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Abstract Due to its wide band gap and high electron mobility, ZnO is a promising semiconductor material for
dye-sensitized solar cells (DSSCs). This research utilizes ab initio density functional theory (DFT) as implemented in the
Quantum ESPRESSO software. Both standard DFT and DFT+U formalism were employed to explore the structural, elastic,
electronic and optical characteristics of wurtzite ZnO (W-ZnO). The optimal lattice constants a = b =3.289 A and ¢ =
5.29032 A were obtained in DFT calculations while in the DFT+U techniques, a=b=3.269 A and 5.211 A were achieved. This
was found to align with prior findings in the literature but exhibiting a minor reduction during the DFT+U calculations. It was
noted that W-ZnO exhibits a direct band gap at the gamma point. The calculated band gaps were determined to be 0.79 eV,
1.45eV, and 3.19 eV for the standard DFT, DFT + Ug, and DFT + Uq + U,, calculations, respectively. From the density of state
(DOS) analysis, the valence band was noted to be predominantly influenced by the O-2s, Zn-3d, and O-2p orbitals, while the
conduction band was primarily governed by the O-2p and Zn-4s orbitals. The computed elastic constants, along with the bulk
and shear moduli of W-ZnO conformed with stability criterion of hexagonal structures indicating that W-ZnO is
mechanically stable in its ground state. Overall, W-ZnO demonstrated low absorption capacity and high transmittance within

the visible spectrum, rendering it a promising candidate for applications in dye-sensitized solar cells (DSSCs).
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1. Introduction

Dye sensitized solar cells (DSSCs) have attracted a
widespread attention in recent years as a facile renewable
energy source, due to the exhaustion of non-renewable
energy sources [1,2]. In addition, DSSCs are presented as a
low cost alternative to the conventional solar cells. DSSCs
are devised by use of wide bandgap semiconductor compounds
as photoanodes, such as TiO,, SnO,, Nb,Os and ZnO, for
state-of-the-art results of DSSCs [3,4]. Among these, although
TiO, is still desired, ZnO, due to its exemplary electron
mobility and wide scope of morphological variation exhibits
the optimistic candidature as a photoanode compound in
DSSCs [5]. Recently, ZnO has emerged as a fascinating
workhorse semiconducting metal oxide compound owing to
its high optical transparency, adjustable electronic properties,
ease in preparation, insignificant toxicity and low cost.
This is evident from the diverse reports of ZnO being active
as an acceptor compound in hybrid photovoltaics [6,7], as a
semiconducting scaffold in DSSCs [8,9] as a charge transport
layer in organic photovoltaics [10,11]. Additionally,
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ZnO is a unique compound, which possesses semiconducting
and piezoelectric properties [12-14]. It is a versatile oxide
semiconductor with a direct bandgap of 3.37 eV as well as
60 meV of high free extinction binding energy at room
temperature [15,16]. Several recent experimental and ab
initio studies have been reported on the fundamental
properties of ZnO. Structural characterization with x-ray
diffractometer (XRD) has been conducted on W-ZnO
nanostructures synthesised using reflux precipitation [17,18]
and sol-gel [19] experimental techniques. According to these
studies, W-ZnO belongs to the p63mc space group having a
hexagonal crystalline structure with lattice constants
a=3.264A and c¢=5.219 A . Dhamodharan et al [20] deposited
ZnO thin films using spray pyrolysis technique and investigated
its optical properties by use of spectrophotometer. A direct
band gap of 3.37eV as well as high optical transmittance
(85-95%) in the visible region that decreased with increasing
photon energy was observed in this work. Experiments can
often be difficult to carry out, expensive and sometimes
provide only indirect information [22]. Computational
techniques are therefore at an advanced stage to supplement
experimental data on the basis of a microscopic model and
give insights into the basic mechanisms of interaction between
atoms. Density functional theory (DFT) as a computational
technique has successfully been used to describe the ground
state properties of W-ZnO among many other materials.
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Various codes such as Vienna ab initio Simulation Package
(VASP) [23] WIEN,K [24,25], Cambridge Sequential
Total Energy Package (CASTEP) [26,27] and Quantum
ESPRESSO (QE) [28] among others have been employed to
implement the DFT approximations. With the use of
WIENK in the generalized gradient approximation (GGA)
formalism, Khuili et al., [29,30], confirmed the hexagonal
structure of W-ZnO with lattice constants a=3.248A and c=
3.222A . A direct band gap of 0.8 eV at gamma point of
symmetry was reported in this study. This was higher than
0.65eV obtained by Qing et al [28] using local density
approximation (LDA) potentials in QE code. Lei et al
employed the CASTEP code using GGA potentials to
implement DFT in the electronic structure calculations. They
observed that the valence band maximum (VBM) was
occupied mainly by O-2p states while the conduction band
minimum (CBM) was dominated by Zn-4s states giving a
direct band gap of 0.734 eV. John and Padmavathi [31]
introduced the modified Becke-Johnson (mBJ) potentials to
the LDA potential in their DFT study of the optical properties of
W-ZnO. A low energy loss in the visible spectrum, an
absorption edge of 2.68eV, static refractive index n(0) =
1.648 were reported in this study. To investigate on the
electronic and elastic properties of W-ZnO, Gopal and
Spaldin [32] used the VASP code to implement DFT with
Self- Interaction Corrected [33] and LDA potentials for
comparison. While the standard LDA underestimated the
band gap at 0.78eV, SIC-LDA overestimated it at 3.8eV. The
five independent elastic constants for hexagonal W-ZnO
obtained with SIC-LDA potentials were C11=217, C12=117,
C13=121, C33=225 and C44=50 GPa. From the above
discussion, DFT has been verified as a reliable and effective
computational technique in the study of fundamental
material properties. However, the band gap underestimation
in the standard DFT is a major limitation in the accurate
prediction of electronic properties of materials. The use of
approximated potentials in the Kohn-Sham implementation,
results to generation of self-interaction errors [34,35]. The
hybridization between the Zn-3d and O-2p shells is therefore
inadequately dealt with by standard semi-local exchange
correlation (XC) functionals, resulting into the shrinking of
the band gap [36]. Several approaches have been proposed to
compensate for the band gap underestimation of standard
DFT formalism. Green functional (GW) approximation [37,38]
puts into consideration the self-energy of a many-body
system of electrons and has been used to reproduce the
experimental band gaps of semiconductors. On the other
hand, hybrid exchange-correlation functionals [39-41] like
HSE, PBEO, and B3LYP integrates the GGA exchange
potentials with the Hartree-Fock (HF) non-local exact
exchange to widen the band gap. Although GW and hybrid
potentials have proven to be more accurate than standard
DFT, their high computational cost limits their applications.
In the recent past, Tran and Blaha modified Becke-Johnson
(TB-mBJ) potential have been developed to allow better
approximations of band gaps at a reasonable computational
cost [42,43]. DFT+U formalism proves to be the most

popular remedy to DFT limitationsfor their ease of
implementation, low computation cost and high accuracy.
DFT+U introduces an on-site Coulombic Hubbard U term
[44] into the XC functional of either the LDA or GGA. The
magnitude of the on-site potential is basically defined by
parameters U (on-site Coulomb) and J (on-site exchange),
which can be obtained from first-principle calculations or by
comparison with experimental data [45,46]. In the simplistic
implementation of DFT+U proposed by [47], the Columbic
interaction is included via an effective Ug (= U-J)
parameter as shown in equation (1).

Ue
Eppr+v = Eppr + 2a fo Tr (p* — p®p®) 1)

Where p“ is the atomic orbital matrix. Generally, it is not
easy to deduce the optimal value of the coulombic potential
U for ZnO. This is after the widely used linear response
approach provided by Cococcioni et al. [48] for open-shell
systems failed on ZnO since it is a closed-shell system.
Dependence of the band gap and lattice parameters of ZnO
on the value of Hubbard U has been proposed as a viable
route in the determination of the optimal value of U [49].
Huang et al. [50] compared the impact of the Hubbard U
term on the structural and electronic aspects of W-ZnO using
LDA+U and GGA+U approximation. They introduced the
Hubbard U term on both the d orbital of Zn (Uy) as well as
the p orbital of oxygen (Up). This method resulted into
improved band gap as well as the position of the valence
band with GGA+U reporting an improvement of the energy
band gap from 0.7 eV to 1.4 eV. Recently, Goh et al. [51]
carried out a similar study by applying Hubbard corrections
Ug to Zn- 3d states and U, to O-2p states in the LDA+U
method. According to this study, while the band gap was
enlarged towards experimental value, the lattice constants
were underestimated for all the tested Hubbard parameters.
So far, the influence of Uy and U, on W-ZnO has largely been
focused on structural and electronic properties while their
effect on mechanical and optical properties has been greatly
ignored. To the best of our knowledge, there exists no report
on the optical and mechanical properties of W-ZnO based on
the DFT + Ug + U, formalism. Whereas the mechanical
properties determines the stability of a compound, optical
properties such as dielectric functions, absorption, reflectivity,
energy loss and refractive index describes the applicability of
a compound in DSSCs. To explore the potential candidature
of W-ZnO as a photoanode in DSSCs, this study adopted the
DFT + Ug + U, method to investigate the structural, mechanical,
electronic and optical properties of W-ZnO.

2. Computational Details

Ab initio calculations were conducted utilizing the density
functional theory (DFT) framework as implemented in the
Quantum ESPRESSO (QE) software [52]. Self-consistent
calculations were executed to address the Kohn-Sham
equations [53] within the Generalized Gradient Approximation,
employing the Perdew-Burke-Ernzerhof (GGA-PBE) [54]
exchange-correlation functional. The W-ZnO compound
exhibits a hexagonal structure that belongs to the P63mc
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space group, characterized by angles a = = 90° and y =
120°, with lattice parametersa=b =3.25A and ¢ =5.21 A
[17]. The unit cell of W-ZnO comprises four atoms,
specifically two zinc (Zn) atoms and two oxygen (O) atoms.
To ensure the precision of the results, structural optimization
was performed. The convergence of k-points was assessed,
ranging from 3 x 3 x 1 to 18 x 18 x 16, with increments of 2
x 2 x 2. Additionally, the kinetic energy cut-off (Ecut) was
optimized within a range of 10 to 100 Ry, with steps of 5 Ry.
Following this, lattice constant optimization was conducted
utilizing the converged k-point and cut-off energy values,
achieving convergence with a criterion set at 10* Ry. The
K-point sampling of the Brillouin zone was implemented
using the Monkhorst and Pack method, establishing a grid of
8 x 8 x 6 K-points. Electronic band structure calculations
were performed employing both the Generalized Gradient
Approximation (GGA) and GGA+U methodologies. This
comparative analysis was necessary due to the tendency of
Local Density Approximation (LDA) and GGA functionals
to underestimate the electronic band gaps of materials. The
THERMO-PW software was utilized to compute both the
real and imaginary components of the dielectric function
under standard DFT and DFT+U frameworks. Furthermore,
THERMO-PW was also applied to evaluate the mechanical
properties, with normal cell relaxation conducted to ensure a
stress-free system prior to the calculation of elastic constants.
Various elastic properties were derived using the Voigt
(V), Reuss (R), and Hill (H) averaging methods. The bulk
modulus, which serves as an indicator of incompressibility,
was calculated as the average of Bv and Bg, as outlined in
equations 2-4.

1
By = 5[2(Ciy + Ci2) + C33 +4Cy5] 2
_ (C11+C12)C33-2CF 3)

R Cq11+C12+2C33—4C13
By = By+Br (4)

2
The shear modulus describing a deformation caused by a
stretching force acting parallel to an invariant line was
computed using equations 5-7.

1
Gy = ﬁ(cll + Cqy + 2C33 — 4Cy3 + 12Cy4 + 12C¢) (5)

G _>5 {(C11+€_12)C33-2CF3}C44Cos (6)
R 23ByC4aCo6+{(C11+C12)C33—2C%3}(Caa+Co)
Gy +G
Gy = - (7

2
To compute the young modulus (E), Poissons ratio (n) and
Pugh ratio (P), Shear anisotropy (A) and Debye temperature,
equations 8-12 were used.

E= = ®)
n=3{1-3 ©
p=7 (10)
A= Cl%m (11)

111
_ R[3n (Nap\1'/3
o = ;[ ()] W (12)
Where h represents Planck's constant, k denotes

Boltzmann's constant, NA signifies Avogadro's number, n
indicates the number of atoms per formula unit, M refers to
the molecular mass per formula unit, p is the density, and Vm
is derived from equation 13.

-1/3
1 2
Vn = [§ (V53+V13)]

Where Vs and V, are the shear and longitudinal sound
velocities.

(13)

3. Results and Discussions

3.1. Structural Properties

The optimization of structural parameters is a significant
part of theoretical understanding of a material [60]. Figure 1
illustrates the visual depiction of the hexagonal phase of ZnO
that was examined in this research.

Figure 1. Schematic representation of hexagonal wurtzite structure of ZnO
using VESTA code [61]

The W-ZnO crystal is characterized by the presence of
two interpenetrating hexagonal close-packed (hcp)
sub-lattices. Each sub-lattice is composed of a single type of
atom that is offset relative to the other along the threefold
c-axis, with an internal parameter u of 0.375, which is
indicative of an ideal wurtzite structure [17]. In this structure,
each zinc atom bonds with four oxygen atoms situated at the
corners of a regular tetrahedron and vice versa as shown in
Figure 1. For the accuracy and viability of any DFT study,
the optimal values of k-points, kinetic energy cut off (Ecut)
and lattice constants are very crucial. The ideal density of
k-points is directly related to the volume of the compound,
and due to zinc's classification as a transition metal, it
necessitates a higher density of k-points. By varying the
k—points grid over a wide range (3x3x1 to 18x18x16), the
first Brillouin zone was integrated up to a minimum k-point
mesh of 8x8x6 as shown in Figure 2 (a). To optimize the
Ecut, the optimized k-point mesh and experimental lattice
constants for W- ZnO were fixed while Ecut was varied from
10-100 Ry. The wave functions converged at 50Ry as shown
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in Figure 2 (b) which was computationally cost effective.
The lattice parameters were optimized at fixed k-point and
Ecut by varying lattice constant, a in the range of 3.19- 3.4A
and the ratio c/a in the range of 1.55-1.65 A . Figure 3 (a), (b)
and (c) presents optimized values of lattice constant a, c/a
ratio and volume respectively. From these Figures, the
optimal lattice constants a = b =3.289 A and ¢ = 5.29032 A
were obtained. This yielded a c/a ratio of 1.608, which is
close to the experimental value of 1.60 expected for hcp unit

cells [17]. The optimal cell volume achieved was 49.39 A®
which is in good agreement with the experimental value of
48.15 A*[17] and DFT value of 45.67 [62] implying that our
technique is viable and the obtained findings are reliable.
The introduction of Hubbard U potential has a reducing
effect on the lattice constants and volume as shown in Figure
3 (@), (b) and (c). This is attributed to the decreased
hybridization of Zn-3d and O-2p orbitals with the inclusion
of the Hubbard U term [44].

Table 1. Optimized lattice constants a, c/a, equilibrium volume (V,), bond length, bond angle and minimum energy (Enmin)

ad) cla V(A3 Bond length (&) Bond angle  Emin(Ry)
DFT 3.289 1.608 49.39 1.9993 108.37 -570.91
DFT+ Ugq 3.276 1.603 49.26 1.9982 108.41 -570.45
DFT+Uq + U, 3.269 1.594 48.84 1.9975 108.45 -570.31
E . " 3.264 1.599 48.15 1.992
xperimen R B s I %y [17]
Other DFT work 320 1609 457 1.98[63
erortwe 621  [62]  [62] -98(63]
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Figure 2. Total energies of W-ZnO as a function of (a) k-point mesh (b) cut-off energy
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Figure 3. Total energies of W-ZnO as a function of (a) lattice constant (b) c/a and (c) volume
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While bond length is the average distance between the
nucleus, bond angle describes the angle between two atomic
bonds. In this study, the bond length and bond angles of
W-ZnO were determined using Xcrysden code. The impact
of introducing the Hubbard U term on bond length and bond
angle were investigated and the results presented in Table 1.
The shortening of the bond length with the inclusion of
Hubbard U is attributed to the reduction of lattice constants
in the DFT+U calculations as discussed earlier in this paper.

3.2. Mechanical Properties

The elastic constants, Cj, are critical distinctives for
interpretation of the mechanical performance of stressed
materials. The constants provide insights into the interactions
between neighboring atomic planes, as well as the anisotropic
characteristics of binding, stiffness, and structural integrity.
W-ZnO exhibits a hexagonal crystal structure, which is
characterized by six elastic constants: Cy1, Cy5, C13, Cs3, Cus,
and Cgs. While the first five constants are independent of one
another, the sixth constant is determined as a function of the
first two, as outlined in equation 14 [64].

1
Ceo = E(Cn —Ci2) (14)
Table 2. Calculated elastic constants (c;;) for W-ZnO

Cu Crp Cis Cs Cus Ces
DFT 1953 9831 9947 1922 374 485
DFT+U 1954 1043 110.2 190 36.4 45.6
LDA ref [65] 227 133 118 232 40 47
Expt ref [66] 206 110 118 211 443 446

113

The calculated elastic constants are presented in Table 2
for both DFT ad DFT+U frameworks and we obtain overall
good agreement with experimental and other DFT findings.

For hexagonal system to be declared mechanically stable,
the elastic constants need to obey stability criteria described
by equations 15-20 [64].

Cpy >0 (15)
Cy3 >0 (16)
Caa > 0 17)
Ci1 > |Crz| (18)
Ch > Ch (19)
(C11 +2Crp) C33 > 2CH (20)

From the results of Table 2, the elastic constants fulfill all
the above conditions, confirming the mechanical stability of
W-ZnO. The elastic constants C;; and Cs3 denote the
resistance to linear compression in the a and c orientations,
respectively. The magnitudes of Cy; and Cs3 are significantly
greater than those of other elastic constants, indicating that
ZnO exhibits incompressibility in both the a and c directions
when exposed to stress. Furthermore, the greater value of the
elastic constant C;; in comparison to Css suggests that the
incompressibility in the a-direction is more pronounced
than that in the c-direction. By use of equations 9-20,
other fundamental elastic characteristics including the young
modulus (E), Poissons’ ratio(n) and Pugh ratio (P), Shear
anisotropy (A) and Debye temperature, were calculated and
presented in Table 3.

Table 3. Elastic moduli, Poisson's ratio (n), Pugh's ratio (B/G), shear anisotropy, Debye Temperature and shear velocity of ZnO in comparison with other

previous studies

B E G Poissons  Pugh Ratio Shear Debye Temp  Shear Velocity
(GPa) (GPa) (GPa) Ratio (BIG) Anisotropy (A) (K) (mfs)
DFT 136.9 1134 41.8 0.36 3.28 0.77 414.84 3218.95
DFT+U 136.7 107.2 39.1 0.37 3.50 0.799 463.99 3600
LDA ref [60] 162 -
Exptref [61] 142.4 -

From the value of bulk modulus obtained, W-ZnO reveals
itself as an incompressible compound with a high bond
strength. The computational findings corroborate with
previous experimental and DFT studies as indicated in Table
3. Additionally, good agreement is observed on the findings
of bulk modulus (136.8 GPa) computed by fitting equilibrium
volume in the Murnaghan equation of state (MEoS) [67]
described by equation (21).

Bov [ vo\BO 1
50 =%7{(®)

B} B¢—1

+ 1] + const (21)

The shear modulus quantifies the hardness of a material.
The computed values of shear modulus 41.8 and 39.1 GPa in
the DFT and DFT+U calculations respectively are good

indicators of the hardness of W-ZnO. Larger stiffness is
predicted by DFT than DFT+U since the observed young’s
modulus of 113 GPa in standard DFT is larger than 107.2
GPa obtained in DFT+U. Bulk Modulus (B) and Shear
modulus (G) are utilized in computing the Pugh's ratio
(B/G), which is a measure of theductility of a materials.
B/G >1.75, indicates ductility, whereas B/G <1.75 suggests
brittleness of a material. For ZnO, the B/G ratios are 3.28
and 3.50in the DFT and DFT+U respectively, implying that
this material is highly ductile. The poison's ratio (n) serves
as a critical parameter in assessing material properties;
specifically, a value greater than 0.26 indicates ductility,
whereas a value less than 0.26 signifies brittleness. The
calculated values of n are 0.36 and 0.37 in the DFT and
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DFT+U calculations respectively confirming the ductility of
ZnO. Debye's temperature indicates the temperature
necessary for the activation of all the crystal's phonon
modes in a material. The high Debye's temperature of
414.84 and 463.99 K obtained in this study for DFT and
DFT+U computations respectively indicate high thermal
conductivity of ZnO. For isotropic crystals systems, the
value of shear anisotropies (A) is expected to be equal to 1.
The shear anisotropy of a crystal is determined by values that
are either below or above 1. Since we obtained an A of 0.77
and 0.799 for DFT and DFT+U techniques respectively,
ZnO can therefore be said to be purely anisotropic. Shear
velocity is another fundamental parameter that describes the
lattice’s thermal conductivity. From this study, although,
DFT+U calculation predicted a higher shear velocity
(3600m/s) for W-ZnO as compared to DFT (3218.95 m/s),
both formalism suggests a high thermal conductivity of
W-ZnO.

3.3. Electronic Properties

The electronic characteristics were examined through the
computation of electronic band structures and the associated
projected density of states (PDOS), as illustrated in Figures 5,
6, and 7. The dashed lines at 0 eV in these figures indicate the
Fermi energy level, which delineates the boundary between
the conduction band and the valence band. To enhance the
accuracy of the electronic band structure calculations, the
K point mesh was refined to a denser configuration by
sampling the high symmetry points within the first Brillouin
zone. In this research, the band structures are illustrated at
the high symmetry points Ao-Eo— I'-S-Y- Z. Analysis of
these band structures reveals that both the valence band

Band gap (eV)

0.6

0 2 4 6 g 10 12
Hubbard LIII (eV)

maxima (VBM) and the conduction band minima (CBM) are
located at the gamma symmetry point. As a result, W-ZnO
exhibits a direct band gap of 0.79 eV when evaluated using
the standard DFT formalism. This is a great improvement
from the QE the value of 0.65 eV reported by Qing et al
[28]. In contrast to the experimentally determined band gap
of 3.37 eV, it is an extreme underestimation of approximately
75%. The observed phenomenon can be ascribed to the
recognized limitations of Local Density Approximation
(LDA) and Generalized Gradient Approximation (GGA) in
addressing the significant hybridization between the d and p
orbitals, which results in a reduction of the band gap. [68].
Introduction of the Hubbard correction term in the Zn-3d
(Ug) and O-2P (Uy) shells significantly widened the band
gap. Figure 4(a) and (b) presents the band gap variation with
Hubbard U values exhibiting a direct correlation obtained in
both DFT + Uy and DFT + Uy + U calculations. A combination
of Uy=10 eV and Up=8 eV reproduced experimental band
gap of 3.19eV as reported by [17] and was therefore adopted
in consequent computations of the optical and mechanical
properties.

These energy band gaps corroborates with the findings of
the PDOS presented in Figures 5b, 6b and 7b. From the
PDOS calculations, VB is primarily dominated by the O-2s,
Zn-3d and O-2P orbitals. On the other hand, the Zn-4s
and O-2P contributes in to the conduction band. The
contribution of Zn-2s and Zn-2p is not well pronounced in
both the VB and CB. The incorporation of the Hubbard term
U results in a downward shift of the hybridized Zn-3d and
0-2p states, while the Zn-4s state experiences an upward
shift. As a result, the band gap is increased, and the Fermi
level moves closer to the valence band.

s
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g
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Figure 4. The variation of the Hubbard U parameter and the band gap. (a) DFT + Ug and (b) DFT+Uq +U,
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Figure 8. The (a) real (b) imaginary part of the dielectric constant, (c) absorption coefficient, (d)refractive index, (e) reflectivity and (f) energy loss as a

function of the energy in eV of ZnO using DFT, DFT + Ug and DFT+Uq +U,

3.4. Optical Properties

An appropriate compound for utilization in the photoanode
of a dye-sensitized solar cell (DSSC) must be selected based
on its optical characteristics. The optical properties of a
material elucidate the frequency-dependent response of

various optical parameters to the energy of incoming photons,

represented by the equation E = hv. The optical parameters
of a material are characterized by e(w), a complex dielectric
function that varies with frequency. The expression for &(®)
is detailed in relation (22) [69].

e(w) = &(w) +ig(w) (22)

Where &;(w) and &,(w) represent the real and imaginary
components, respectively, of the complex dielectric function.
The real component elucidates the dispersion of photons
and the degree of polarization within the material, whereas
the imaginary component accounts for the absorption of
photons by the material. According to the selection rules, the
calculations of the momentum matrix elements between
unoccupied and occupied wave functions, as outlined in
equation 23, yield the imaginary part &,(w) (70)

nle?
& (w) =25
v d3k
Zn Zn' fann’(k)lszn (1 - fnn’)6(Erlf - Er]:' - 'kw) W
(23)

The real part & (w) is derived from &,(w) using the
Kramer — Kronig relationbelow [71]
glw)=1+-= f

OOSZ(w)w do' (24)

w'2-w?

The extraction of other optical constants, including the
absorption coefficient o(w), refractive index n(w), energy
loss spectrum L(w), and reflectivity R(w), was conducted

using &;(w) and &, (w) as described in equations 25-28.
1

a(@) =26 (V@) + (@) - @) @)

2
1 slz(w)+szz(w)+sl(w)

— 26
n(w) =5 > (26)
_ g2(w)
L((l)) - 812((4))+822((u) (27)
_ (—1)%+k?
R(w) = (n+1)2+K? (28)

The graphs depicted in Figure 8(a—f) display the
relationship between optical properties and energy in eV. In
reference to Figure 8(a), the electronic portion of the static
dielectric function, is 8.52, 6.02 and 5.16 for DFT, DFT + Uy
and DFT+Uq +U, calculations respectively. The calculation
of refractive indices is achieved by taking the square roots of
the specified values [34], which are summarized in Table 4.
From this table, the inclusion of Hubbard U term reduces the
value of &;(0) as well as the refractive index. Between 5.1 to
5.8 eV, the curve is negative implying that the radiation is at
this point fully attenuated and the ZnO compound behaves
like a metal [71]. The imaginary spectrum provides a
connection between the optical and electronic band structure
of a material. From figure 8(b) of &,(w) as a function of
energy, the critical onset points are located at 0.78, 1.46and
3.19 eV for DFT, DFT + Ugand DFT+Uy +U, calculations
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respectively as tabulated in Table 4. The increase in the
critical point value from DFT to DFT + Ug to DFT+Ug +U, is
collaborative to the results of computed electronic band gaps.
The &,(w) plot exhibited three prominent peaks at energies
0f5.12,10.4, and 13.6 eV, which correspond to the transition
of an electron from the valence band to the conduction band.
In this context, the transitions of electrons occur between
the O-2p and Zn-4s orbitals, the O-2p and Zn-3d orbitals, as
well as between the O-2s and Zn-3d orbitals, respectively.
The absorption coefficient describes how light intensity
diminishes over a specified distance within a material
medium. It is greatly affected by the photon frequency
implying that the incident photon interacts with material
electrons resulting in interband electron transition from the
valence to conduction bands. The data presented in Figure
8(c) indicates that the absorption edge of W-ZnO occurs at
0.78 eV, 1.44 eV, and 3.19 eV, corresponding to the DFT,
DFT + Ug, and DFT + Uy + Up calculations, respectively.
Contrast to standard DFT which predicts absorption of low
energy photon including infrared, the DFT+Ugy +U, approach
reveals that ZnO is transparent to majority of the solar
radiation. Consequently, ZnO is able to pass on light to the
absorption dye for photoemission and hence current
generation [71]. The refractive index, a dimensionless
parameter of an optical medium, quantifies the degree to
which a light beam is bent when traversing through that
medium. [72]. Materials of considerably high (above 1.8)
refractive index are desired in photovoltaic applications. The
calculated refractive index of W-ZnO is displayed in the plot
of Figure 8(d) and the results are presented in Table 4.
Despite the reduction of static refractive indices from DFT
to DFT + Ug to DFT+Uq +U,, the values are high enough for
the application of ZnO as a DSSC photoanode. A substantial
drop in the dispersion curve related to the refractive index
was observed post the initial peak indicating that beyond a
certain amount of photon energy, W-ZnO fails to maintain
its transparent nature and instead absorbs such radiations.

Reflectivity depicts the surface behavior of a material.
Figure 8(e) shows a low reflectivity at zero photon energy
(Ro). From Table 4, DFT+Uy +U, predicts the least reflectivity
of W-ZnO implying the ability of this material to reflect
minimum solar radiation but instead allow it to pass through
for dye excitation in DSSC. From the plot, the highest peaks
are observed at approximately 4.9, 5.1 and 5.8 eV in the DFT,
DFT + Ugand DFT+Uy +U, respectively after which the
reflectivity rapidly dropped. Energy lossL () is another
vital parameter that characterizes the loss of energy of a
fast-moving electron as it transverses a material medium.
Figure 8(f) shows a near zero energy loss up to 4.0 eV all
the approximations techniques. At higher photon energy,
the energy loss in ZnO gradually rises to a peak at 12.8, 14.2
and 15.4 eV DFT, DFT + Ug and DFT+Uq +U,, respectively.
The capability of W-ZnO within UV-Vis region to retain
most of its energy with negligible energy loss to the surrounding
as desired in DSSCs photoanode is therefore confirmed.
However, for high-energy electrons, the energy loss of
W-ZnO is relatively high.
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Table 4. Real dielectric function at 0 eV{e;(0)}, refractive index (n),
absorption critical points and reflectivity at 0 eV (Ro)

w0 T e o

DFT 8.52 2.92 0.78 0.24
DFT + Uy 6.02 2.45 1.44 0.15
DFT+Uq +U, 5.16 2.27 3.19 0.09

4. Conclusions

In this ab initio study, the potentiality and stability of
W-ZnO as a potential photoanode in DSSCs has been
investigated. The material was observed to exhibit hexagonal
crystalline structure with lattice constant a=b= 3.289A and
¢=5.29A . Upon inclusion of Hubbard U, the lattice constants
decreased with increase in both Uy and Up. Direct band gap
of 0.79, 1.45 and 3.19 eV were obtained for DFT, DFT +
Ud(10eV) and DFT+Ud(10ev) + Up(8eV) respectively. This
showed that the Hubbard U term has a positive effect on the
accuracy of band gap approximation. The inclusion of
Hubbard potential in the O-2p is a noble technique that can
be utilized even in other metal oxide material to enhance
DFT accuracy at no extra computational cost. The computed
elastic constants adhered to the stability criteria for
hexagonal structures, thereby affirming the mechanical
stability of W-ZnO. Optical absorption onsets were realized
at 0.78 eV, 1.44 eV and 3.19 eV in DFT, DFT + Ud and
DFT+Ud +Up calculations respectively. This reflects the
energy band gap characteristic of ZnO which demonstrates
W-ZnO as a transparent material in infra-red and visible light
regions and only starts to absorb at UV region. W-ZnO has
minimal energy loss in the solar radiation spectrum and
hence light can easily transverse its structure. The properties
examined in this study establishes the applicability of W-
Zn0O as a DSSC photoanode.
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