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ABSTRACT This paper focuses on exploring new materials and structure as a means to increase the
efficiency of solar cells. Since silicon is widespread on earth, it is desirable to study heterojunction solar
cells made mainly of silicon and new materials. Therefore, ZnO/Si and TiO,/Si heterojunction solar cells
were studied in this paper. First, the electrical and optical properties of ZnO and TiO;, were determined using
the Perdew-Burke-Ernzerhof (PBE), PBE functional revised for solids (PBESol) and Perdew-Wang (PW91)
functionals of the Generalized gradient approximation (GGA) in Density Functional Theory (DFT). The
obtained results in various functionals are assessed and analyzed. It was found that geometric optimized
structures of TiO, and ZnO is mechanical stable. Accordingly, in all functionals, the effective mass of
the electron in ZnO and TiO; proved to be smaller than that of the hole. The mobility of electrons and
holes in ZnO was calculated to be 430.72 cm*V~'s~! and 5.25 cm?V~!s~! respectively. In TiO», it was
355.27 cm?>V~ s~ and 46.38 cm?V~!s~!. When PW91, PBESol, PBE functionals were used, the dielectric
constant was determined to be 11, 11.5, 8.5 for ZnO and 9.5, 10, 9 for TiO», respectively. According to the
DFT results, it was determined that ZnO and TiO, are transparent and mainly n-type direct semiconductors.
According to device simulation, the maximum short-circuit current of ZnO/Si and TiO/Si heterojunction
solar cells is 18 mA/cm? at a thickness of 80 nm and 15.3 mA/cm? at a thickness of 40 nm. Finally, the
average fill factor of ZnO/Si and TiO,/Si solar cells was 0.73 and 0.76 respectively. So TiO, can be used as
a transparent contact and ZnO as an emitter layer in a silicon-based solar cell.

INDEX TERMS Numerical simulation, heterojunctions, silicon, density functional theory, titanium dioxide,
zinc oxide.

I. INTRODUCTION

Solar cells are a promising solution to meet the growing
demand for electricity as the world’s demand for electric
energy continues to increase and natural resources become
scarce. However, their high cost and low efficiency have
been the main reasons for their slow adoption. In industry,
solar cells are mainly made out of silicon. The maximum
efficiency of silicon-based homojunction solar cells can
reach 29% in theory [1]. However, in the experiment, it is
around 24% [2]. This difference is due to thermal, optical
and electrical losses [3]. To overcome optical losses, an
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anti-reflection layer [4] is coated on the surface of the solar
cell and various textures [5] are created. Due to spectral
characteristics mismatch [6], silicon mainly absorbs light
in the visible range [7] and does not absorb ultraviolet or
infrared. To address the issue of the spectral mismatch and
to enhance optical absorption, the surface of solar cells is
coated with luminescent materials [8]. Additionally, metal
nanoparticles [9] and quantum dots [10] are also incorporated
into the solar cell to increase the optical absorption. In our
previous scientific work, the effect of gold, silver, platinum
and copper nanoparticles on a silicon-based solar cell was
examined [11]. Consequently, gold nanoparticles have a great
effect on silicon heterojunction solar cells [12]. When high-
energy photons are absorbed in silicon, high-energy electrons
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are generated [13]. These electrons quickly recombine and
lose energy. The generated energy is then transferred to
the crystal lattice and leads to heating [14]. Down-shifting
luminescent materials absorb high-energy photons and emit
low-energy photons [15]. Therefore, by coating the solar cell
with down-shifting luminescent materials [16], it is possible
to reduce the spectral mismatch and prevent the heating of the
crystal lattice. Since silicon-based solar cells do not absorb
infrared rays. They are absorbed at the back contacts. Metals
heat up when they absorb infrared light [17]. Therefore,
to prevent the solar cell from overheating, the back contact
should be in the form of a grid, not solid [18]. To minimize
the surface recombination of high-energy electrons in silicon-
based solar cells, the surface is treated with SiO; [19]
and SiNy [20] coatings, which helps to reduce the high
recombination rate caused by the incomplete bonds on the
material’s surface.

The theoretical efficiency limit of a solar cell is the
maximum efficiency that can be achieved by a solar cell
based on its material properties and design. By study-
ing the surface morphology, geometric dimensions, anti-
reflective layers and contact types of a solar cell, it is
impossible to overcome this limit. Therefore, it is neces-
sary to find new materials for solar cells. Over the past
decade, there has been a huge interest in perovskite [21],
organic materials [22] and metal oxides [23] as potential
candidates for solar cells. Accordingly, the efficiency of
perovskite-based solar cells has seen a significant improve-
ment from 3.9% to 25.5% [24]. Similarly, organic solar cells
have reached a maximum efficiency of 19% [25]. Metal
oxides mainly act as a layer that conducts charge carriers
in casterite, perovskite and organic solar cells [26]. Because
the electron affinity, the mobility of charge carriers, band
gap, the type of electrical conductivity of metal oxides
is used as electron transport (ETL) [27] or hole transport
layer (HTL) [28]. Metal oxides can be n-type or p-type
conductivity during synthesis. For example, in the process
of synthesis, ZnO is n-type [29], and NiOy is p-type [30].
Metal oxides can be used to make transparent solar cells for
windows [31]. The n-ZnO/p-NiOy heterojunction solar cell is
transparent and its maximum efficiency is 6% [32].

Even though homojunction solar cells have been opti-
mized, their efficiency cannot exceed the Shockley-Quisser
limit. For this reason, designing 2-junctions, 3-junctions and
multijunction solar cells is considered more effective [33].
Tandem solar cells have a higher efficiency due to their ability
to absorb a wider spectrum of light. In an experiment, a GaAs-
based multijunction solar cell showed the highest efficiency
among its peers, reaching 47.1% [34]. Theoretically, an infi-
nite number of multijunction solar cells can achieve a
maximum efficiency of 86.8% [35]. Since silicon is the most
common material on earth, it is appropriate to use solar cells
based on it. A technology for the industrial production of
a silicon/perovskite tandem solar cell with an efficiency of
28.7% has been developed [36]. Besides, heterojunction solar
cells can overcome theoretical efficiency of solar cell [37].
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Metal oxides can be used as front contacts for silicon-
based solar cells because they are transparent and have
good electrical conductivity. This transparent contact helps to
reduce the shadow effect on the solar cell [38]. Additionally,
metal oxides can act as an anti-reflection layer for a
silicon-based solar cell due to their optimal refractive index.
As mentioned before, metal oxides can be used as ETL or
HTL. Metal oxides can also be used to form an emitter
layer on the surface of a silicon-based solar cell. Hence,
it is possible to create a heterojunction solar cell with a
high efficiency by depositing an n-type metal oxide on the
p-type silicon surface. This paper examines the optical and
electronic properties of TiO, and ZnO throughout detailed
analysis using DFT. ZnO/Si and TiO,/Si heterojunction solar
cells were simulated using TCAD and analyzed in depth.
For device simulation, material properties are very important
to get good results. ZnO and TiO, are well researched
materials in computational [39] and experimental [40]
material sciences. Besides, ZnO and TiO, based solar
cells [41] also well studied. Mainly, in research article, author
focus on device or material. In our article, we focus on
both of device and materials. In device simulation, materials
properties are taken from articles and other reliable sources.
But we determined necessary properties of ZnO and TiO;
for device simulation using DFT instead of getting them
other researcher’s works. Because, obtained results in devices
simulation can be detailed analyzed and proved scientifically
using DFT results. So, another difference is we tried to
build atom to device simulation chain to study TiO,/ZnO/Si
heterojunction solar cells. Besides, TiO, and ZnO are usually
used as antireflection coating [42] in silicon solar cell not
emitter layer. TiO, and ZnO are not new material for solar
cell. But, application of TiO; and ZnO such as emitter layer,
finding optimal thickness of emitter layer, differentiate which
material more suitable to be emitter or contact and different
approach to research are novelty of this article.

In the next section, materials and used methods will be
discussed in details.

Il. MATERIALS AND METHODS

In this paper, DFT (Density functional theory) [43] method
is used to calculate the electronic and optical properties
of metal oxides. Sentaurus TCAD software was used to
determine the photoelectric parameters of metal oxide/silicon
heterojunction solar cells. The ZnO and TiO, parameter
files are not available in the Sentaurus TCAD material
database. To model devices based on materials that are not
available in the database, parameter files containing the
necessary physical properties of these materials are created
using information from the literature. However, the desired
physical properties of the material can be calculated using
DFT. In this scientific work, we calculated the necessary
physical properties of ZnO and TiO; using the Cambridge
Serial Total Energy Package (CASTEP) code. This combined
approach of DFT and TCAD allowed for the creation of a
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modeling chain that extended from the atomic level to the
device level.

A. COMPUTATION OF MATERIAL PROPERTIES

Calculation of the physical properties of metal oxides based
on DFT was performed with the on-the-fly generation
(OTFGQG) ultrasoft pseudopotential using the CASTEP code.
Exchange-correlation interactions were calculated using
Generalized gradient approximation (GGA) Perdew-Burke-
Ernzerhof (PBE) [44], PBE functional revised for solids
(PBEsol) [45] and Perdew-Wang (PW91) [46] functionals.
The calculation was carried out in two stages: Geometric
optimization and energy calculation. In order to calculate an
arbitrary parameter of the material, such as elastic, electronic,
or optical, it is first necessary to perform geometric opti-
mization to stabilize the structure. The Broyden—Fletcher—
Goldfarb—Shanno (BFGS) [47] algorithm was used to find
the lowest energy configuration between the atoms of the
crystal lattice. In the geometric optimization, the convergence
criteria for energy, force, stress, and displacement are 2E-
5 eV/atom, 0.05 eV/A, 0.1 GPa, and 0.002 A, respectively.
5 x 5 x 4 Monkhorst-Pack [48] grids of k-points for ZnO and
3 x 3 x 5 for TiO; as a Brillouin zone pattern of the crystal
structure are adapted to determine the zone diagram and
optical properties. The convergence criteria of kinetic energy
limit, total energy and residual force relaxation were taken as
571.4 eV, 1E-6 eV/Atom and 0.07 eV/A, respectively.

B. DEVICE SIMULATION

Four instruments of Sentaurus TCAD were utilized in
the modeling of the device: Sentaurus Structure Editor,
Sentaurus Device, Sentaurus Visual, Sentaurus Workbench.
A geometric model of the solar cell was developed using
the Sentaurus Structure Editor, in which the size, material,
type and concentration of the doped atom of each region
were specified [49]. In addition, since the calculation was
carried out using a numerical method, the device was meshed
with the required dimensions [50]. The geometric model
created in the Sentaurus Structure Editor was then transferred
to the Sentaurus Device. In Sentaurus Device, firstly, the
required physical properties of materials were assigned. If the
material of the device is available in the Sentaurus TCAD
material database, its physical parameters are taken from
the database. For materials that do not exist in the material
database, a new parameter file is created or its physical
parameters are written directly as a function in the command
file. It is preferable to create a new parameter file for a new
material. Because it can be included in the material base of
Sentarus TCAD and used in further work. The necessary
physical parameters of new materials are mainly found in
the literature. However, in this scientific work, the physical
parameters of ZnO and TiO;, which were not available in the
Sentaurus TCAD database, were calculated using DFT and
used in the modeling. After the necessary physical parameters
of each material were provided, calculations were made using
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physical models and mathematical operators to determine the
physical characteristics of the device. In the next sub-section,
the theoretical basis of the numerical simulation of the solar
cell is explained in details.

C. THEORY OF DEVICE SIMULATION

In modeling semiconductor devices, the internal electric field,
potential, and transport of charge carriers are important.
To model a simple diode in equilibrium, it is enough
to determine electric field and potential using Poisson’s
equation given by equation 1 [51].

Aq):—g(p—n+ND+NA) )

where: ¢ is the permittivity, n and p are the electron
and hole concentrations, respectively, Np and N are the
concentrations of donor and acceptor, respectively, and q is
the charge.

Because electrons belong to the family of fermions,
the concentration of charge carriers in the Poisson equa-
tion is calculated using the Fermi function presented in
equation 2 [52].

Er, —E.
o (55

Ey — Ef,
p=NyFi)2 (—p) (2)

kT

where: N. and N, are the densities of the states in the
conduction and the valence bands, respectively, E. is the
minimum energy of the conduction band, E, is the maximum
energy of the valence band, T is the temperature, k is the
Boltzmann constant, and Ef, and Ef;, are the quasi-fermi
energies.

The movement of charge carriers in a diode is driven by
the internal electric field. The transport of charge carriers is
calculated using the drift-diffusion model of continuity. The
drift-diffusion model calculates the current formed due to
the difference in the concentration of charge carriers and the
electric field. It is presented in equation 3 [53]

Jn = —nqu, Vo,
Jp = —pqupVo, 3)

where: J; and J, are electron and hole currents, respectively,
tn and pp are electron and hole mobilities, respectively, and
®;, and P, are the electron and hole quasi-Fermi potentials.

The composition of the solar cell consists of a p-n junction,
like a diode. Only, when modeling the solar cell, it is
necessary to take into account the effect of light. Ray
Tracing [54], Transfer Matrix Method (TMM) [55] and
Beam Propogation [56] methods are widely used for optical
modeling of solar cells. In this paper, the optical modeling
was performed using the TMM method. Because, in TMM,
the internal interference formed in the layers of the solar cell
and the surface roughness are also taken into account. The
Fresnel equations (equation 4) were used as optical boundary
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conditions.
nycos B — npcosy

nicos B + npcosy
2n1 cos B

ry =

and

t:
nicos B +npcosy
nycosy — nzcosf

nycosy + nypcos B
2n1 cos )

rp =

t, =
P nycos B+ nycosy

where: r; and t; are the Fresnel coefficients for transversal
polarized light, r, and t, are the Fresnel coefficients for
parallel polarized light, n; and nj are the refractive indices
of first and second media, B is the angle of the incident light,
and y is the angle of refracted light.

The photogeneration in the solar cell is calculated by
the quantum yield function [57]. It is a logical function.
If the photon energy falling on the solar element is greater
than the band gap of material, it is absorbed, and hence
the logic function is equal to 1, otherwise it is 0. Electron-
hole pairs generated in the solar cell are separated due to
the internal electric field and are directed to the contacts
(metal plates) at the edges of the cell. However, when
the charge carriers move through the semiconductor, they
recombine, and thus some of the generated charge carriers
can no longer reach the contacts. Since TiO; and ZnO are
direct semiconductors, radiative, Auger and Shockley-Read-
Hall (SRH) recombination were calculated. In the silicon
region, only Auger and SRH recombinations were calculated.
Because silicon is an indirect semiconductor, the percentage
of radiative recombination is almost less than 1%. The current
and potential generated in the contacts are determined by the
electrical boundary conditions given in equation 5.

kT Np — N,
¢ = ¢ + —asinh (D—A)
q N, eff
nopo = nlzeff
(Np —Na)? Np — Na
no = \/T Ty T 5
(Np —Npa)? Np — Ny
P0=\/T Tl — 5 )

where: n; ¢fr is the effective intrinsic carrier concentration,
and ¢F is the Fermi potential of the contact.

The concentration, displacement, electric field and poten-
tial of charge carriers in solar cells are considered the same
as in diodes.

Ill. RESULTS AND DISCUSSION

A. CRYSTAL STRUCTURE

It is important to create a correct and stable structure in
the simulation of materials. First, the crystal structure of the
materials is drawn. Then, the drawn structure is geometrically
optimized to create a stable material and determine the
optimal arrangement of atoms in the crystal lattice. In this
work, ZnO and TiO, were geometrically optimized using
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TABLE 1. Crystal constants of geometrically optimized structures of ZnO
and TiO, using PBE, PW91 and PBESol functionals.

PW91 PBESol | PBE
ZnO |a | 3323370 |3.352239 | 3.249270
A
b, | 3323370 | 3.352239 | 3.249270
A
o A |5.251477 [ 5305232 | 5.205440
TiO: | a, | 4713584 | 4.650330 | 4.594000
A
b, | 4713584 | 4.650330 | 4.594000
A
o A 2986346 |2.957963 | 2.959000

PBE, PW91 and PBESol functionals. Figure 1 depicts the
crystal structures of geometrically optimized ZnO and TiO;
using the PBE functional. Table 1 highlights the dimensions
of the crystal lattice for the geometrically optimized ZnO
and TiO; structures obtained through the PBE, PW91, and
PBESol functionals. ZnO has a hexagonal structure, its base
consists of a parallelogram with equal sides and thus a
and b parameters are equal to each other. On the other
hand, TiO; has a PUC (primitive unit cell) tetragonal crystal
structure, and its a and b parameters are mutually equal.
Therefore, the crystal lattice of ZnO and TiO; is mainly
characterized by parameters a and c. In the ideal case,
the ratio of ¢ and a depends on the type of material for
the hexagonal structure (8/3)*0.5=1.633 [58] and PUC. In the
experiment in [59], the crystal lattice constants of TiO;
were determined to be a=4.6344 A and ¢=2.9919 A. In the
experiment [60], the crystal lattice constants of ZnO were
found to be a=3.2497 A and ¢=5.206A. According to the
results given in table 1, the average error of lattice constants
determined using PBE, PBESol, PW91 functionals when
compared with experimental results was found to be equal to
0.012%, 2.5307%, 1.5702% in ZnO and 0.9856%, 0.73895%,
0.9471% in TiO», respectively. Hence, it was found that the
crystal lattice constants calculated using PBESol for TiO;
and PBE functional for ZnO are in close agreement with the
experimental results.

Total energy of structure should be minimum to be
stable material. The conditions of mechanical stability of
various crystals have been extensively studied by Felix [61].
By calculating the eigenvalues of the stiffness matrix,
it is possible to determine the necessary and sufficient
conditions for the elastic stability of hexagonal and tetragonal
structures. The elements of the stiffness matrix of ZnO with
hexagonal structure given in table 2 satisfied the conditions
given in equation 6. ZnO consists of a mechanically stable
hexagonal structure because elements of stiffness matrix
satisfy equation 6.

Ci1 > |Cral,
Cy4 > 0,

2C% < C33 (C11 + Cr),
Ces > 0 (6)

where: C;; are elements of stiffness matrix.
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FIGURE 1. Crystal structure of ZnO (a) and TiO, (b).

TABLE 2. Elements of mechanical stiffness matrix of ZnO and TiO,
calculated using PBE functional.

ZnO TiO:

Ci1, GPa 147.16890 299.19350
Ciz, GPa 102.39525 149.66395
Ci3, GPa 94.53912 145.93715
Cis, GPa 0.00000

Cs;, GPa 202.51585 448.71985
Cyy, GPa 39.44070 131.35465
Css, GPa 214.05960

Since TiO, (P42/mnm) belongs to the (4/m) group of
tetragonal structures, its mechanical stability cannot be
determined using formula 6. Because, unlike other tetragonal
structures, 4/m tetragonal structures have Cjg and Cgg
elements in the stiffness matrix. Their mechanical stability
is determined using the conditions given in equation 7. Since
the stiffness matrix elements of TiO, given in table 2 satisfy
the conditions in equation 7, it is proved that TiO; has a
mechanically stable structure.

Cn > [Cral,
Caq < 0,

2CY < C33 (Ch1 + C),
2C3 < Co6 (C11 — C12) 7

B. BAND STRUCTURE

The electronic properties of the material are analyzed using a
band structure. Figure 2 shows the calculated band structure
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FIGURE 2. Band structure of ZnO(a) and TiO, (b) calculated using PBE,
PBESol and PW91 functionals.

of ZnO and TiO; using different functionals. Quality of
curves of band structures of TiO; and ZnO determined
using the PBE, PW91, and PBESol functionals of GGA is
almost similar. According to the results shown in figure 2,
the minimum energy points of the conduction band and the
maximum energy of the valence band of ZnO and TiO;
correspond to the G. Therefore, both TiO, and ZnO are direct
semiconductors.

When the band gap was determined from the band structure
calculated using PBE, PBESol and PW91 functionals, it was
found to be 0.518 eV, 0.415 eV, 0.688 eV for ZnO and
1.833 eV, 1.781 eV, 1.728 eV for TiO;. In experiment, the
band gap of ZnO and TiO; is 3.37 eV [62] and 3.2 eV [63],
respectively. In calculating the band gap, PW91 functional
achieved the best result among other functionals with 20.4%
for ZnO and PBE with 57.3% accuracy for TiO>. In Yuan’s
paper [64], PBESOL was found to be the most optimal
functional for the calculation of metal oxides over other GGA
functionals. Nevertheless, it is known that different metal
oxides may require different functionalities, not only PBESol.
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In our previous scientific work [65], it was found that the
quality of curves of band structure of MoOj3 calculated using
the HSEO6 (Heyd-Scuseria-Ernzerhof) hybrid functional and
the PBE functional is identical. Therefore, quality of curves
of band structure calculated HSE06, GGA functionals and
experiment may be the same. Hence, if the quality of the lines
of the band structure is the same using different functions,
their values can be adjusted by applying a fitting parameter.
The fitting parameter is the ratio of the band structure
determined in the experiment and in a function. For example,
if the experimentally determined band gap of ZnO is 3.37 eV
and the one calculated using PBE is 0.518 eV, then the fitting
parameter for ZnO is equal to 6.5.

C. EFFECTIVE MASS

By analyzing the band structure of the material, some
properties can be determined. One of these is the effective
mass. In many materials, the lower points of the conduction
region and the upper points of the valence region of the band
structure obey the parabolic function given in equation 8.

27,2

E (k) =Ey+ (8)

2m*
where: E is the energy, Eg is the energy at k = 0, k is the
wavenumber, m* is the effective mass, and % is the Planck
constant.

To determine the effective masses of the electron and the
hole, the E(k) band structure around the highest energy points
of the valence band and the lowest energy of the conduction
band is extracted from the band structure. Each E(k) is fit to
a parabolic function using the least square method. Figure 3
shows the parabolic functions determined on the basis of E(k)
band structure around the lowest energies of the conduction
band and the highest energy of valence band of ZnO (a) and
TiO, (b) calculated using PBE, PBESol, PW91 functionals.

The effective mass of the hole and electron was determined
by differentiating the parabolic functions of the valence and
conduction band twice with respect to k as given in equation

9:
d°E
m* = K (W) ©)

Table 3 shows the hole and electron effective masses of
ZnO and TiO; determined using PBE, PBESol and PW91
functionals. In experiment, the effective mass of electron and
hole of ZnO is 0.24 and —0.59 [66]. The effective masses of
electrons and holes of TiO; in the experiment are 0.5 [67]
4.66 [68]. The fact that the electron effective mass of ZnO
and TiO; determined using all functionals is smaller than the
effective mass of the hole satisfies the experimental results.
According to table 3, the ratio of hole and electron effective
masses determined in PW91, PBESol and PBE proves that
the electron effective mass is smaller than the hole effective
mass, which proves that ZnO and TiO; can be used as electron
transport materials (ETM) in perovskite solar cells.
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FIGURE 3. Parabolic approximations of the values around the minimum
point of the conduction band and the maximum point of the valence
band of ZnO (a) and TiO, (b).

TABLE 3. Effective masses of electron and hole in ZnO and TiO,.

PWI1 PBESol | PBE
ZnO | me 0.50082 | 0.47703 | 0.43436
Mh -2.83155 | -2.95771 | -2.53245
TiO2 | me 1.0911 0.83721 0.97667
Mh -3.77219 | -2.53481 | -2.20509
D. MOBILITY

In simulation, the mobility of electrons and holes is mainly
calculated using the Boltzmann Transport theory [69].
Nevertheless, we calculated the mobility in this scientific
work using the deformation potential theory [70]. In the
Shockley-Barden theory, mobility is determined depending
on the change in crystal size and band structure when
mechanical force is applied to the crystal. According to the
deformation potential theory, the mobility of electrons and
holes is calculated using equation 10 [71].

B Gy
3(m*)3 (bT)3 E

(10)

where: e is the electron charge, T is the absolute temperature,
ky, is the Boltzmann constant, Cj; is the elastic constant of the
crystal, and Ej; is the energy change per unit volume.
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TABLE 4. Important parameters calculated using PBE functional to
determine the electron and hole mobilities.

ZnO TiO:
Vo, A’ 50.230723 66.350264
Eg, eV 0.518 1.728
V, A3 47.594818 62.449209
Eg eV 0.759 1.871
Bulk modulus, | 118.16481 208.26994
GPa

The energy change per unit volume was calculated using
equation 11.

dE

where: dE is the energy difference before and after stress,
Vo is the initial volume of the crystal, and dV is the volume
difference before and after stress.

Table 4 lists the parameters before and after applying the
mechanical force calculated in PBE. ZnO and TiO, were
applied mechanical force with the same 70 GPa in the (111)
direction. After applying the mechanical force, the band
gaps of ZnO and TiO; changed to 0.241 eV and 0.143 eV,
respectively. Their crystal volume has changed to 2.64 A3
and 3.9 A3, respectively. The electron and hole mobilities of
7ZnO and TiO2 have been calculated using the theory of defor-
mation potential and the parameters listed in Table 4. The
calculated electron mobility for ZnO is 430.72 cm?V-lg—1
and its calculated hole mobility is 5.25 cm*V~'s~!. For
TiO2, the calculated electron mobility is 355.27 cm?V-lg—1
and its calculated hole mobility is 46.38 cm?V~ls~!.
In experiment, the electron and hole mobilities in ZnO are
equal to 205 cm*V~!s~! [72] and 70 cm?*V~!s~! [73]. The
electronic mobility of ZnO calculated by PBE is almost
2 times larger than the experimental result, and the hole is
13 times smaller. In experiment, electron and hole mobilities
in TiO; are 18.6 cm?V~!'s™! [74] and 3.1 em?>V~!s~! [75],
respectively. Therefore, the mobility of electrons and holes
in TiO, calculated in PBE is 10 times larger than the
experimental results. However, the fact that the electron
mobility is significantly greater than the hole mobility for
both materials, it satisfies the experimental results. Therefore,
TiO; and ZnO tend to be n-type semiconductors [76].

Ej = (11)

E. OPTICAL PARAMETERS

Optical properties of materials are calculated in CASTEP
mainly usingthe theory of Khon-Sham orbitals [77]. By the
transmission of electrons in orbitals due to the photon electric
field, it is possible to calculate the imaginary part of dielectric
functions. The real and imaginary parts of dielectric function
are related by the Kramers-Kronig transformation [78].
Therefore, the real part of the dielectric constant can be
found through the imaginary part. The dielectric constant is
determined from the real part of the dielectric function. When
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PWO91, PBESol, PBE functionals were used, the dielectric
constant was 11, 11.5, 8.5 for ZnO and 9.5, 10, 9 for TiO,,
respectively. In the experiment, depending on the synthesis
method, the dielectric constants of ZnO and TiO; are equal
to 8.17-9.34 [79] and 23-63.7 [80]. The dielectric constant
of ZnO calculated in PBE satisfied the experimental result.
If the synthesized TiO; is thermally treated, its dielectric
constant would be 12.3 [81]. If we compare the dielectric
constant of sufficiently thermally treated TiO2 with the
simulation results, the simulation can satisfy the experimental
results. When TiO, and ZnO are simulated as ETL layers
in perovskite solar cells, their dielectric constant is mostly
chosen 9 [82] or 10 [83]. This proves that our simulation
results are partially correct.

One of the main optical properties of the material is
the complex refractive index. Because it is possible to
determine the absorption, reflection and transmission in
the material [84] with the help of the complex refractive
index. The complex refractive index is determined using
equation 12.

— 2 _ 12
ié‘l—n k (12)

& = 2nk

where: ¢ is the real part and &; is the imaginary part of the
complex permittivity.

Figure 4 shows the wavelength dependence of the complex
refractive index of ZnO and TiO2 calculated using formula 7
and the dielectric function determined in PBE. The average
refractive index of ZnO was equal to 2. In the experiment,
the average refractive index of ZnO is also equal to 2 [85].
In addition, the complex refractive index of ZnO does
not change dramatically depending on the wavelength of
light [86] as our simulation results. As the wavelength
increased from 100 nm to 450 nm, the refractive index of
TiO; increased from 1 to 3.4. Then, when the wavelength
increased to 900 nm, the refractive index decreased to 2.8.
In the experiment, the refractive index of TiO2 is equal to
2.8 [87]. The imaginary part of the complex refractive index
of ZnO was greater than 1 in the short wavelength, and less
than 0.5 in the visible field. This proves that ZnO mainly
absorbs light in the short ultraviolet range. In the wavelength
range from 100 nm to 420 nm, the imaginary part of the
complex refractive index of TiO, was found to be greater
than 1.5, and it was found to be very small in the visible
spectrum. Therefore, TiO2 absorbs light in UV spectrum
more than ZnO.

F. HETEROJUNCTION SOLAR CELL

In experiment, the optic and emitter layers can be removed
by chemically treating the surface of an industrially produced
silicon-based solar cell to get p-type silicon. A ZnO/Si
and TiO,/Si heterojunction solar cell can be created by
chemically preparing ZnO and TiO; and depositing them
on p-type silicon using the Sol-Gel method [88]. In this
paper, we used the TCAD simulation method to study
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FIGURE 4. Dependence of the real and imaginary parts of the refractive
indices of ZnO (a) and TiO, (b) calculated in the PBE functional on the
light wavelength.

heterojunction solar cells. The base of the solar cell is
10 um and the emitter layer is 1 um. Figure 5 shows the
I-V characteristics of ZnO/Si and TiO,/Si solar cells. The
short circuit of ZnO/Si and TiO,/Si are 15.37 mA/cm? and
13.78 mA/cm?, respectively. The operating voltage is 0.435 V
and 0.432 V respectively. The short circuit current is very low
because the base thickness is 10 wm. The short circuit current
of the solar cell is directly proportional to the thickness of the
base.

When ZnO and TiO, are coated on the silicon surface,
the n-MeO/p-Si heterojunction solar cell should absorb a
wider spectrum of light than the n-Si/p-Si solar cell as the
absorption spectra of MeO and Si are different. Figure 6
shows the dependence of the absorption coefficient of
ZnO/Si and TiO,/Si solar cells on the wavelength of light.
Heterojunction solar cell absorb light well in the ultraviolet
and visible fields. Because, according to Figure 4, ZnO and
TiO, mainly absorb light in the ultraviolet range. Silicon
mainly absorbs light in the visible range.

The fact that the absorption coefficient of ZnO/Si is greater
than that of TiO,/Si proves that its short-circuit current
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FIGURE 6. Spectral characteristics of a ZnO/Si and TiO,/Si heterojunction
solar cell with an emitter layer thickness of 1 um.

is greater. A wave appeared in the absorption spectrum
of TiO, and ZnO. The reason for this is that internal
interference [89] occurs in the emitter layer. If we choose
the thickness of the emitter layer correctly, we can reduce the
wave in the spectrum and increase the short circuit current.
Figure 7 shows the dependence of the short-circuit current
of heterojunction solar cells on the thickness of the emitter
layer. The thickness of the emitter layer is 0.5-1.5 um in
industrial homojunction silicon-based solar cells [90]. Since
metal oxides simultaneously functioned as an emitter layer
and an anti-reflection layer, their optimal thickness was 80 nm
for ZnO/Si and 40 nm for TiO2/Si. Therefore, the maximum
short-circuit current of ZnO/Si and TiO,/Si heterojunction
solar cells is 18 mA/cm? and 15.3 mA/cm?. Between 40 nm
and 1200 nm of the emitter layer, the short-circuit current of
ZnO/Si is larger than that of TiO,/Si solar cell. In this size,
the short-circuit current of a silicon-based homojunction solar
cellis 13.5 mA/cm?. Therefore, if we cover the silicon surface
with 80 nm thick ZnO or 40 nm thick TiO, as an emitter
layer, its short circuit current increases to 4.5 mA/cm? and
1.8 mA/cm?, respectively.

Metal oxides can also act as transparent contacts for
silicon-based solar cells. It is possible to analyze the resistive
parameters of the solar cell by the value of the fill factor of the
solar cell. Figure 8 shows the dependence of the fill factor of
heterojunction solar cells on the thickness of the emitter layer.
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The average fill factor of ZnO/Si and TiO,/Si solar cells was
0.73 and 0.76. At small thicknesses, the fill factor changed
dramatically, but remained almost unchanged in the range
from 0.2 um to 1.2 um. Therefore, according to the obtained
results, TiO, has a good effect on the resistive properties of
the solar cell since it has higher fill factor. Hence, TiO» can
be used as a transparent contact.

IV. CONCLUSION

In this research study, the physical properties of TiO, and
ZnO, two widely used metal oxides were calculated using
the CASTEP code. The main results obtained, from PBE,
PBESol and PW91 functionals of GGA were compared and
the optimal functional for metal oxides was identified. The
best functionals for determining crystal lattice constants were
found to be PBE for ZnO and PBESol for TiO,. The band
structure calculation showed that both ZnO and TiO2 are
direct semiconductors. According to optical properties, it was
revealed that ZnO and TiO, mainly absorb ultraviolet light.
That’s why, they are transparent and therefore for use in
ultraviolet light diode. The effective mass of electrons in ZnO
and TiO; is smaller than that of holes. Electron mobility is
greater than that of the hole for both of metal oxides. Which
making both materials primarily n-type semiconductor. This
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makes them ideal for use as an ETL layer in perovskite and
organic solar cells, as well as an emitter layer in silicon-
based solar cells. The DFT results of ZnO and TiO» led to the
conclusion that n-ZnO/p-Si and n-TiO,/p-Si heterojunction
solar cells can be formed and were modeled using TCAD
software. The optimal thicknesses of ZnO and TiO, were
found to be 80 nm and 40 nm, respectively. The average
fill factors of TiO,/Si and ZnO/Si solar cells were 0.76 and
0.73, respectively. Therefore, if we consider that fill factor of
TiO,/Si is higher than that of ZnO/Si and short circuit current
of ZnO/Si is greater than that of TiO,/Si. This suggests that
TiO, may be used as a transparent contact and ZnO as an
emitter layer in a silicon-based solar cell.

In the future, we plan to conduct research on other metal
oxides to identify the most suitable candidate for the emitter
layer in silicon heterojunction solar cells, using an atom-
to-device simulation chain. Besides, we will investigate the
impact of different metal nanoparticles on the photoelectric
properties of these metal oxides.
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