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Abstract For optimal functionality of photovoltaic devices, it is imperative to utilize efficient compounds characterized
by outstanding optoelectronic properties. The potentiality of compounds such as ZnO is not yet exhaustively exploited. In
The present investigation, we execute the ab initio studies based on density functional theory (DFT) to explore the structural,
elastic, mechanical, electronic, dynamical, transport and optical properties of three phases of ZnO. Ground state properties
were determined in two distinct scenarios, that is, by application of standard DFT and use of the Green functional (GW)
approximation. The calculated lattice constants of 4.388 A for C-ZnO, 3.289 A for Wurtzite (W)-ZnO and 3.276 A for
monolayer (M)-ZnO are in agreement with other DFT findings and experimental results obtained from literature. The
investigated compounds were found to be mechanically and dynamically stable at ground state, ductile and anisotropic. The
optical absorption coefficient curves prove that ZnQO is transparent to many solar radiations as expected in photoanode of dye
sensitized solar cells (DSSCs). All structures tested displayed direct band gap at gamma point of symmetry. The optical band
gap was found to increase on average by 2.33 eV when GW approximation was taken into account. Basically, the inclusion of
the Green’s function (G) and the screened Coulomb interaction (W) in DFT enhances the predictions of the energy band gap
and optical properties. The O-2s, Zn-3d and O-2p orbitals were found to dominate the valence band while 0-2p and Zn-4s
orbitals dominated the conduction band. Generally, ZnO was found to have low absorption ability and high transmittance in
the visible spectrum and therefore making it suitable candidate for DSSCs application. The monolayer ZnO demonstrated the
highest electrical conductivity as desired in DSSC’s.
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1. Introduction have widely been studied and a maximum efficiency of 14%

has been reported [5]. However, ZnO exhibit better potential
candidature as a DSSC working electrode owing to its
exemplary electron mobility and varying morphology [6].
Zn0O has tunable electronic band gap, high optical transparency,
insignificant toxicity and economical preparation cost. It’s
large surface area enhances adsorption with organic dye
hence optimized photon absorption. These aspects of ZnO
have yielded into numerous and diverse reports of ZnO
applied as an active acceptor compound in hybrid solar cells
[7,8]. In DSSC’s, ZnO has been utilized as a semiconducting
scaffold [9,10], as well a charge transport layer [11,12].
Additionally, ZnO is a distinctive compound characterized
by its inherent semiconducting and piezoelectric properties.
[13,14]. This oxide semiconductor exhibits versatility,

In the last few years, there has been a growing fascination
with dye-sensitized solar cells (DSSCs) among researchers
and industry professionals as a next generation sustainable
and eco-friendly energy resource, due to the exhaustion
of finite fossil fuel [1,2]. In addition, DSSCs provide a
cost-efficient substitution to the current commercial solar
cells due to their flexibility, high efficiency and excellent
transparency. DSSCs are devised with several components
including photoanode (working electrode), electrolyte, dye
sensitizer and counter electrode (Cathode). The Photoanode
serves a pivotal function as a matrix for dye adsorption as
well as conducting photo emitted electrons to the external
load circuit. Consequently, DSSC’s are designed by use of
wide bandgap semiconductive compounds such as TiO,,

Sn0O,, Nb,Os, ZnO and many others as photoanode for
state-of-the-art results [3,4]. Among these, TiO, based DSSC
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characterized by a direct bandgap of 3.37 eV and a high free
exciton binding energy of 60 meV at ambient temperature.
[15,16]. ZnO exists in three main crystalline phases;
Wourtzite (hexagonal), zinc blende (cubic) and Rock salt
(cubic) [17,18]. Both the Wurtzite and zinc blende can
exist under room pressure but rock salt only yields from
the metamorphosis of Wurtzite ZnO at high pressure and
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temperature. Several recent experimental and ab initio
studies have been reported on the fundamental properties of
wurtzite ZnO (W-ZnO). Structural characterization with
x-ray diffractometer (XRD) has been conducted on W-ZnO
nanostructures synthesized using reflux precipitation [19]
and sol-gel [20] experimental techniques. According to these
studies, W-ZnO belongs to the p63mc space group having a
hexagonal crystalline structure with lattice constants a=3.264
A and ¢=5.219 A. Dhamodharan et al [21] fabricated ZnO
based thin films applying the 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 their work.
Similarly, computational techniques have also been utilized
to supplement experimental data on ZnO. Density functional
theory (DFT) as a computational technique has successfully
been used to give insights into the ground state nature of
W-ZnO. With the use of WIEN,K in the generalized gradient
approximation (GGA) formalism, Khuili et al., [22], confirmed
the hexagonal structure of W-ZnO with lattice constants
a=3.248 A and c=5.222 A. A direct band gap of 0.8eV at
gamma point of symmetry was reported. This was higher
than 0.65eV obtained by Qing et al [23] using local density
approximation (LDA) potentials in QE code. Lei et al [24]
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 [25]
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 their study. To investigate on the
electronic and elastic properties of W-ZnO, Gopal and
Spaldin [26] used the VASP code to implement DFT with
Self- Interaction Corrected (SIC) 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 C1;=217, C1,=117,
C132121, C33:225 and C44:50 GPa.

In ambient conditions of pressure and temperature, a
thermodynamically metastable cubic ZnO can be obtained
from wurtzite phase. In their study, Decremps et. al [27]
reported the growth of zinc blende structure of ZnO on a Pt
(111)/Ti/SiO, /Si substrate when an annealing temperature
beyond 700°C is used. A cubic crystal structure was
observed in their study with a lattice parameter a=h=c=
4595 A. Kims et.al [28] confirmed the reconstruction of
hexagonal to cubic structure by annealing at a temperature
higher than 700°C. Hagq et. al [29] utilized the WIEN,K to
implement a comparative DFT study of cadmium (Cd)
doping on the wurtzite and zinc blende phases of ZnO. From
their study W-ZnO demonstrated a wider band gap of 0.736

eV as compared to 0.63 eV of cubic ZnO. Structural-
dependence of the optical properties of ZnO was as well
deduced from their study.

The invention of the first 2D material known as graphene
by Novoselov et. al [30] in 2004 has revolutionalised research
in photovoltaic, photocatalytic and sensing compounds
[31-33]. Graphene has gained enormous interest in the
research sector for its wide surface area, superior electron
mobility and high transparency [34]. Being good electrical
conductor, the VB and CB and of graphene however overlap
making it lack the band gap desired in DSSC Photoanode.
Inspired by the fascinating and superior properties of
graphene, researchers are therefore vigorously exploring
for monolayer (2D) semiconductors [35]. The focus of the
ongoing studies is to develop environmentally friendly
nanostructures such as nanowires, nanosheets, nanogenerators
among others based on 2D monolayer materials. To this
effect, the non-toxic and cost effective ZnO has gained
immense interest as a potential 2D material for nanoscale
fabrications. Research is therefore at an advanced stage to
establish the material properties of mono-layered ZnO and
moreso in comparison with the bulk phases. Chen et. al
[36] investigated on the synergetic influence of defects on
2D-Zn0O prepared through hydrothermal technique on the
photocatalytic performance. According to their study,
2D-Zn0O displayed enhanced charge carrier separation due to
intrinsic electric field between the polar surfaces. Qin et. al
[37] computed the electronic and magnetic properties of ZnO
monolayer nanosheet. They observed a wider band gap of
1.56eV in standard DFT calculations as compared to 0.734
eV for bulk wurtzite ZnO obtained by Lei et al [24]. Based
on a first principle investigation undertaken by Tan et. al
[38], the ZnO monolayer optical and electronic properties
are tunable by doping. Pure and Cd doped ZnO monolayer
exhibits a direct band gap at gamma point but wider than
the bulk wurtzite ZnO. This resulted from the quantum
confinement effect and can yield into a higher transparency
to visible light.

From the above discussion, the structural formation of
ZnO material is reported to possess a significant effect on its
electronic, optical, mechanical and electrical properties.
Specifically, the effectiveness of photovoltaic is significantly
influenced the crystal structure of the compounds employed.
[38]. Additionally, very little is known on the electrical
conductivity, mechanical, elastic and photon absorption of
monolayer ZnO as compared to the cubic and hexagonal
bulk structures. This study contributes to this domain by
providing an in depth comparative analysis of material
properties of the metastable cubic zinc blende, Wurtzite and
monolayer ZnO. The monolayer of ZnO was derived from
Wourtzite ZnO phase since it is reported to be more stable
under ambient conditions. DFT has been verified as a
reliable and effective computational technique in the study
of fundamental material properties [39-41]. 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
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-Sham implementation, results to generation of self-interaction
errors [42]. 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 [40]. Green functional
(GW) approximation [42,43] puts into consideration the
self-energy of a many-body system of electrons and has been
used in this study to reproduce the experimental band gaps of
compounds tested as well as optical analysis.

2. Computational Details

This study utilized ab initio DFT as implemented in Plane
Wave Self Consistent Field (PWSCF) approach of Quantum
ESPRESSO (QE) code [44]. The optimized Norm-Conserving
Vanderbilt (ONCV) pseudopotentials within the Generalized
Gradient Approximation, employing the Perdew-Burke-
Ernzerhof (GGA-PBE) functionals [45], taken from the
pslibrary [46] were employed to illustrate the electron - ion
interaction. The k-integration was carried out on a Monk—
Horst packing grid [47] with a size of 8x8x6 k-point mesh for
the hexagonal structure, 6 X 6 x 6 k-point mesh for the cubic
structure and 6x6x1 for the monolayer phase. The limit
cutoff energy was set at 40 Ry for all the phases throughout
the whole Brillouin zones. We have utilized the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) [48]. The extraction of
physical parameters, including the bulk modulus and its
pressure derivatives, involved fitting the computed total energy
at ten varying lattice constants to a third-order Murnaghan
equation of state (49), as illustrated in equation 1.

B,V | /v Bo 1
E(V) = B [(70) ot 1] + const 1)

where E (V) is the energy as a function of volume, B, is
the bulk modulus, V;, is the equilibrium unit cell volume,

B, is the pressure derivative of the bulk modulus. The
thermo-pw code [50], which is an open-source code in QE
Code was utilized to perform the elastic properties computations.
The thermo_pw code, subjected a strain of 0.0075 to the
system in order to produce these properties. Epsilon.x input
within QE was used to compute the optical properties of the
investigated compounds. The Zener anisotropy index was
determined using elastic constants, while the Voigt and
Reuss methods were applied to derive the equivalent Zener
anisotropy measure and the universal anisotropy index based
on the computed shear modulus (G). The electronic properties
were calculated comparatively with both standard DFT as
well as GW approximation techniques. The transport properties
were determined by use of the semi-classical transport
theory [51] which is executed in the BoltzTrap code [52].

3. Results and Discussions

3.1. Structure of ZnO

The crystal structures of the three phases of ZnO tested in
this study are presented in Figure 1. The unit cell of the cubic
structure (C-ZnQ) used in this study belongs to the F43m
while the hexagonal structure (W-ZnO) belong to P63mc
space group. The monolayer (M-ZnQO) was cleaved from a 2
X 2 x 1 wurtzite supercell. The W-ZnO crystal is characterized
by two interpenetrating hexagonal close-packed (HCP)
sub-lattices. Each of these HCP structures contains a single
type of atom that is offset along the threefold c-axis by an
internal parameter u of 0.375, consistent with the ideal
wurtzite configuration. The unit cell of a C-ZnO has a face-
centered cubic lattice such that the Zn and O alternate in
tetrahedral arrangement throughout the crystal. It has the
zinc blende structure with a Zn atom located at (0,0, 0) and O
atom located at (0.25,0.25,0.25). Table 1 presents the computed
lattice constants in comparison with other previous reports.

Figure 1. Schematic representation of (a) C-ZnO, (b) W-ZnO and (c) M-ZnO structure using VESTA code [53]
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Table 1. Optimized lattice constants, bulk modulus and its derivative, bond length, and minimum energy (Emin) in comparison with other studies

Energy (Ry)

Energy (Ry)

Energy (Ry)

ad) c¢A) VA% B(GPa) B’ Bond Length(zn-0) (A) Emin(Ry)  Reference
C-ZnO 4.388 21.12 129 4.67 1.973 -285.45 This work
4.27 19.46 Expt. [60]
4.67 24.86 133.7 4.79 DFT [18]
W-ZnO 3.289 5.284 49.89 136.8 471 1.9982 -570.90 This work
3.264 5.219 48.15 1.992 Expt [19]
49.88 129.7 4.68 DFT [18]
320 515 4567 1.98 DFT [69]
M-ZnO 3.276 - 1.9102 -570.95 This work
3.283 1.895 DFT [69]
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Figure 2. Total energies as a function of lattice constant, a for (a) C-ZnO, (b) W-ZnO and (c) M-ZnO
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Table 2. Elastic constants, bulk moduli (B), shear modulus (G), Young modulus (E) of tested ZnO phases in comparison with other previous studies

structure Cu Cun Cis Css Cu Ces B(GPa) G (GPa) E(GPa) Ref
C-ZnO 160.5 112.1 50 128 41.8 113.1 This work
157.1 114.7 64 128.8 411 111.6 DFT [68]
W-ZnO 195.4 104.3 110.2 190 36.4 45.6 136.7 42.3 115.0 This work
207 117.7 106.1  209.5 44.8 447 206 Expt [71]
1916 1119 8563 1906 36.89  39.60 162 DFT [72]
M-ZnO 180.6 98.5 110.8 195 35.7 41.06 137.1 40.9 111.6 This work

The plots of the total energy as a function of lattice
constants, a (A), kinetic energy cut off (Ecut) and k-points
are presented in Figures 2-4. From Figure 2, the optimal
lattice constants, ‘a’ were found to be 4.388 A, 3.289 A and
3.276 A for the C-ZnO, W-ZnO and M-ZnO respectively.
The cut-off energy convergence for all the tested structures
was attained at 300 Ry as shown in Figure 3. Figure 4
shows optimized values of k- points for the C-ZnO, W-ZnO
and M-ZnO structures as 6 x 6 x 6,8 x 8 x6and 6 X 6 x 1
respectively. The Zn-O bond length was determined using
Xcrysden code and presented in Table 1 which were
observed to be in good agreement with other literature
values.

From the results, M-ZnO has the shortest bond lengths
compared to the other structures under investigation. This
contraction of Zn-O bond length from W-ZnO to M-ZnO
originates from the sp® hybridization in the honeycomb 2-D
structure of M-ZnO which is stronger than the sp®
hybridization in the W-ZnO [37]. The minimum total energy
was observed in M-ZnO indicating highest stability relative
to the other structures tested. By utilizing the Murnaghan
equation of states, the total energies were fitted against the
lattice parameters (MEO0S) described by equation 1, the
equilibrium volume, bulk modulus together with its pressure
derivatives were obtained as presented in Table 1 and where
applicable compared to other experimental and DFT reports.
For M-ZnO, being a 2-dimesional sheet has no volume and
therefore this phase was not subjected to the MEOoS.

3.2. Mechanical Properties

The elastic constants, Cj, are critical distinctives for
interpretation of the mechanical performance of stressed
materials [54]. These constants offer knowledge on the
binding between adjacent atomic planes, the anisotropic
behavior of binding, stiffness and structural stability. Using
the Voigt (V) [55], Reuss, (R) [56] and Hill (R) [57] averaging
approach, various elastic properties were deduced. The bulk
modulus which illustrates the measure of incompressibility
was computed from the average of B, and Bgas described
by equations 2-4.

1
By = 5[2(Cyq + Cy2) + C33 + 4Cy5] 2
B. — (C11+C12)C33-2C%3 ©)
R Cq11+C12+2C33—4C13
By+B
By = 2VTOR (4)

2

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

1
Gy = ﬁ(cll + Cyy + 2C33 — 4Cy3 + 12C4y + 12C44)(5)

Go =2 {(C11+C12)C33-2C%5)CaaCo6 ©)
R 2 3ByCa4Co6+{(C11+C12)C33-2C%3}(C44+Cgp)
_ Gv+Gr
Gn == (7

To compute the young modulus (E), the bulk and shear
modulus obtained were employed as per the relation defined
by equation 8.

9BG
E= 3B+G (8)

The computed elastic constants, bulk, young and shear
moduli are as tabulated in Table 2 for the three crystal
structures of ZnO and we obtain overall good agreement
with experimental and other DFT findings.

From the results, the elastic constants obtained for
C-ZnO fulfill Born-stability criterion for the cubic structure
[58] defined as: C;; >0, Cjq —Ci >0, Cyy >0 and
Ci1 + 2C;, > 0. Similarly, the stability of W-ZnO and
M-ZnO was also ascertained having fulfilled the stability
criterion for hexagonal structures [59] defined as: C;; > 0,
C33>0, Cuy>0, Cpy>|Chl, CH>Ch, (Ciy+t
2Cy; ) C33 > 2C%. The values of Cy; and Ca; reflect the
linear compression resistance associated with the a and ¢
orientations, respectively. In comparison to other elastic
constants, the values of Cy; and Cs3 are notably elevated. This
demonstrates that ZnO material exhibits incompressibility in
both the a and c orientations when exposed to stress. The fact
that the elastic constant Cy; is higher relative to Cs3 implies
the degree of incompressibility in the a-direction exceeds
that observed in the c-direction. From the value of bulk
modulus obtained, ZnO is an incompressible compound with
M-ZnO phase having the highest bulk modulus. This
establishes M-ZnO as most resistant to external pressure
compared to the other phases. The hardness of the
compounds is indicated by the shear modulus that ranged
between 40.9 GPa and 42.3 GPa with the highest hardness
found in the W-ZnO (42.3 GPa) compound. From the results
of Young’s modulus calculation, the W-ZnO are more elastic
compared to C-ZnO and M-ZnO which are relatively stiffer.
By use of equations 9-12, other fundamental elastic
characteristics including the Poissons’ ratio (v), Pugh ratio
(P), Kleinman parameter (&) and Debye temperature, were
calculated and presented in Table 3.
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1 E
v=:{1-5} ©)
B
p=2 (10)
_ €1148Cq2
- 7C11+2C12 (11)

1/3
o = i[O 12
Where h is plank’s constant, k is Boltzmann’s constant,
Na is Avogadro’s number, n is the number of atoms per
formula unit, M is the molecular mass per formula unit, p is
the desity and V, is obtained from equation 13.

-1/3
1 2
o =3 ()|

Where Vs and V, are the shear and longitudinal sound
velocities.
The hardness of the ZnO structures was investigated by
use of Vickers hardness (H,) addressed by equation 14 [60].
_ (-2v)E
VT 6(1+v) (14)
Where v and E represent the poisons ratio and young’s
modulus respectively. The structures in this study had
hardness ranging from 3.7-4.1 with the highest hardness
observed in the C-ZnO.

(13)

Table 3. Cauchy pressure (C12-Ca4), Pugh ratio (B/G), Poissons ratio (v),
machinability index (um), Vickers hardness (Hv), Kleinman parameter (£)
and Debye temperature, @p,(K)

Structure  Ci,-C4y  P(B/G) v Um Hv g 0p

C-zZnO 62.1 3.06 035 18 41 078 4148
W-ZnO 67.9 3.23 036 23 396 065 4639
M-ZnO 62.8 3.35 0364 19 370 0.66 485.1

The ductility of the tested compounds can be predicted
from the results of Pugh’s and Poisson’s ratio [61]. If the
Poisson’s ratio exceeds 0.26, the material is regarded ductile
otherwise it is considered to be brittle [62]. Moreover,
ductility is also implied if the Pugh’s ratio is above 1.75. As
recorded in Table 3, the three ZnO crystal structures studied
possess ductile nature considering their Pugh’s and
Poisson’s ratio are above 1.75 and 0.26 respectively. The
brittleness and ductility of a material can be determined by

use of Cauchy pressure [63]. A negative value of Cauchy
pressure is an indication of metallic bonding while a positive
value implies great resistance to bond bending. The positive
values of Cauchy pressure of the tested ZnO phases
collaborate with the values of Poissons and Pugh ratio to
confirm the ductility of the structures. Another critical
mechanical aspect in material study is the Kleinman
parameter. It outlines the simplicity of bond bending relative
to bond stretching and ranges between 0 and 1 [64]. The
analysis of the Kleinman parameter demonstrates that the
bond stretching associated with M-ZnO is minimal. (0.66)
and that of C-ZnO is the highest (0.78). It is observed that the
Debye temperature varied with the crystal structure with
M-ZnO exhibiting the highest (485.1 K). The machinability

expressed as [65] uy = Ci is a criterion used to describe
44

how ease a material can be cut by use of machine or any
other tool in an engineering process. High machinability is
an indication of hardness and more effort and time would be
required to generate a fine surface [65]. In this work, W-ZnO
possess the highest machinability index followed by M-ZnO
and the lowest was in C-ZnO. Consequently, W-ZnO is
implied to have the highest plastic, excellent lubricating
aspects, lowest feed forces and reduced frictional value.

3.3. Anisotropic Elastic Properties

The elastic anisotropy is a critical tool for evaluating the
feasibility of introducing micro cracks in a material [66]. In
this study, Zener anisotropic index (Az), universal Zener
anisotropic index (A"), and the equivalent Zener anisotropic
index (A" were calculated using equations 15-17 and
recorded in Table 4.

20y
27 Ci—Cip

A% = (1+%AU)+\/(1 +%AU)2—1 (16)

AV =5(2)+3-620

(15)

17)

Where Bv (Gv) and By (Gg) represent the voigt and Reuss
form of bulk and shear modulus respectively. The shear and
young’s anisotropy ratios defined as Emax/Epi, and Gmax/Gpn
were evaluated and the results presented in Table 4.

Table 4. The calculated Zener anisotropic index (A,), universal anisotropy index (A"), equivalent Zener anisotropy measure (A¢¢), minimum and maximum
values of Young’s modulus (Emin and Emax in GPa), shear modulus (Gmin and Gmax in GPa) and their ratios

Structure A; AY A% E max Epmin Emax/Epin Gmin G Grnax! Grmin
C-ZnO 2.07 3.02 0.19 120.5 111.2 1.08 45.8 38.1 1.20
W-ZnO 0.80 0.77 1.14 125.1 119.3 1.04 43.2 37.6 1.15
M-ZnO 0.87 1.07 0.86 117.3 109.4 1.07 46.1 39.5 1.17

Table 5. Energy band gap values in eV of ZnO calculated with GGA-PBE and GW approximations

Material GGA-PBE GW Previous work (DFT) Previous work (Experiment)
C-ZnO 0.63 3.01 0.65 [18]

W-ZnO 0.76 331 0.792 [25] 3.18[19], 3.37 [21]
M-ZnO 131 3.38 0.96 [35]




American Journal of Materials Science 2024, 14(2): 31-44 37

The Zero value of AY defines an ideal isotropic nature of a
material. However, deviation of AY from zero represents the
extent of elastic anisotropy and unlike the other useful
anisotropy measures, A" accounts for both the shear and
bulk contributions [67]. In this study, C-ZnO demonstrated
the highest AY index showing that compared to the other
structures, the elastic moduli of C-ZnO are strongly
dependent on the different orientations under consideration.
The Zener anisotropy (A;), equivalent zener anisotropy (A*)
and Gnax/Gmin ratio are critical measures of anisotropy in
crystal materials. Perfect isotropy is implied if the value of
A, = A% = GadGmin = 1, otherwise the solid structure is
considered anisotropic [66]. As indicated in Table 4, the
obtained values of A,, A* and G./Gnin ratio significantly
deviated from unity showing that the three tested phases of
ZnO are anisotropic. The Ena/ Emin ratio was noted to be
greater than unity further indicating anisotropy in the
young’s modulus of ZnO. For the W-ZnO and M-ZnO, the
value of Gax/Gnin i Observed to be higher than that of E,../
E i ratio. This implies a greater anisotropy in shear modulus
as compared to anisotropy in young’s modulus in the two
phases of ZnO contrary to C-ZnO structural phase.

3.4. Electronic Properties

The band structure and corresponding projected density of
states (PDOS) were calculated in this study to give insights
on the Energy band gap as presented in Figures 5 and 6. The
dotted lines at 0 eV in these figures represents the Fermi

energy level. By sampling the high symmetry points in the
first Brillouin zone, the K points mesh for the electronic band
structure calculations was optimized to a denser mesh. In this
study, the band structures are depicted along the high
symmetry points ' X-U-K-I'-L-W, I'-M-K-T'-A-L-H and
['-M-K- T'-A-L-H for the C-ZnO, W-ZnO and M-ZnO
structures respectively. From the band structure calculations,
direct band gaps of 0.63, 0.76 and 1.31 eV for the C-ZnO,
W-ZnO and M-ZnO respectively were realized at Gamma.
These energy band gaps corroborate with the findings of the
PDOS presented in Figures 5. From the PDOS calculations,
valence band is mainly dominated by the O-2s, Zn-3d and
O-2p states. The Zn-4s and O-2p states contributes in to the
conduction band of ZnO. The contribution of Zn-2s and
Zn-2p orbitals is not well pronounced in both the valence
band (VB) and conduction band (CB). Compared with the
experimental results reported in Table 5, the band gaps from
the DFT computations were severely underestimated. This
results from the inadequacy of standard semi-local exchange
correlation (XC) functionals to deal with the hybridization
between the Zn-3d and O-2p shells. To correct this, GW
approximation technique was employed and findings
illustrated in Figure 6. From this figure, band gaps of 3.01,
3.31 and 3.38 eV were obtained for C-ZnO, W-ZnO and
M-ZnO respectively. The correction using GW shifts the
hybridized Zn-3d and O-2p state downwards while
simultaneously shifting upward the Zn-4s state resulting
into a widened band gap as shown in Table 5.
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Figure 5. The electronic band structure and PDOS of (a) C-ZnO, (b) W-ZnO and (c) M-ZnO structures using standard DFT
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Figure 6. Phonon dispersion for the (a) C-ZnO, (b) W-ZnO and (c) M-ZnO structures

3.5. Dynamical Stability

To establish the dynamical stability of any compound, the
phonon dispersion is a critical tool. The dynamical profiles
imply dynamical stability if all the frequencies are positive
and instability in the presence of negative frequencies. The
computed phonon frequency profiles for the different ZnO
phases are presented in Figure 7. These calculations were
implemented by use of phonopy interfaced with quantum
ESSPRESSO code. From Figure 7, the vibrational frequencies
for all lattice phonon modes emerged positive confirming the
dynamical stability of all the structures. The convergence of
the profiles at the gamma points further indicates stability.
The lack of fictitious frequencies indicates the validity of
the lattice vibrations which does not lead to instability or
material decay.

3.6. Electrical Conductivity

The transport properties of a compound are a critical
factor to consider in the choice of a good DSSC photoanode
material. Compared with other metal oxide semiconductors
used in DSSC, ZnO has an enhanced electrical conductivity
and reduced resistivity [69-74]. In this study, the electrical
conductivity of different phases of ZnO as a function of
hole concentration is computed and compared. To validate
our results, the seebeck coefficients are also reported so as
to prove the inverse correlation of electrical conductivity
coefficients and Seebeck coefficients [75]. The semi-classical
Boltzmann transport equations with constant relaxation time
approximation were solved to achieve these transport

coefficients as executed in the BoltzTraP code [51]. The
investigation was performed at four specific temperatures,
that is, at 200K, 400K, 600K and 800K to Investigate the
influence of temperature on the transport characteristics of
ZnO. The seebeck coefficients and electrical conductivity
coefficients of the P-type phases of ZnO computed in this
study are presented in Figures 8 and 9 respectively, with the
calculated values in Table 6.

Table 3. Transport coefficients of ZnO at different temperatures

Thermoelectric coefficient C-ZnO W-ZnO M-ZnO
S (UV/K)
200K 130.2 156.5 98.5
400K 156.4 202.9 135.6
600K 209.1 253.6 197.8
800K 2515 3225 239.5
Hole concentration (10 cm) 0.245 0.115 0.349
o (S/ms)
200K 9.2 45 14.1
400K 9.0 3.2 135
600K 8.5 25 12.8
800K 8.5 1.6 12.2
Hole concentration (102 cm™) 45 1.8 2.0

Its notable from Figure 8 that the seebeck coefficient
increased with temperature peaking at 251.5, 322.5 and
239.5 uV/K at 800K for C-ZnO, W-ZnO and M-ZnO
respectively as shown in Table 6. Among the three phases
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of ZnO tested, W-ZnO had the highest seebeck coefficient good thermoelectric compounds [76-77]. The seebeck
of 322.5 pV/K at 800K depicting it as the best thermoelectric ~ coefficient values obtained in this study were higher than
structure. Based on reports from previous studies, materials 200 pV/K ascertaining ZnO as viable thermoelectric
with seebeck coefficient above 200 uV/K are considered compound.
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From Figure 9, the electrical conductivity of ZnO
decreased with temperature confirming the inverse relation
of seebeck coefficient and electrical conductivity. All the
phases exhibited high electrical conductivity with M-ZnO
depicting the highest (14.1 S/ms) while the W-ZnO had the
lowest (4.5 S/ms) at 800K. When applied in DSSC, the high
electrical conductivity of M-ZnO would suppress electron-
hole recombination hence expected to enhance the solar cell
performance. The absence of the negative hole concentrations
in both seebeck and electrical conductivity calculations proves
the p-type nature of Three phases of ZnO investigated in this
work.

3.7. Optical Properties

A suitable compound to be used in the DSSC photoanode
should be chosen guided by its optical properties [78,79].
The optical properties of a material explain the frequency
response of distinct optical parameters of that material to the
energy of the incident photon, E = hv. The optical parameters
in a material are determined by e(w) which is a complex
dielectric function dependent on frequency. (w) as expressed
in the relation 20 [80].

e(@) = &(w) +ig(w) (20)

Where ¢;(w) and &,(w) are the real and complex parts
respectively of the complex dielectric functions. While the
real part, explains the photon dispersion and extent of
material polarisation, the imaginary component describes the
photon absorption of a material. Within the selection rules,
calculations of the momentum matrix elements between
unoccupied and occupied wavefunctions as given in equation
21 give the imaginary part &,(w) [81].

n2e2
& ((1)) = Zz,’:z
3
S Zn' 1Po (R fin (1 = frn )8 (EE = Bl = h0) G5
(21)

The Kramer — Kronig relation given by equation (22) was
used to derive the real part & (w) from &,(w) [75].

0 g(w)w dw
Jy 22);7—(”2

Other optical constants such as absorption coefficient
a(w), refractive index n(w), energy loss spectrum L(w),
and reflectivity R(w) were obtained from &;(w) and
& (w) as indicated in equations 23-26 respectively.

a(@) = V2o (Ve @) + @) - 7)) @)
1 /slz(w)+622(w)+sl(w) 2

q@)=1+> (22)

1 24
n(w) =5 > (24)
_ gz(w)
L(w) - slz(w)+£22(w) (25)
_ (n—-1)2+K?
Rw) = (n+1)2+K2 (26)

Figure 10 and 11 represents the optical graphs as a
function of energy in eV. Figure 10 (a) reports the electronic

findings of the static dielectric function &,(0), as 4.7, 4.5
and 4.89 for C-ZnO, W-ZnO and M-ZnO structures
respectively. The refractive indices were obtained by
computing the square roots of these static dielectric values
[38] and presented in Table 7. From this table, M-ZnO phase
has the highest optical transparency as indicated by the
values of &;(0) as well as the refractive index n (0). The
imaginary spectrum defines the connection existing between
the optical and electronic properties of a material [82].
Figure 10(b) presents &,(w) as a function of energy from
which the critical onset points are located at 3.0, 3.29 and
3.35 eV for C-ZnO, W-ZnO and M-ZnO structures
respectively as tabulated in Table 7. These values agree with
the energy band gaps obtained from band structure
calculations. The peaks of the imaginary part of the dielectric
function are associated with the electron excitation from one
state to another. The main peaks observed in this study were
located at 4.2, 6.1 and 5.5 eV for the C-ZnO, W-ZnO and
M-ZnO respectively. These peaks relate to the electron
transition between the Zn-3d ad O-2p states. The absorption
coefficient informs on the decay of light intensity per unit
distance in a material medium. It is greatly affected by the
photon frequency implying that the incident photon
interacts with material electrons resulting in inter-band
electron transition from the valence band to conduction
band. Figure 10(c) depicts a broad absorption spectrum of
ZnO ranging from 3.01 eV to 14 eV which is majorly
beyond the visible region of electromagnetic spectrum.
Therefore, ZnO is indicated to be transparent to majority of
the solar radiation as required in the photoanode of DSSCs.
Consequently, ZnO is able to pass on light to the absorption
dye for photoemission and hence current generation [83].
Materials of refractive index above 1.9 are desirable in
DSSC applications for enhanced light trapping [79]. The
calculated refractive indices of ZnO phases are presented in
Figure 11(a) and the results are analyzed in Table 7. The
static refractive indices n (0) were located at 2.176, 2.15
and 2.20 for the C-ZnO, M-ZnO and W-ZnO phases
respectively. The material tested can therefore effectively
bend and slow down light thereby improving the overall
photon absorption when used as a DSSC photoanode. A
significant decay in the dispersion curve of the refractive
index was observed after the first peak indicating that
beyond 3.2 eV photon energy, ZnO fails to maintain its
transparent nature and instead absorbs such radiations.
Reflectivity depicts the surface behavior of a material.
Figure 11(b) shows a low reflectivity (Ro) of 0.141, 0.139
and 1.42 at zero photon energy for the C-ZnO, W-ZnO and
M-ZnO phases respectively as listed in Table 7. The least
reflectivity (0.139) was observed in W-ZnO implying its
least ability to reflect solar radiation but instead allow it to
pass through for dye excitation in DSSC. From the plot, the
highest peaks are observed at 5.0, 7.2 and 5.8 eV for the
C-Zn0O, W-ZnO and M-ZnO phases respectively after which
the reflectivity rapidly dropped. Energy loss L (o) is another
vital parameter that characterizes the loss of energy of a
fast-moving electron as it transverses a material medium.
Figure 11(c) shows a near zero energy loss up to 4.0 eV in
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all the structures, At higher photon energy, the energy loss
in ZnO gradually rises to a peak at 9.2 eV. The capability of
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.

Table 4. Real dielectric function (g;), refractive index (n), absorption
coefficient () and reflectivity (R) at 0 eV

£1(0) n (0). a(0) R(O)
C-Zno 4.7 217 3.00 0.141
W-ZnO 45 212 3.29 0.139
M-ZnO 48 221 3.35 0.144

4. Conclusions

In summary, we have conducted a comparative analysis
on the material properties of cubic, wurtzite and monolayer
structures of ZnO, using the DFT technique as implemented
in the Quantum Espresso code. This was with the aim of
establishing the most suitable structure in the DSSC
Photoanode application. GW approximations were used in
the electronic and optical application rectify the inadequacies
of standard DFT. The equilibrium lattice constants of 4.388
A for C-ZnO, 3.289 A for W-ZnO and 3.276 A for M-ZnO
concur with other DFT findings and experimental results. A
direct band gap at gamma point was obtained in all the
structures with highest gap of 3.38 eV yielded by M-ZnO.
The elastic constants calculated conformed to the stability
criterion of cubic and hexagonal structures confirming
mechanical stability of the ZnO tested. Optical absorption
onsets were realized at 3.00 eV, 3.29 eV and 3.35 eV for the
C-Zn0O, W-Zn0 and M-ZnO respectively. This is consistent
with the energy band gap of ZnO which demonstrates
ZnO as a transparent material in infra-red and visible light
regions and only starts to absorb at UV region. Among the
three structures tested, monolayer ZnO was observed to
have the highest photon transparence, hence would allow
more light to pass on to the dye for maximum absorption.
Additionally, M-ZnO demonstrated highest electrical
conductivity. All the structures revealed minimal energy
loss in the solar radiation spectrum and hence light can
easily transverse its structure. The properties examined in
this study establishes the M-ZnO as the most appropriate
structure for DSSC photoanode application.
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