Solar Energy 189 (2019) 111-119

journal homepage: www.elsevier.com/locate/solener

Contents lists available at ScienceDirect

Solar Energy

Optimization of anti-reflection layer and back contact of Perovskite solar

cell

Check for
updates

Najmedin Shahverdi®*, Maryam Yaghoubi®, Mahdi Goodarzi, Ali Soleamani

2 Department of Electronic Engineering, Borujerd Branch, Islamic Azad University, Borujerd, Iran

Y Department of Electronic Engineering, Mahshahr Branch, Islamic Azad University, Mahshahr, Iran

¢ Department of Electronic, Afarinesh Institute of Higher Education, Borujerd, Iran

d Department of Electrical and Robotics Engineering, Shahrood University of Technology, Shahrood, Iran

ARTICLE INFO

Keywords:

Graphite connector
Device simulation
Silvaco

Perovskite solar cells
Anti-reflection layer

ABSTRACT

A perovskite-based solar cell is a solar cell introduced in recent years. One of its obvious weaknesses is its low
efficiency, which makes it possible to consider this type of solar cell in multiple (paired) forms with a solar cell of
the other type. The CIGS and a-si and c-si solar cells are typical examples paired with perovskite solar cells to
increase efficiency. The efficiency of 28% was achieved without the presence of a pair of other types by changing
some parameters such as the thickness of the absorbent layer and the right choice of the anti-reflection layer and
the back contact layer.

To investigate the effect of the anti-reflection layer on the efficiency of Perovskite solar cells, materials such as
Al203, SiO2 and ZnO with various thicknesses were placed as an anti-reflection layer, with the best efficiency
achieved by SiO2 with an optimum value of 100 nm. Graphite connector was also considered as an optimal
choice because the inexpensiveness and flexibility of this material compensate for a 2% reduction in efficiency.

This study shows that solar cell can be constructed based on the only perovskite, which represents a new
generation of cheap and economical solar cells, which are very easy to construct and their raw materials are very
accessible. The numerical simulation tool used in this study was the Silvaco software atlas module. The J-V
specification is simulated under the standard AM 1.5G lighting.

1. Introduction

The crystalline silicon solar cells (c-si) have long dominated the
photovoltaic market, accounting for about 90% of the market share
(Fischer et al., 2012). However, the power conversion efficiency (PCE)
of the crystalline silicon solar cell has remained constant over the past
15years. The efficiency of 25.6% has been achieved for the silicon
device recently (Masuko et al., 2014), and this value was limited to 29%
for single crystal silicon (c-si) solar cells (Richter et al., 2013). Also,
optimal solar energy production requires reducing the cost of designing
and installing photovoltaic cells (Powell et al., 2012). Therefore, low-
cost solar cells are needed to get the proper conversion efficiency and
lower costs. The organic-mineral halide Perovskite solar cells (PSCs)
have entirely changed the condition.

In 2009, Teshima et al. used () and (CH;NH;PbBr;) as an adsorbent
in solar cells, yielding the efficiency values of 3.81% and 3.13%, re-
spectively (Kojima et al., 2009). Many other studies have been con-
ducted to improve the performance of the Perovskite solar cell. In 2015,
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the approved efficiency was 20.1 percent (Yang et al., 2015). Recently,
efficiency above 22.7% has been obtained (Jeon et al., 2018). Several
methods have been developed to improve the performance of Per-
ovskite solar cells, such as composite engineering, solvent engineering,
and interfacing engineering (Chang et al., 2016; Li et al., 2017; Wang
et al., 2017; Liu et al., 2018; Zhang et al., 2018). Perovskite has an
appropriate bandgap of 1.55 e.v, a sharp optical absorption edge with a
below-the -bandgap absorption (De Wolf et al., 2014), and a high ab-
sorption coefficient (Leguy et al., 2015).

Improving the photoelectric efficiency of solar cells is an important
issue that scientists have been trying to solve for a long time. One of the
critical factors that affects the efficiency of solar cells is the reflection of
light-emitting light to the surface of the solar cell. In order to reduce the
reflection loss, a single or multilayer anti-reflection layer is usually
placed on the surface of the solar cell. The anti-reflection layer plays an
important role in increasing the efficiency of solar cell transformation,
because it can cause light to appear in the active parts of the device. The
anti-reflection layer is usually made of one or several layers of dielectric
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Fig. 1. Physical structure of Perovskite solar cell.

(non-conductive). Its thickness is a quarter of the wavelength of the
light, and, due to the interference phenomenon, it reduces the reflection
(Takato et al., 1992; Doshi et al., 1997; Aberle, 2001; Orgassa et al.,
2002; Ramanathan et al., 2003; Richards, 2004). Anti-reflection layers
can also be of the type of nano-porous films or woven films that have
the advantage of trapping light for greater bandwidth response
(Kennedy and Brett, 2003; Richards et al., 2003; Jaysankar et al.,
2018). There are many reports that focus on the design and production
of anti-reflection layers. Peng Zhao et al. obtained the best results from
aluminum oxide (Al203) by analyzing several elements as an anti-re-
flection layer (Zhao et al., 2018). Hence, we decided to place other
materials such as SiO2 and ZnO as an anti-reflection layer, with the
highest efficiency achieved with SiO2.

One of the best and unique features of a Perovskite solar cell is its
flexibility. Replacing gold or silver metal as a back contact of Perovskite
solar cell, which reduces the flexibility of this cell, has always been one
of the challenges of this type of solar cell. In this paper, we have made it
more economical by introducing the graphite, which is one of the
carbon derivatives, instead of gold or silver, in addition to increasing
the flexibility of the Perovskite solar cell.

2. Simulation

The Silvaco software atlas simulator was used in this study to
identify and investigate the effects of changes in the material type and
the thickness of the anti-reflection layer and the back contact on the
performance of Perovskite solar cells. This simulation is essentially
based on three main equations: Poisson's equation, load-continuity
equation, and the drift-diffusion model:

. ) . 0% g
Poisson’s equation: — = -(n-p
The continuity equations for electrons and holes:
on _ 103 _R ¥ __1% -
E_qﬁx-'-G R’c?t_ q6x+G R
Jn and Jp are explained by the drift-diffusion model:
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Jo=aDu 2 — qu,nt, I, = gD, — qu,p%?
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¢: Electric potential e: the permittivity q: charge of an electron n, p:
the electron and hole concentrations Jn, Jp: The electron and hole
current densities G,R: generation (recombination) rates for the elec-
trons and holes D,, D,: Electron and Hole constant diffusion g, J7%
Electron and Hole mobility’s

Device simulation enables us to identify the fundamental physical
phenomenon occurring in a solar cell, and as a result, we can validate
estimates about the optimal conditions for optimal solar cell perfor-
mance.

Fig. 1 shows the physical structure of the Perovskite solar cell. The
top-down proximity-based solar cell components according to Fig. 1
are:

a. The anti-reflection layer; we examined several different materials
such as Al203 (Kumar et al., 2009), SiO2 (Palik, 1998), ZnO
(ElAnzeery et al., 2015) in this layer, and the optimum thickness for
this layer was found to be 100 nm, as explained in Section x.

. A layer of indium tin oxide (ITO); this layer is used with a thickness
of 50nm and as a transparent connector in this solar cell; silence
index and refractive index (n, k) for this layer are extracted from
(Holman et al., 2013).

c. A layer of titanium dioxide (TiO2) (Cui et al., 2016) is considered as
an electron transfer material (buffer) with a thickness of 50 nm.

. The primary layer of this solar cell is the layer known as Perovskite,
which consists of a combination of several organic-inorganic halides
(PSCS), Methylammonium lead iodide (CH3NH3PbI3) and is used as
an absorbent layer. The silence index and refractive index (n, k) for
this layer are extracted from (Loper et al., 2015).

e. The most common material used as a hole transducer (buffer) in
Perovskite solar cells is the Spiro-OMeTAD polymer composition.
The properties of this composition, including the appropriate glass
transition temperature, solubility, ionization potential, and trans-
parency in the range of visible spectra, have made it a convenient
option for photovoltaic applications. The thickness of this layer is
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Table 1
Parameters of Perovskite Solar Cell Simulation.
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Parameter Anti-reflection ITO TiO2 CH3NH3PbI3 Spiro_ OMeTAD Back connector Graphite Back connector Graphite
Thickness (nm) 100 50 50 600 50 400 400

Nj (em™3) - - - 2el4 - - -

Np (cm™3) - - - - lel7 2el4 -

Resistivity 100 100 100 30 10 100 100

chi 0 0 0 4.58 4.18 4.17 -

Eg (ev) - - - 1.07 2.48 1.08 0

N (em™%) - - - 2.5¢18 2.5e18 1e20 -

Ny (ecm ™) - - - 2.5e19 1e20 1e19 -

NA (cm™3): Acceptor Concentration, ND (cm ™ 3): Donor Concentration, Nc (cm ™ 3): Effective Conductive Band Density, Nv (cm ™ 3): Effective Valence Band Density,
Eg: bandgap energy, chi: Electron dependency, resistivity: Electric resistance is in Table 1.

also considered 50 nm. The silence index and refractive index (n, k)
for this layer have been extracted from (Filipic et al., 2015).

f. back contact layer; that in this study, we used several materials such
as Gold (Johnson and Christy, 1972), Aluminum (Johnson and
Christy, 1972), Graphite (Phillip and Taft, 1964), and Copper
(Johnson and Christy, 1972) to achieve better efficiency for Per-
ovskite solar cells. Section 3 explains the results in detail.

In the simulation, the Transmission Matrix (TMM) method was used
as an optical model for calculating carrier production rates. SRH re-
combining models, radiation recombination and auger combinations
are considered. The standard AM 1.5G solar spectrum is used to obtain
the voltage-current density diagram (J-V) under the lighting [35]. The
electrical parameters that we used for Perovskite solar cells in the

simulation are summarized in Table 1.
3. Results and discussion

3.1. The effect of changing the thickness of the perovskite adsorbent layer
(CH3NH3PbI3) on Perovskite solar cell

One of the parameters affecting the efficiency of a Perovskite solar
cell is the thickness of its absorbent layer. In order to fully investigate
the effect of the back contact on the operation of the solar cell, it is first
necessary to obtain the optimal thickness of the Perovskite layer
(CH3NH3PbI3).

We considered the back contact of gold in this section. Figs. 2-4
show an increase in absorbent layer thickness versus quantum
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Fig. 2. Effect of thickness change of Perovskite layer (CH3NH3PbI3) on Perovskite solar cell efficiency.
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Fig. 3. The effect of thickness change of the Perovskite layer (CH3NH3PbI3) on the quantum efficiency of Perovskite solar cell.

efficiency and light reflection. It can be seen that an increase in the
thickness of the Perovskite layer leads to an increase in the efficiency,
but an increase up to 600 nm for the absorbent layer will increase the
efficiency to 27%. Afterward, following an increase in the thickness of
the Perovskite layer, the efficiency will not increase and the amount
will remain constant. Finally, we conclude that the best results are
obtained for a thickness of 600 nm absorbent layer.

Fig. 4 shows absorption in the Perovskite solar cell. According to
this figure, the lowest light absorption for a thickness of 200 nm was
obtained for the CH3NH3PbI3 layer. It is normal to increase the ab-
sorption of light by increasing the thickness of the absorption layer. The
highest light absorption occurs for light spectra whose wavelengths
range from 400 to 750 nm.

3.2. Investigating the effect of anti-reflection layer on Perovskite solar cell
efficiency

In this section, we put SiO2, A1203, ZnO as an anti-reflection layer.
As we can see from Figs. 5-7 and Table 2, the best and worst results
were obtained for SiO2 and ZnO, respectively. This occurred because of
the transparency of the SiO2 and Al203 materials and the non-trans-
parent nature of the ZnO substance. The presence or absence of this
layer has a significant effect on the overall efficiency of the Perovskite
solar cell.

This layer acts like a light trap, so that the direction of motion of
light moves into the cell when the light enters the cell, because the light

114

emits from the outside into the cell (the first-order refractive index of
the air is lower than the second-order refractive index of the anti-re-
flection layer). When the light is inside the solar cell, and intends to exit
the cell (because the first-order refractive index of the first-layer anti-
reflection layer is higher than the second medium that is the air), the
light is reflected back into the first environment, and the light escape is
prevented.

In Figs. 8-10, the anti-reflection layer is considered to be SiO2, and
its thickness is changed from 50 nm to 500 nm. It should be noted that
for thicknesses less than 100 nm, an increase in the thickness of the
anti-reflection layer leads to an increase in the efficiency parameters,
quantum efficiency and light reflection in the solar cell, while for
thicknesses larger than 100 nm, such an increase in the thickness of the
anti-reflection layer leads to a decrease in the efficiency parameters,
quantum efficiency, and light reflection in a solar cell.

This shows that the optimum thickness for the anti-reflection layer
is 100 nm. This is clear for thicknesses smaller than 100 nm (as shown
in Fig. 8), but the reason for thicknesses greater than 100 nm is that the
spectrum affecting the Perovskite solar cell is from 200 nm to 800 nm.
Moreover, if the thickness of this layer exceeds the wavelength of the
incoming wave, it prevents them from entering the cell.

3.3. Effect of several materials as a back contact on the performance of
Perovskite solar cell

In Figs. 11-13 gold, aluminum, copper and graphite are located as
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Table 2
The effect of using different materials as an anti-reflection layer on Perovskite
solar cell efficiency.
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back contacts. According to Table 3, the efficiency values of Perovskite
solar cell for gold, aluminum, copper and graphite were 27.2%,
25.35%, 26.89%, 25.05% respectively, in the same conditions and
thickness. Copper is preferred to gold due to the low difference in the
results obtained for gold and copper metals in order to save money.

It should be noted that, according to Table 1, the type of graphite
material was considered as a donor semiconductor with a carrier load
concentration of 2e14 atom/cm® and the remaining materials as con-
ductive.

4. Conclusion

This study dealt with the effect of adsorption layer thickness
(CH3NH3PDI3) on efficiency, quantum efficiency and light reflection.
Thicknesses (100, 200, 300, 400, 600, 800) nm were selected for si-
mulation for the adsorbent layer, which the best results obtained with a
thickness of 600 nm. Then, Si02, Al203, ZnO materials were placed as
an anti-reflection layer, which gave SiO2 the highest efficiency for light
with a wavelength of 750 nm. Si02, Al203, ZnO materials were also
placed as the anti-reflection layer, and the highest efficiency was ob-
tained with SiO2 for a light with a wavelength of 750 nm. Finally, gold,
aluminum, copper and graphite were tested as back contacts, and the
best efficiency of 27.2% was obtained for gold back contact.

It is not definitely possible to determine which material is better for
the back contact because the efficiency is reduced by 0.3% if gold is
replaced by copper, but it makes the Perovskite solar cell fabrication
process more cost-effective.

One of the promising features of Perovskite solar cell is its flex-
ibility. If the graphite material were replaced instead of copper or gold
metal, there would be a 15.2% reduction in efficiency compared to the
gold connector. But the flexibility of the graphite material is better than
all of the materials used as a back contact in this study.
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Table 3
The Effect of Different Materials as back contacts on the Efficiency of Perovskite
Solar Cells.

Wavelength (nm) Gold Aluminum Copper Graphite
720 26.22 24.89 26.08 24.64
730 26.62 25.15 26.46 24.89
740 26.98 25.29 26.76 25.01
750 27.20 25.35 26.89 25.05
760 26.75 24.93 26.18 24.57
770 24.73 23.94 23.60 23.50
780 20.93 22.71 19.13 22.19
790 15.98 21.45 13.77 20.83
800 1.05 8.56 0.85 7.40

One of the challenges of Perovskite solar cells is the their lifespan
uncertainty, for which it is hoped that a solution will be found in the
next studies.
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