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ABSTRACT

The heterojunction (HJ) solar cell is one of the superlative alternatives to upgrade traditional single homo-
junction silicon-based solar cells. The present paper reports on the simulation investigation for examining the
high-performance Zinc oxide (ZnO)/Si solar cells with different anti-reflection coatings (ARC), optimizing the
absorber, window thickness, and ARC layers. In this study, the parameters were selected, like ZnO as a window
layer, Si as an absorber layer, and the thickness of different ARC layers to perform PC1D (personal computer one
dimensional) simulation. Aluminum trioxide (Al,03), Magnesium oxide (MgO), Magnesium fluoride (MgF5), and
Titanium nitrate (TIN) were used as a single layer. Without any ARC layer, 18.8% power conversion efficiency
(PCE) and 21.3% PCE were recorded for ZnO/Si solar cells at zero reflectance. The MgF, as a single ARC layer of
110 nm thickness has achieved a PCE of 20.8% compared to other anti-reflection coating materials at an absorber
layer of 160 pm and window layer of 0.5 pm. The optimized value of carrier lifetime was found to be 100ps for
ARC layers. The values of PCE, Voc and Isc gradually increased with increasing carrier lifetime. The maximum
values of Voc = 0.6580, Isc = 0.0386 A and PCE with 20.8% were achieved by MgF, ARC layer at optimized
parameters.

1. Introduction

The d-electron orbitals of elements (Cd, Sn, Zn, In) are filled when they
react with oxygen, a fundamental property of a binary oxide system [3].

Humankind has been dealing with increasingly complicated envi-
ronmental concerns and a massive energy crisis since the 21st century.
Solar cells play a significant role in the global energy industry because of
their long-term sustainability and environmental friendliness [1].
Semiconductors, particularly transparent conductive oxides (TCO), have
a large bandgap, good transmittance in the visible range and DC re-
sistivity up to 107°-107* Q cm (n-type). They are generally utilized as
front electrodes in thin-film photovoltaic cells [2]. The most prevalent
TCO thin films include binary and ternary oxides and their various
doping systems like ZnO, CdO, Sn0O3,Iny03, Cu0, Gay0s, and SrTiOs.

Highly transparent tungsten oxides with low conductivity can be utilized
at the visible side to achieve higher current density.

Establishing hole contact in an heterojunction is usually more deli-
cate than electron contact [4]. Zinc oxide is a promising candidate as
transparent conductive oxides (TCO) layer in the PV industry due to low
toxicity, low cost, low deposition temperature, abundance and lower
production cost [5,6]. Moreover, n-type Zinc oxide is found to be useful
in optical devices as well as PV cells. Numerous researchers use n-ZnO
thin films as anti-reflection coating and emitter layer to fabricate
low-cost, high-efficiency solar cells [7]. Considering the optical
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properties of zinc oxide thin film as an n-layer, the front ZnO thin film is
designed to operate as an electrically active layer and as an ARC layer to
producea p-n junction. The benefits of heterojunction solar cells are the
dopant concentration, flexibility to choose a material, low-temperature
approach, intrinsic surface passivation and layer thickness [8].

As aresult, solar cells based on zinc oxide silicon heterojunction may
be more competitive in the future PV industry. Various researchers have
also demonstrated single Si heterojunction-based solar cells produced
from metal oxides. Gerling et al. [9] designed a solar cell based on a
single heterojunction by applying thermally evaporated four TCO(WO3,
V205, MoOs3) with high work functions as front contact in planar n-Si
solar cells. Among these TCOs, V205 provides the highest PCE of 12.7%
with Vi of 593 mV compared to WO3 and MoOj3 as p-layer. Further-
more, solar cells based on NiOy/Si heterojunction fabricated with NiOy
asp-layer and as active absorption layer n-type silicon were used effi-
ciency of 12.73% and increment in V. from 423 to 906.16 mV reported
with the increment of NiO; layer was achieved [10]. Solar cells based on
c-Si heterojunction have recently received a lot of attention due to
low-temperature impact on conversion efficiency and slow fabrication
cost [11,12], and low fabrication temperature [13]. Heterojunction cells
employ c-Si substrate as an emitter with a large band gap of hydroge-
nated a-Si, and carriers can move in unidirectional because of a larger
band offset [14]. Chen et al. [15] used the metal-organic chemical vapor
deposition method to deposit boron-doped ZnO thin films and
AFORS-HET tools to do computational research of ZnO/Si solar cells.
The ZnO layer was used as emitter on the Si wafer, and I = 0.302 A, PCE
of 17.16%, Vo = 0.675 V and FF of 83.96% were recorded. Ziani and
Belkaid [16] used a SCAPS-1D simulator and reported similar ZnO/Si
based solar cell performances. Pietruszka et al. [17] achieved 14% PCE
with ZnO/Si solar cells by using the atomic layer deposition method.
Shah et al. [18]. used PCID to explore the optical properties of the
silver-doped ZnO/ZnO double ARC layer in terms of surface charge
carrier concentrations and minority charge carriers. The Silicon based
solar cell with Ag-ZnO/ZnO double ARC possess highest conversion
efficiency of 15.32% with fill factor (FF) of 81.35% at doping carrier
concentration of 1 x 107 cm™2 and minority carrier lifetime of 10 ps
when compared to single anti-reflection layer. Spray pyrolysis were used
to prepare nickel (Ni) doped ZnO thin films, resulting in an optical
bandgap reduction from 3.47 eV to 2.87 eV for undoped ZnO film with
15% Ni doping [19]. Vallisree et al. [20] reported that introduction of
Mg in ZnO can enhance efficiency up to 14.46% by using Silvaco ATLAS
simulator. Tyagi et al. [21] introduces graphene with ZnO to make it
hybrid sole cell and uses SCAPS 1D to investigate the performance. PCE
of 8.46%, 52.14% FF, 12.46 mA/cm?, Jsc and 0.79 V Voc achieved by
simulated analysis. Boudour et [22] uses AMPS-1D simulator to inves-
tigate the ZnO/Si/Cuy0 based solar cell. 16.23% conversion efficiency
has been attained through this heterojunction. Askari et al. [23] used
TCAD software to study the interface characteristics of ZnO/Si solar cells
and achieved approximately 14% efficiency. Chen et al. [15] used
AFORS-HET software and provide experimental verification of ZnO/Si
solar cell. MOCVD used to deposit the ZnO layer on p-Si wafer. The
reported PCE of 17.6 5 via simulation and 2.82% by fabrication of solar
cell. Gulomov et al. [24]investigated the optical and electrical properties
of TiOy/Si and ZnO/Si. Reported FF of TiO,/Si and ZnO/Si based solar
cells was 0.76 and 0.73. So ZnO can be used as emitter layer and TiO3 as
transparent contact for Si based solar cells. Mandal et al. [25] used
SCAPS-1D simulator to study the defects between Si and ZnO. 15.42%
PCE with 541 mV Voc for low defect density (10'° cm~2). Decrement in
efficiency notices with the increment in defect density. Das et al. [26]
used silicon doped ZnO as TCO layer for p-Si based cell. Reported values
of transmittance and resistivity are 5.0 x 103 Q cm 89%.RF magnetron
sputtering technique was used to achieve these values.

Optical and electrical losses must be decreased to attain maximum
conversion efficiency [27]. In photovoltaic devices one of the main
challenges is to reduce the optical losses, which is responsible for
approximately 4% of the efficiency reduction in c-Si solar cells [28].
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Antireflective coatings (ARCs) are a crucial component for achieving
optimum conversion efficiency and excellent performance. An ARC
coating on front surface of cell can reduces the reflection by enhancing
absorption of light, which enhances the efficiency and Jsc value. The
main Optical losses from the front surface are the most significant
impediment to better solar cell efficiency. In addition, there is a higher
probability for visual loss during the photoelectric effect in solar cells,
reducing the PCE of solar cells [29]. It is observed that the influence of
the ARC layer in the range of 500-700 nm wavelength is more suitable
for spectral loss [30,31]. As a result, several ARC materials have been
used to improve efficiency [32,33]. Layers are organized in descending
order of band gap, highest band gap material is on top surface and
bottom layer material should have low band gap as compared to other
materials [34,35]. Energy of lower wavelength can be absorbed by a
material which have larger band gap [10,36]. Refractive index is a
significant parameter for ARC layer. The reflection of radiation from the
surface will effectively decreases if refractive index of antireflection
coating (ARC) is the geometrical mean of two surrounding indices.
Refractive index of ZnO at 600 nm wavelength is 2 [7] and 1 for air. The
ZnO refractive index is near ideal, which is needed for the ARC layer for
the Si-based solar cell. So, ZnO coating can also be replaced with ARC for
silicon wafers if the film thickness is optimized for peak spectrum
wavelength. The peak intensity of solar radiation is about 600 nm. The
Fresnel equation for normal incidence showed that ZnO had a refractive
index of 2 at 600 nm. Since extinction coefficient of ZnO at 600 nm was
examined and found to be modest, it was not considered while doing the
calculations. Air was supposed to have a refractive index of 1. At 600 nm
wavelength, silicon has a refractive index of 3.95. If the refractive index
of the anti-reflection layer is the geometrical mean of neighboring ma-
terials, then the reflection is minimum. Considering silicon is on one side
and air on another, the refractive index of ARC at 600 nm wavelength is
1.99 in the solar spectrum. In our case, we are considering the different
ARC materials on the ZnO window layer to minimize reflection and
enhance efficiency. In this case, if we consider ZnO on one side and air
on another side using eq- 2 ideal value is 1.41. The refractive index of
magnesium fluoride (MgFo) is 1.38, which is near to ideal refractive
index for ZnO/Si. The required thickness of the ARC layer can be
calculated by eq-1. Applying quarter-wavelength ARC, commonly
employed on the front surface, is one popular way [37]. The thickness of
the ARClayer was calculated by the refractive index and the wavelength
of the ARC material [38]. For a quarter-wavelength anti-reflection
coating, light fall on the ARC layer with freespace wavelength (A¢) and
refractive index (7;) for transparent material are considered, thickness
(d) is estimated by eq. (1) and (2) [39].

Ao
d=— 1
an, (@]
And [39].
Ny = /Mo (2

where, 7, an dz, is the refractive index of the air and window layer [39].

The influence of changing window and absorber layer thickness and
doping concentration with a single ARC layer on the performance of
ZnO/Si solar cells was studied in this manuscript. The materials such as
magnesium oxide (MgO), aluminum trioxide (Aly03), magnesium fluo-
ride (MgF») and titanium nitride (TiN), with 1.72, 1.76, 1.38 and 1.78
refractive indexes [40-42] were used as ARC layer on the front surface
of ZnO/Si solar cell. Using the thickness and refractive index of ARC
materials, the optical and photovoltaic characteristics have been
extracted by software named PC1D.The PC1D is a simulation tool for
solar cells with a simple interface defining the problem. The influence of
the thickness of layers, diffusion length, photogeneration, doping con-
centration and minority carrier life time on the operation of
ZnO/Si-based solar cells have been premeditated by PC1D.The PC1Dwas
established by a group of scientist working in UNSW (University of south
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P-type c-Si (Absorber Layer)

P+
Back contact

Fig. 1. Schematic diagram of the proposed model.

Table 1

Parameter of optimum stimulated case.
Parameters Values
Front Region (Window layer ZnO)
Emitter Thickness 0.5-6 pm
Band gap 3.27 eV [8]
Refractive index 2
Electron affinity 4.35 [49]
Dielectric Constant 8.66

2.2 x 10*%cm™>

50 cm?/Vs

=17 =1x 107° ps [7]
$:=Sp =1 x 107 cm s~ ! [7]

Doping concentration (N-Type)
Electron mobility

Bulk recombination

Front-surface recombination
Rear Region (Absorber layer Si)

Base thickness 60-200 pm
Band gap 1.124 eV [1]
Dielectric constant 11.9

Doping concentration (P-Type) 5 x 10'%m—3

Peak 1st rear diffusion (P-Type) 3 x 10'%m3

Bulk recombination 100ps

Front surface recombination $,=Sp =1 x 10° cm s !
Rear surface recombination Sa=Sp =300 cm s !
Other parameters Internal PC1D

wales) [34,35,43]. This tool allows to simulate of the different param-
eters of semiconductor devices, and it includes library files of electron
affinity, dielectric constant, carrier lifetimes, electron-hole motilities,
doping concentration, refractive index, and bandgap for InP, GIN, Ge,
GaAs, AlGaAs, a-Si and a-Si based devices [44,45].

2. Proposed model using ZnO and device simulation parameters

ZnO is a direct wide band gap materials with a bandgap that can be
modified by alloying or doping from 3 to 5 eV. The critical character-
istics of ZnO that distinguish it from other I[I-VI and III-V wide band gap
materials include its low processing cost low toxicity, and very stable
wurtzite structure with a lattice c/a ratio of 1.603, very close to the ideal
ratio of 1.633 [46]. ZnO’s more considerable exciton binding energy (60
meV) ensures effective photovoltaic and luminescent characteristics
[47]. Additionally, ZnO is more radiation-resistant than GaAs, GaN, and
Si, which prevents sunlight-induced degradation and ensures a longer
lifespan. Gallium or aluminum doped ZnO has lately attracted attention
as a feasible replacement for indium tin oxide in transparent conducting
oxides (TCOs).

Our proposed model for absorber layer P-type silicon wafer and
window layer n-type ZnO was chosen, and ZnO is sandwiched between
the p-Si and ARC layer as demonstrated in Fig. 1. The arrangement of
solar cell layers follows a hierarchy of band gap energy materials,
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whereby the top surface exhibits the highest band gap energy and the
bottom surface displays the lowest band gap energy [34,35]. This is
because a material with a large bandgap has the ability to absorb the
lower wavelengths of solar radiation [10,36]. As a result, the ZnO layer’s
transparency in the visible and infrared regions is significant. Nayaketal
[48]. reported the gallium-doped ZnO thin film using the well-known
technique (sol-gel spin coating) for device applications. The trans-
parency of thin films with 3.3 x 10™2 Q cm resistivity was more than
80% in the visible region with 2 at% of Ga.

For solar cell fabrication, PC1D has several adjustable parameters
that can be iterated to achieve an optimized window. In PC1D software,
internal parameters like refractive index, electron affinity, band gap,
electron-hole mobility, dielectric constant, carrier lifetimes and doping
concentration, etc., are used to simulate various types of the solar cell.
All device parameters are given in Table 1. The simulation is carried
under 1.5 air mass and constant sun intensity (0.1 W/cm?). The carrier’s
excitation at 25 °C ambient temperature is parted into 16-time steps. The
thicknesses of the proposed device’s window layer and absorber layer
range from 0.5 to 6 pm and 60-200 pm, respectively and parameters of
ZnO/Si solar cell are selected from previously reported articles.

3. Photovoltaic properties

The basic four parameters evaluate overall performance fill factor
(FF), short circuit (I;), open circuit voltage (V,.) and PCE (%) of the
solar cell. Short-circuit current density (Jy) is stated usually (J,, =
I,./area) in consideration of the dependence on the junction area. Vo
stands for the greatest voltage that a solar cell can produce with no
current flowing. The term “FF” refers to the relationship between the
greatest power density that may be extracted from a solar cell and the
product of V, and Js.. The most straightforward measurement is PCE
eq-3, or the ratio of output energy to input energy[50].

PCE=L" o 100% = Ve x Jye x FF x 100% 3)
Where, P, is the input energy from the sun (0.1 W/cm?) for standard-
test irradiation AM1.5 G), Py, is the output energy. Quantum efficiency
is also significant in estimating the I, and performance in a specific
wavelength range. The modelling competencies of PCID simulation
were utilized to study the PV characteristics such as current, power-
voltage and quantum efficiency by analyzing the optical characteris-
tics of ZnO/Si heterojunction solar cells.

The following equation determines the values of photocurrent pro-
duced by solar cells [50].

L=0 /0 N QE(E)N(E)(1 —R(E))dE ()]

where, R(E) = reflectance, QE (E) = internal quantum efficiency, and N
(E) = incident photon flux density. Generally, semiconductor materials
cannot absorb low energy photons[50].

4. Result and discussion
4.1. Optimization of absorber and window layer thickness

The absorber and window layer thickness are key parameters to
attain maximum efficiency [51]. It has been discovered that even minor
variations in thickness of absorber layer cause considerable variations in
Voc and Iy, which influence the c-Si based solar cells performance [52].
The absorber layer of the SHJ is known to be a weakly doped region
when associated to the other regions of solar cells. In general, the for-
mation of heterojunctions between the c-Si and oxide often overwhelms
the obstacles at front and rear interfaces for higher carrier transport
[53]. By thinning of the top layer, the large amount of radiation is
absorbed, and large fraction of carriers within diffusion length is
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Fig. 2. Optimization of the thickness in term of (a) efficiency for absorber layer (b) Voc and Isc for absorber layer (c) efficiency for window layer (d) Voc and Isc for

window layer.

generated by the incident sunlight [54]. PC1D software is used to opti-
mize the thickness of base and window region by using simulation pa-
rameters. The influence of ZnO and Si thickness on Iy, and V,. and
conversion efficiency () are depicted in Fig. 2. The recombination
process speeds up with the increment in absorber layer thickness so
affect the overall PV devices performance. According to the nature of
solar cell, I increases and V.. decreases with an increase of absorber
layer thickness. The highest value of V,. and I was recorded to be
0.6597 V for 60 pm thickness and 0.0395 A for 200 pm thickness as
illustrated in Fig. 2 (b). It is visible from Fig. 2(d) that short circuit
current (Is.) reduces monotonically as the thickness of ZnO increases due
to significant drop in number of available photons in the space charge
region. The silicon material exhibits a significant space charge region
owing to the substantial doping variability between the two materials. It
is observed that the carrier production is predominantly contributed by
photons reaching silicon. Absorption in a thicker window layer reduces
Isc because I is directly related to photogenerated carriers. The same
mechanism can be used to explain a drop in V. as ZnO thickness in-
creases. The highest observed values of V,. and I are 0.6585 A and
0.0394 V at 0.5 nm thickness of ZnO layer as illustrated in Fig. 2(d).
The increment in the absorber layer thickness can absorb more sun
light and hence increase the charge carriers [55]. The increase in device
parameter values is due to enhanced photon absorption and
hole-electron production in the absorber layer. Insufficient thickness of
the absorber layer leads to reduced efficiency due to inadequate ab-
sorption of the maximum incoming solar radiation. Nevertheless, in
cases where the thickness of the absorber layer surpasses the optimal
value, the path length traversed by the photo-generated carriers in-
creases, leading to a greater degree of recombination [56]. It has been
observed that increasing the thickness of absorber layer enhances the
PCE (%). Initially, as the thickness of the absorber layer is increased up
to 160 pm, the efficiency increases until it approaches to a stable value.

The maximum efficiency of 21.3% has been achieved with thickness of
160 pm as shown in Fig. 2 (a). For thicker absorber layer (values greater
than 160 pm) does not necessarily improve overall cell performance so
the thickness of 160 pm is chosen as an optimum thickness for efficient
and low cost HJ solar cell. The recombination loss influences the per-
formance of cell [55] that can be altered by varying window layer
thickness from 0.5 pm to 6 pm. Moreover, the result indicates that 1 (%)
was decreased as the window layer thickness increased. The maximum
efficiency of 21.3% was achieved with 0.5 pm thickness of window layer
and decreased to 18.9% by further increase to 6 pm as demonstrated in
Fig. 2(c). The higher window layer thickness could distort interface to
metal layer, by making barriers for appropriate charge collection [57].

4.1.1. Optimization of doping carrier concentration of window or absorber
layer

The doping carrier concentrations in window or absorber layer play a
vital role in attaining high Voc and Isc of solar cell [39]. High doping
concentration can usually destroy structure layer due to generation of
undesired shunt path on absorber layer of solar cell [58]. The doping
concentration should be optimized without any negative influence for
high performance. The doping carrier concentration varies in range of
10'* to 10'® cm 3 for absorber layer and 107 to 10%! cm ™2 for window
layer. The Efficiency, Voc and Isc against the doping carrier concen-
tration of window and absorber layers illustrated in Fig. 3. The drop in
efficiency and Voc with the increment in doping concentration from
10'® cm 3 in absorber layer may be related with variation in band en-
ergy levels and band gap structures. The constant value of Isc = 0.0397 A
has been observed in the range of 10'* to 10'®> ecm™ and it starts
decreasing on further increase in doping concentration. For window
layer value of Isc is independent of doping concentration for 107 to
10%em 3. A constant value of 0.0394 A has been recorded for window
layer. The value of efficiency and Voc increases as the doping
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Fig. 4. (a) Reflectance analysis and (b) External quantum efficiency of different SLARC materials.

concentration of window layer increases. It is important to point out that
crystallographic defects increases as the value of doping carrier con-
centration increases and it decreases the carrier lifetime. So, the diffu-
sion coefficient decreases. The pronounced effect of high doping
concentration is band gap narrowing. So optimized doping concentra-
tion should be taken for window and absorber layer. Maximum effi-
ciency of 21.3% with 5 x 10'® em ™2 doping concentration for absorber
layer is recorded it shows a good agreement with previous published
article [1]. For window layer 2.2 x 10'° em ™3 doping concentration has
been chosen to improve the PCE (%) of solar cell without negative

impact the results shows a good agreement with pervious article [7].

4.2. Influence of ARC layers on n-ZnO/Si solar cell

Anti-reflection coating layer improves overall performance by
increasing short circuit current and reducing the reflectance attained by
absorbing the photons from incoming light of solar cell [41,59]. The
reflectance is an important optical property that influences the effi-
ciency and the average reflectance (Rav) of different materials like
MgFa, AlyO3, MgO and TiN, are 1.91%, 5.69%, 4.95% and 6.09% in
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400-1000 nm. The Rav is 11.13% without any ARC layer in the same
wavelength range but a significant drop in Rav to 1.91% and as lowest
reflectance of 0.064% at 600 nm has been recorded after applying MgF,
as SLARC as shown in Fig. 4. Reflectance curve of without any
anti-reflection layer is shows by black curve. The red curve shows the
reflectance curve for MgF, ARC materials that are near to ideal case
(zero % reflectance). The curve exhibits a sharp decline until a particular
threshold, followed by a subsequent rise.

The quantum efficiency of a solar cell refers to the proportion of
charge carriers that are absorbed by the cell in relation to the number of
photons with a specific energy level that impinge upon it [60]. The
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external quantum efficiency is about 87% without any ARC material,
and it has been improved significantly upto 98% by applying MgF; layer
in the range of 450-1000 nm (Fig. 4(b)). The absorption of blue photons
often occurs in the uppermost region of the anti-reflection coating where
all carriers are anticipated to travel through whole layer in order to
approach p-n junction. From Fig. 4 (b), it is clear that the use of ARC
layer enhances the EQE. This influence might be attributed to reduction
in reflection by application of ARC layer and the EQE of n-ZnO/p-Si solar
cell has reached to its maximum value for MgF; ARC layer. Surface
passivation improves the overall external quantum efficiency by
lowering the number of dangling bonds, which reduces recombination
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Fig. .6. (a) Analysis of I-V (b) Cumulative photogeneration rate for solar cells with different ARC materials.
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effects [61].

The thickness of various ARC layers across the simulation has been
varied between 50 nm —140 nm. The efficiency improves as the thick-
ness of ARC layers increases until optimized ARC thickness after that on
further increase in ARC layer thickness it again starts decreasing. It is
reasonable to suppose that the optimal thickness of ARC layer might be
related to the generation of suitable refractive index and a significant
reduction in reflection which leads to charge extraction on front surface
and maximum absorption. We have analyzed the impact of thickness of
different ARC materials on Voc and Isc as shown on Fig. 5. Among all
ARC materials the maximum value of Voc of 0.6580 V, Iscof 0.0386 A,
and efficiency of 20.8% for MgF, ARC layer have been recorded at
optimized thickness of 110 nm. Similarly, efficiencies recorded for
Aly,03, MgO and TiN, are 19.8%, 20.0% and 19.8%, respectively. To
obtain the maximum efficiency for AlyO3, MgO and TiN 85 nm, 87 nm
and 84 nm is the optimal thickness.

The current voltage characteristics are ultimate criterion for con-
firming the effective use of ARC layer in ZnO/Si-based solar cells. The
ZnO/Si based solar cell without any anti-reflection coatings layer shows
Voc value that is 0.6555 and the value of I is 0.0350 A and efficiency is
18.8% while a significant increment in photovoltaic characteristics such
as value of Voc is 0.6580 V, the value of Isc is 0.0386 A and efficiency of
20.8% is recorded in ZnO/Si based solar cell with MgF, ARC material as
shown in Fig. 6(a). The MgFy ARC layer (110 nm thickness) shows
highest efficiency with Vo, and I, value as observed in Fig. 6.
Improvement in photovoltaic parameters with ARC layer of MgF, is
attributed to significant drop in reflectance from 11.13% to 1.91% after
ARC layer of MgF,.

The recombination and cumulative photogeneration rates are
essential parameters to estimate the charge collection and high charge

extraction of solar cell [62]. The cumulative photogeneration rates are
estimated by number of the electrons produced in each region mainly
due to photons absorption [63]. The photogeneration rate was investi-
gated with and without ARC layer. Fig. 5 (b) represents the relation
between emitter depth and cumulative photogeneration rates with ARC
layers for solar cell. The photogeneration rate initiates from zero and
gradually enhances with the thickness of front distance. The photo-
generation rate (2.51 x 10'7s7!) with MgF, was greater than other
layers; however, without any ARC layer low photogeneration rate of
2.28 x 10751 was observed for ideal case it was 2.57 x 10751,
Carrier lifetime plays a vital role to attain the high n (%) of solar cells.
In general, the carrier lifetime of photon absorber surface in a silicon
based solar cell has a significant impact on PV characteristics [58]. The
huge agglomeration of charges on electrodes instantly enhances the
efficiency. Recombination and lifetime is crucial for the collection of
high number of charge carriers [3,64]. Moreover, it is essential to
minimize the carrier recombination which enhances the carrier lifetime
[34,65]. A semiconductor device’s charge carrier lifetime depends on
recombination rate, which is regulated by concentration of minority
charge carriers. The semiconductor materials with passivation and in-
direct band gap properties control the recombination process [1,66-69].
The value I, and 1 (%) of solar cell increases with carrier lifetime [63].
The value n (%) increased in all ARC layers when carrier lifetime was
increased (1 ps- 100 ps). When carrier lifetime is longer, the probability
of carrier to reach its destination before recombination increases [70].
The carrier lifetime of different ARC layer against efficiency, V, and Is
values are shown in Fig. 7. The optimum carrier lifetime is essential
because carrier lifetime is essential parameter for maximum solar cell
performance. From results, it is confirmed that efficiency, I, and Vg
increases as the carrier lifetime increases upto 1-100 ps. Among all ARC
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Table 2
Optoelectrical properties of ZnO/Si solar cell with different ARC Materials.
ARC Material Ray (%) Refractive index Thickness (nm) Voc (V) Isc (A) FF (%) n (%)
MgF, 1.91 1.38 110 0.6580 0.0386 82 20.8
Al,03 5.69 1.76 85 0.6570 0.0371 81 19.8
MgO 4.95 1.72 87 0.6572 0.0374 81 20.0
TiN 6.09 1.78 84 0.6569 0.0370 81 19.8
WARC 11.13 - - 0.6555 0.0350 82 18.8
Zno/Si - - - 0.6585 0.0394 82 21.3
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