35]-[37]. Bulk modulus (B,) and
its pressure derivative ( B;) of ZnO are also in reasonable agreement with other reported theoretical values.

3.2. Electronic Properties

3.2.1. Band Structure

The electronic properties of ZnO are discussed using the band structure, total density of states (TDOS) and par-
tial density of states (PDOS) calculated with optimized values. Spin polarized and non-spin polarized calcula-
tions are performed using both mBJLDA and PBE-GGA potentials. The calculated band structure along the
higher symmetry points /-M-K-/-A and higher symmetry directions X, A, A in the brillouin zone using mBJLDA
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Figure 1. Total energy vs. volume.
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Table 1. The equilibrium lattice parameters, ay and ¢y, u parameter, volume V;, bulk modulus B, and pressure derivative of
bulk modulus B of w-ZnO.

ao (A) co (A) c/a u Vo (A/f. u.) By (GPa) B,
PW 3.286 5.269 1.603 0.380 24.61 128.72 438
Exp. 3.249 5.2041 1.601% 0.381% 2379 183 4.0
3.286" 5.241" 1.5951 0.3831 154.469 4214
Cal 3.270' 5.268! 1.611% 0.378!
: 1.604 0.385!¢ 24.931 129.731 4.68
3.283M0 5.3091 1.61710 0.378!1 131.510 421

PW-present work; Exp.-experiment; Cal.-Calculations. [a] Exp. [34]; [b] LCOA [35]; [c] GGA [36]; [d] PW92-LDA [20]; [e]GGA [37]; [f] PWO91-
GGA [38].

and PBE-GGA approach are shown in Figure 2(a) and Figure 2(b), respectively.

The valence band maximum and the conduction band minimum are located at /" point, resulting in a direct
band gap. The £, using PBE-GGA and mBJLDA are 0.814 eV and 2.683 eV respectively. F. Tran and P. Blaha
have reported the £, of 0.75 eV and 2.68 eV using the LDA and mBJLDA potentials, respectively [28]. In the
present study, similar generic nature is observed in the band structure of w-ZnO using mBJLDA and PBE-GGA.
First valence band at /" locates between 0 and —1 eV in both the band structures obtained using mBJLDA and
PBE-GGA. In the mBJLDA band structure, the second valence band at I is located in the region —3 eV to —4
eV, and that using PBE-GGA, lies below —4 ¢V to —5 e¢V. Third/lower valence bands in mBJLDA band struc-
ture are located around —5 eV and that in PBE-GGA, are around —5.5 eV. The present study reveals an interest-
ing shifting of the bands. Conduction band minimum is lowered by 2.7 eV in mBJLDA band structure, where as
in PBE-GGA band structure the conduction band minimum is lowered by lesser than 1 eV. Higher conduction
band shows more shifting which is around =7 eV in mBJLDA, though in PBE-GGA the shift is around =5
eV. Further, we also note that, shifting of lower valence band and higher conduction band are more, compared to
that of conduction band minimum and the valence band maximum closer to the Fermi. The downward shifting
of the valence and conduction bands, using PBE-GGA is more when compared to mBJLDA. Lower valence
bands get more localized compared to upper valence band when PBE-GGA is used. The present E, using
mBJLDA shows better agreement with experimental values, which confirms that mBJLDA potential, is best
suited for w-ZnO, compared to GGA and LDA. So, in the present study the further calculations such as elec-
tronic and optical properties of w-ZnO are done using mBJLDA and presented in the subsequent sections.

3.2.2. Total and Partial Density of States

Total and partial densities of states of w-ZnO are shown in Figures 3(a)-(c) for the energy range —8 eV to +10
eV. The first valence band is located between 0 to —3.5 eV and it comes from the admixture of O “p” state, Zn
“p” state and a small amount of Zn “d” states. This mainly comes from the p-d hybridization between O “p” and
Zn “d” states. The second valence band is located between —3.4 eV to —4.0 e¢V. This is predominantly from “d”
states of Zn. The third valence band below —4 eV to —5.5 eV is the admixture of “d” and “p” states of Zn and
“p” state of O. Figures 4(a)-(e) represent the partial density of states (PDOS) of s, p, d of Zn and s, p of O, re-
spectively, using mBJLDA. This clearly shows the hybridization discussed above and nature of bonding. Figure
3(d) illustrates the total DOS of w-ZnO obtained by spin polarized calculation using mBJLDA. The spin up
DOS is plotted in the positive region and spin down DOS is plotted in the negative region. There is no signifi-
cant difference between the two spectra in spin polarized density of states of ZnO, (i.e.) the peaks in the DOS of

spin up and spin down calculations are equal. It reveals that ZnO is non-magnetic in nature.

3.2.3. Charge Density Contour

We have investigated the electronic charge density contour of w-ZnO in (110) plane, to analyse nature of
chemical bond between Zn and O atoms, as shown in Figure 5(a), Figure 5(b). Since there is a large difference
in the electro negativity of Zn and O atom, charge transfer happens from Zn to O atoms. The calculated electron
density of w-ZnO shows that charge density contour lines are spherical as well as sharing of electrons also ap-
pear which causes strong covalent interaction between Zn-O atoms. Thus w-ZnO has both ionic and covalent

bonds.
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Figure 2. (a) Calculated band structure of pure ZnO using mBJLDA and (b)
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Figure 3. (a) Total density states; (b) (c) Partial density of states of ZnO using mBJLDA;

(d) Total DOS of ZnO obtained by spin polarized calculation using mBJLDA.
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Figure 5. (a) Electron density 3D plot of w-ZnO and (b) Electron density contour plot of w-ZnO with mBJLDA.
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3.3. Optical Properties

Optical properties play an active role in the understanding of the nature of material and provide a clear picture
for the usage of a material in opto electronic devices. It is generally known that the interaction of a photon with
the electrons inthe system can be described in terms of time-dependent perturbations of the ground-state elec-
tronic states. Transitions between occupied and unoccupied states are originated by the electric field of the pho-
ton. The spectra resulting from these excitations can be described as a joint density of states between the valence
and conduction bands. The optical response of a material to the electromagnetic field at all energy levels, can be
described by means of complex dielectric function e(w) as,

e(0)=¢(0)+ig, (0) 3)

where, ¢)(w) and e,(w) are real and imaginary part of the dielectric function. Real part of the dielectric function
e1(w), means the dispersion of the incident photons by the material, while the imaginary part of the dielectric
function &,(w), corresponds to the energy absorbed by the material. There are two contributions to complex di-
electric function e(w), namely intraband and interband transitions. The contribution from intraband transitions is
influential only for metals. The interband transitions can be further divided into direct and indirect transitions
[20]. Here the indirect interband transitions is neglected, which include scattering of phonon and are expected to
give only little contributions to e(w) [21].

The imaginary part e,(w) of the dielectric function is calculated from the contribution of the direct interband
transitions from the occupied to unoccupied states and the calculation is associated with the energy eigenvalue
and energy wave functions, which are the direct output of band structure calculation. &,(w) can be calculated us-
ing the following expression [39].

82(a)):[4n - JZJ'i|M|j2fi(l—ﬁ.)5(Ef ~E -o)d'k )

2 2
m @

where, M is the dipole matrix; i and ; are initial and final states respectively; f; is the Fermi distribution function
for the /" state; E;is the energy of electron in the /™ state and  is the frequency of the incident photon. Real part
1(w) of the dielectric function can be found from its corresponding &,(w) by Kramers-Kronig transformation in
the form [39] [40]
2 2o, (0)do'
& (o)=1+ EP!; o — ot ®)
where, P stands for the principle value of the integral.

Figure 6(a), Figure 6(b) illustrate the calculated result for the imaginary e,(w) and real ¢;(w) part of the di-
electric function, respectively, for the electric field vector parallel and perpendicular to the crystallographic
c-axis. Since w-ZnO has hexagonal symmetry, we need to calculate two different independent principle compo-
nents for e(w) such as, ¢,,(w) and e(w) corresponding to light polarized parallel and perpendicular to c-axis.
Due to this reason, all optical constants are compared together in two directions.

In Figure 6(a), we observed a shoulder at 3.7 eV in both ¢(w) and &(w),, spectra, which falls to a first
critical point at 2.68 eV. This is again showing the direct band gap nature of ZnO as discussed earlier in section
3.2.1 and as shown in Figure 2(a). The first critical point of ey(w) is 2.68 eV, which is close to the calculated
band gap and also known as the fundamental absorption edge. This confirms the direct optical transitions, be-
tween the valence band maxima and the conduction band minima at /". The prominent large peak in the spectra
is situated at 11.7 and 13.3 eV for &;(w). and &(w),, respectively. There are two small humps in e;(w)s spec-
trum, situated at 8.0 and 13.1 eV and one shoulder at 12.3 eV whereas in e/(w),, spectrum there are three small
humps located at 8.2, 11 and 12 eV. The transition between Zn 4s and O 2p orbitals may drive to the peak at
around 8.0 eV. The peak at 11.0 eV is mainly from the transition between O 2p and Zn 3d orbitals. The peaks
around 13 eV come from Zn 3d and O 2s states. These results are consistent with the other reported results [22].
We observed considerable anisotropy in the imaginary and real part of the dielectric function of w-ZnO in the
range 8 - 13 eV, while they are isotropic in the lower energy region. This anisotropy in the optical properties is
expected for low symmetry crystals [41].

O,
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Figure 6. (a) Imaginary part of dielectric function &(®) and (b) Real part of dielectric
function ¢;(w) as a function of photon energy for pure ZnO with mBJLDA.

The static dielectric constant value (the value of the dielectric constant at zero energy) of €/(0) is 2.8. A higher
value of energy gap produces a smaller £,(0), which can be explained on the basis of the Penn model [42]. From
the knowledge of ¢;(w) and e,(w), all the other optical properties, such as, reflectivity R(w), refractive index
n(w), extinction coefficient x(w), energy loss function L(w), absorption coefficient a(w) and optical conductivity
o(w) can be calculated [22] [24].

(n—l)2 +x7
R =7 6
() (n+1)2 +x7 ©

where, 7 is the real part of the complex refractive index (refractive index) and « is the imaginary part of the re-
fractive index (extinction co-efficient).
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Figure 7(a), Figure 7(b) show the reflectivity and energy loss spectra of ZnO. The reflectivity is significantly
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enhanced after 13 eV. From the reflectivity spectra we observed, the anisotropy behaviour of w-ZnO is small up
to the photon energy 10 eV. The reflectivity data of the present calculation are compared with other experimen-
tal data. The line shape of our calculated reflectivity spectra is in reasonable agreement with the previously
measured reflectivity [43]. The theoretical spectra show much finer and pronounced peaks. The important rea-
son for the difference between theoretical and experimental results about the peak positions is a possible strain
in the sample [19].

L(w) is an important factor describing the energy loss of a fast moving electron in a material. The peaks in
L(w) spectra represent the characteristic combined with the plasma resonance and the corresponding frequency
is the so-called plasma frequency (w,;), above which the material shows the dielectric behaviour [e,(w) > 0],
while below which the material exhibits the metallic property [¢1(w) < 0]. The peaks in L(w) spectra reveal that
the point of transition from the metallic property to dielectric property for a material [22]. In addition the peaks
of L(w) also correspond to the trailing edges in the reflection spectra, for instance, the peaks of L(w) for ZnO is
around 9.91 and 12.8 eV corresponding to the abrupt reduction of R(w) as shown in Figure 7(a).

Figure 8(a), Figure 8(b) show the refractive index and extinction co-efficient of ZnO. Refractive index of an
optical medium is a dimensionless quantity that describes propagation of beam through that medium. The line
shape of n(w) spectra is similar as ¢;(@) due to relation n(a)) = \/Z , as described by Mark Fox [40]. We no-
ticed very less anisotropy up to 7.1 eV in n(w) spectra of w-ZnO and after that it shows considerable anisotropy
behaviour.

Birefringence is the optical property of a material having a refractive index that depends on the polarization
and propagation direction of light. These optically anisotropic materials are said to be birefringent. The bire-
fringence is quantified as the difference between the extraordinary and ordinary refractive indices, An(w) =
n/w) - ny,(w), where n ) is the index of refraction for an electric field oriented along the c-axis and n,(w) is the
index of refraction for an electric field perpendicular to the c-axis [20]. Birefringence is important only in the
non- absorbing region, which is below the energy gap. The static value of n/(w) is 1.663 and n,(®) is 1.648. We
find that the positive birefringence An(0) is equal to 0.015 for w-ZnO.

The extinction co-efficient k() indicates strongest absorption at the edge and above 8 eV (in the UV region).
The line shape of k(w) spectra in Figure 8(b) is having homogeneous nature with that of absorption spectra a(w)
in Figure 9(b) due to the absorptive nature of k(®).

The calculated optical conductivity and absorption coefficient as a function of photon energy for pure w-ZnO
with mBJLDA are shown in Figure 9(a), Figure 9(b). The expressions which are used for calculating the ab-
sorption co-efficient and optical conductivity from e;(@) and &,() are given in Equations (10) and (11).

Re[o(a))]:%gz(a)) (10)

o(0) =2 () &2 (@) 723 (0) &, (@) | (11

Optical conductivity starts at 2.68 eV in both o(w),, and o(w),. spectra, which confirms that ZnO is a semi-
conductor. The highest optical peak is obtained at 11.7 eV in o(w),, and at 13.2 eV in o(w)... The line shape of
o(w)y, and o(w)., are similar as e,(w) spectra. Absorption co-efficient is another important factor to evaluate the
optical properties ofa material. The peaks and valleys in the absorption curve are related to the possible transi-
tion between states in the energy bands. The absorption spectra in Figure 9(b) reveal that w-ZnO is sensitive in
the ultraviolet region.

The calculated real and imaginary parts of optical conductivity as a function of photon energy for pure w-ZnO
with mBJLDA are shown in Figure 10(a), Figure 10(b). Real part of the optical conductivity Re o(w) is related
to the frequency dependent dielectric function &,(w) in all frequencies. The peaks in Re o(w) are mainly from the
interband transitions between the occupied and unoccupied states.

4. Conclusion

We have analysed the structural, electronic and optical properties of wurtzite ZnO using Full Potential Lin-
earized Augmented Plane Wave (FP-LAPW) method. Exchange and correlation effects are treated by PBE-
GGA and mBJLDA potentials. The structural parameters show good agreement with experimental values. The
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Figure 8. (a) Calculated refractive index n(w), and (b) extinction co-efficient x(w) as a
function of photon energy for pure ZnO with mBJLDA.

band structure calculations are done using both the exchange correlation potentials. Since mBJLDA gives better
band gap than PBE-GGA, further studies are carried out with the former potential. Total and partial densities of
states of ZnO are also performed to understand the relative energetic positions of electrons and to know about
the hybridization and nature of bonding. From the investigation of electronic charge density, it is found that ZnO
has iono-covalent bonding nature. The optical properties, such as real and imaginary parts of dielectric function,
reflectivity R(w), refractive index n(w), extinction co-efficient k(w), absorption co-efficient a(w), electron en-
ergy loss function L(w) and optical conductivity o(w) are calculated. Our optical properties reasonably agree
with other reported experimental and theoretical results.
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