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ABSTRACT

The aim of this research is to optimize the perovskite cell (PSC) device using the
Taguchi-based GRA method. In order to conduct this study, the simulation of perovskite
cell device was carried out using the solar cell capacitance simulator (SCAPS-1D).
Predictive modelling was further conducted to optimize multiple output responses
such as power conversion efficiency (PCE), fill factor (FF), open circuit voltage (Voc) and
short circuit current (Jsc). The optimization is finalized by determining the best
combination of control factors and experiments to achieve maximum efficiency. This
research methodology consists of three phases starting with the determination of PSC
structure and electrical parameters, followed by numerical modelling using SCAPS-1D
and predictive modelling using Taguchi-based GRA approach in optimizing the design.
Next in phase 3, verification and benchmarking of output parameter results for mixed
halide PSC with the experimental results from previous studies have been obtained.
The studied design has achieved an efficiency of 25.27%, 83.34% fill factor, 1.24V open
Keywords: circuit voltage and 24.45 mA/cm? of short circuit current. Finally, the conducted
Mixed halide; PCE; Photovoltaic; Taguchi  research has achieved the objective of optimizing the PSC in improving the efficiency
based GRA of the device.

1. Introduction

Mixed halide perovskite solar cell research has increased significantly over the past several years,
mostly because of its outstanding power conversion efficiency, ease of processing and reduced
weight, all of which are essential for the low-cost thin-film photovoltaic sector. The existing silicon-
based solar cells can be replaced with the mixed halide perovskite technology due to its simplicity of
production, low cost, and quick energy payback [1]. In 2009, the first recorded photovoltaic cell using
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perovskite (CHsNHsPbls) had an efficiency of 3.81%; however, recently, this PCE has grown
dramatically and is now above 20%.

The perovskite structures most commonly studied exhibit elevated carrier recombination, weak
carrier transport, and unfavourable defect densities. These issues have to be solved by investigating
the effects of control factors on the performance and efficiency of PSC device. Interfaces within
mixed halide perovskite cells, such as the perovskite/electron transport layer or perovskite/hole
transport layer interfaces, play a critical role in device performance [2]. The problem statement could
involve improving the interface engineering techniques to enhance charge transport, reduce
recombination losses and optimize device performance. Various perovskite cell devices are found to
have low efficiency after they have been fabricated. While mixed halide perovskite cells have shown
impressive power conversion efficiencies, there is always room for improvement [3]. The purpose is
always the aim to enhance the efficiency, performance and power output of the cells by optimizing
the material composition, device architecture or fabrication processes. Numerical and predictive
modelling along with Taguchi-based GRA method will be performed in order to analyse and optimize
the PSC device [4].

The two mixed halide perovskites that are most frequently applied in photovoltaic cells are
CH3NH3Pbls«Clx and CH3NH3Pbls.«Bry, which have a number of benefits including improved carrier
transport, reduced carrier recombination, increased carrier diffusion length, increased device
stability and wideband optical absorptions [5]. The absorber layer of CH3NH3Pbls.«Clx for perovskite-
based structures is frequently placed next to electron transport layer (ETL) and hole transport layer
(HTL). The act of absorbing light occurs in which the input photon stimulates the electrons/holes that
demonstrates the significance of the carrier passage from the absorber to the cathode and the anode
which has a significant influence on perovskite-based devices [6,7].

The effective PCE of several mixed perovskites are such as those containing a combination of
homovalent organic and/or inorganic cations and/or homovalent anions. In order to increase the
efficiency and stability of solar systems that use these kinds of materials as an absorber layer, mixed
halide perovskite materials have been created [2,3]. In PSC, an electron transport layer (ETL) and a
hole transport layer (HTL) are sandwiched by a perovskite absorber layer that is a few hundred
nanometres thick. This absorber layer might have a mesoporous scaffold or not. After light is
absorbed, carriers like electrons and holes are generated. The result is that carriers move via a hauling
channel while being stimulated by incident photon [8]. Along with the discussed topic, PSCs have
emerged as one of the best cost-effective and efficient sources of green energy. Organolead mixed
halide perovskite has the generic formula of ABXs-Yx, where A is a monovalent cation [A =
methylammonium (MA), formamidinium (FA), and cesium (Cs)]; B is a divalent inorganic metal cation
(Pb or Sn); X is a halide anion (CI~, Br~, and I") while Y is another halide anion (CI-, Br~, and I") [9]. Two
major device architectures are documented for the PSCs; planar heterojunction (n-i-p) and inverted
structure (p-i-n) are shown in Figure 1. For planar heterojunction PSCs, the ETL is coated on a glass
substrate that contains transparent conducting oxide (TCO). After the ETL layer is covered with a
perovskite film, the hole transport layer (HTL) is applied. For planar heterojunction PSCs, Spiro-
OMEeTAD as HTL and metal oxides (TiO2, ZnO, Sn0,) as ETL are often used. Finally, a carbon or metal
(Ag, Au, or Mo) contact is deposited. In the case of inverted structured PSCs, the hole transport layer,
perovskite film and ETL are deposited on the glass substrate used for TCO. Metal or carbon contact
completes the circuit at the end [10].

The perovskite absorber contributes significantly to the device's performance. In this simulation
conducted, the perovskite layer thickness is changed from 100 nm to 1000 nm. Jsc rises sharply with
layer thickness up to 400 nm, and then rises very slowly after 500 nm. The substantial Jsc (24.59
mA/cm?) obtained with a reasonable thickness of 400 nm is mostly caused by the perovskite's high
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absorption coefficient. Voc rises before 500 nm and then slightly declines after 500 nm, which is
explained by the higher carrier recombination in the thicker absorber. With increasing perovskite
thickness, the fill factor decreases monotonically, which is caused by rising series resistance.
Additionally, the PCE first rises and reaches a maximum (20.96%) at 500 nm, then falls when absorber
thickness is increased further [11-13].

Metal
contact

HTL ETL/Blocking Layer
HTL

Metal
contact

ETL/Blocking Layer

Glass/TCO (FTO/ITO) Glass/TCO (FTO/ITO)

(a) Planar heterojunction (b) Inverted structure
Fig. 1. Basic structure of Perovskite Cell

To attain high efficiency, the absorber layer's thickness is a crucial element. Within a specific level,
the performance characteristics vary dramatically and as a result, increasing the absorber's thickness
results in a reduction in efficiency. A successful collection of proto-generated carriers requires an
absorber with a high enough absorber quality or carrier diffusion length. The thickness of the
absorber layer is largely influenced by the solar cell's performance metrics. When layer thickness is
low, the open-circuit voltage is large; as layer thickness rises, the voltage falls. After 700 nm of
thickness, the Voc is saturated. The highest value of the current density is 25.84 mA/cm? and it
becomes saturated after reaching a value of roughly 25 mA/cm?. Due to a decrease in the electric
field within the absorber, current density falls less with thicker absorbers. More recombination
current will arise from an increase in absorber thickness if the quality of the absorber is inadequate
[14].

Apart from the material thickness layer, the amount and characteristics of defects in the absorber
layer could remarkably impact the performance of PSCs. It is found that a faulty state in the absorber
layer would cause a considerable decline in device performance [15]. Device performance is
essentially unaffected when the fault density in the perovskite layer is less than 10** cm3. Device
performance is significantly impacted when the defect density reaches 10** cm? and declines sharply
with increasing defect density. According to one research conducted previously, perovskite with a
high crystallinity might reduce the defect densities [11]. This research investigates the effect of buffer
and perovskite thickness and donor density as the control factor on the device performance based
on vital parameters such as power conversion efficiency (PCE) and fill factor (FF).

For the best PSCs device performance, every device modelling must include optimization
techniques. One of the key industrial processes to enhance product performance and reduce
production costs is the optimization of manufacturing processes and products. Utilizing an
optimization strategy for designing experiments based on Taguchi method is a methodical and
effective way to do. In these situations, Taguchi method offer the most effective and practical answer
with the fewest number of experimental trials [16-18]. This study was done by performing numerical
simulation using SCAPS-1D software with the manipulation of control factors. The results were
analysed using Taguchi method of Ly orthogonal array alongside grey relational analysis (GRA) for a
quicker optimization.
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2. Methodology
2.1 Overall Project Method

The project methodology for this research consists of three phases as illustrated in Figure 2 which
are defining the structure in phase 1 followed by numerical and predictive modelling in phase 2 and
lastly, benchmarking the output values with previous journals.

Define configuration and materials of
mixed halide PSC device from previous
experimental and theoretical analyses

PHASE1] |

Device Structure and Input Parametersl |
|

|

|

|

(SCAPS)

(Taguchi-based GRA)

| Numerical Modeling ‘ Predictive Modeling

Comparison
(Benchmarking and verification of the
mixed halide PSC model with the
experimental/research work of other

researchers)

Fig. 2. Overall project flowchart

In phase 1, different ETLs, absorber thicknesses, and donor densities will be tested to find the
best materials for maximizing cell performance. More simulations need to be conducted following
the same approach with a variety of applied input parameters to find the best parameters for both
materials. The key simulation parameters for the PSC device will be obtained from previous
experimental and theoretical analyses.

After reviewing past researches that have been carried out, both numerical and predictive
modelling of the PSC device should be ready to be performed. In phase 2 there are two types of
modelling will be performed which are numerical modelling and predictive modelling. The main
difference between these two modelling is that numerical modelling purely relies on numerical
approach performed through software such as SCAPS-1D software whereas predictive modelling
relies on the combination of both, numerical and predictive approaches such as statistic, machine
learning and artificial intelligent [19,20].

In phase 3, for verification, the performance of the PSC device with the proposed parameters and
the performance of the PSC device with different buffer and absorber thickness and donor density
will be compared. The simulation results of PSC devices obtained from the proposed material was
identified and compared with the experimental/research work of other researchers. It will also
summarize the benchmark for this project.

2.2 Device Structure
The project methodology for this research consists of three phases as illustrated in Figure 2 which

are defining the structure in phase 1 followed by numerical and predictive modelling in phase 2 and
lastly, benchmarking the output values with previous journals.
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The simulation cell designed shown in Figure 3, where fluorine-doped tin oxide (SnO3:F) and
spray-pyrolyzed zinc oxide (ZnO) were used as the n-type transparent conducting oxide (TCO) and
buffer layer respectively. The device's front contact and rear contact, each had a metal work function
set at 5.3931eV and 4.0204eV respectively. As the absorber layer, mixed halide perovskite
(CH3NH3Pbls-«Clx) was used to lightly capture electrons and holes. The charge extraction effectiveness
and its stability in solar cell architecture has become the reason for the decision for Spiro-OMeTAD
to be employed as hole transport material (HTM) in the configuration [21,22]. The aim of this work
is to study the performance analysis by changing the buffer and absorber thickness and donor
density.

Incident Light

L

$102F (TCO) Tsar
Zn0 (Buffer

TesNmsPOL3 ACR

Spiro-OMeTAD (HTM) || Ty cremap

Fig. 3. PSC material design

Simulation parameters applied in this numerical modelling including the control factors applied
in this research such as layer thickness and donor density are summarized in Table 1 [23]. The term
X €, Eg, K, Kp, Ny, N¢, Na, Ng and N stands for electron affinity, relative permittivity, bandgap energy,
electron mobility, hole mobility, effective valence band density, effective conduction band density,
acceptor density, donor density and defect density respectively.

Table 1

Baseline parameters for Perovskite Cell

Parameters ETL Buffer ~ Absorber  HTL
Thickness 0.2 0.04 0.4 0.25
(um)

X (eV) 4 3.9 3.9 245

& 9 9 6.5 3

Eg(eV) 3.5 3.3 1.55 3.0

Un (cm?/Vs) 20 50 2 2x10*
W (cm2/Vs) 10 5 2 2x10*
Ny (cm3) 1.8x10°  1x10'°  1.8x10%° 1.8x10%°
N (cm™) 2.2x10'%  1x10°  2.2x10'® 2.2x10%8
Na (em™3) - - - 2.0x10%8
Ng (cm3) 1.0x10'® 5x10Y 1.0x10®B -

N¢ (cm™) 10%s 1015 2.5x10%  10%
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Table 2 shows the defect interfaces for all the available interfaces. There are three interfaces in
this design which are ETL/Buffer, Buffer/Absorber and Absorber/HTL. All these interface defects are
kept constant based on the stated values for all interfaces.

Table 2

Defect parameters for interfaces

Parameters Defects

Defect Type Neutral

Capture Cross Section Electrons (cm?) 1.0 x 10'*°

Capture Cross Section Holes (cm?) 1.0x107"°

Energetic Distribution Single

Reference for Defect Energy Level Et Above the highest EV
Energy with Respect to Reference (eV) 0.600

Total Density 1.0 x 10%°

(Integrated Over All Energies) (1/cm?)

Table 3 illustrates the control factors which are set to be varied throughout performing the
Taguchi method optimization. There are four different control factors denoted as A, B, Cand D which
are varied. Each parameter consists of three levels. Each control factor is to be varied for every single
experiment runs.

Table 3
Level of control parameters
Symbol Control Factor Unit Level
1 2 3
A Buffer Thickness pum 0.4 0.7 0.9
B Buffer Donor Density cm?  5x10Y 5x10® 5x10%
C Perovskite Thickness pum  0.04 0.06 0.08
D Perovskite Donor Density cm?® 1x10® 1x10 1x10%°

2.3 Taguchi Method

This project utilized the Taguchi method to determine the optimal solution for PSC devices.
Taguchi method emphasizes the design and execution of experiments that can determine the effect
of input process parameters on output responses. By analysing the impact of different components,
the optimal combination of factors can be identified [20]. Figure 4 depicts the primary
implementation processes for Taguchi method input process parameter optimization. The selection
of the Orthogonal Array (OA) depended on the number of electrical parameters chosen. As the
simulation is carried out for four different electrical parameters, hence Ly OA was chosen to be
employed as the optimization approach for this research.
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Identify the input process
parameters
.
Select an appropriate
orthogonal array

]

Assign the factors to columns
of thf.l OA

Conduct the experiments

I

Analysis of data, determine
the optimal levels
i

Conduct the verification test

Fig. 4. Taguchi-based GRA
method flowchart

3. Results and Discussion
3.1 SCAPS-1D Simulation

Figure 5 shows the current to voltage (I-V) plot obtained from the simulation conducted using
SCAPS-1D software. This graph illustrates that voltage increases exponentially with current. In the
context of this research output parameter, it means that the open circuit voltage has an exponential
growth along with the short circuit current.

-j J (current density in mAfcm2))
1.0E+1-

J (mAfecm2)

1 J’
-2.0E+1- /

-2 4E+1 -} : \
00 01 02 03 04 05 06 07 08 09 10 11 1213

voltage (V)
Fig. 5. 1-V curve

3.2 Taguchi-Based GRA Analysis

Table 4 shows the output responses of fill factor (FF) and power conversion efficiency (PCE), open
circuit voltage (Voc) and short circuit current (Jsc) obtained for all nine experiment runs based on
Taguchi method Ls OA. Each of the output parameters taken upon conducting each combination of
experiments based on the DoE. Although there is an increase in efficiency, however, this result is yet
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to be optimized by further computing the grey relational coefficient (GRC) and grey relational grade

(GRG).

Table 4

Output optimization using Taguchi-based GRA method

Exp. No. Control Factor

Measurements of Output

B

C D

FF_ PCE

Voc

Jsc

OCONOUD WNER
WWWNNNR R R[>
WINERE WNERE WNR

NP, WEFELE WNWN PR
R WNNEFE WWN R

2162 1.27
23.58 1.25
2445 1.24
23.58 1.25
2445 1.24
21.62 1.27
2445 1.24
2162 1.27
23.58 1.25

83.64
83.36
83.34
83.53
82.96
83.93
82.94
83.99
83.37

23.01
24.64
25.27
24.67
25.15
23.06
25.14
23.06
24.64

The experimental results from the GRA in Table 5 reveals
demonstrated by the third experimental row, indicating that the third row contains the best levels of
the input material parameters which would possibly generate the most optimum magnitude for PCE
of the device. It is observed that the maximum fitness value (GRG) is measured at 0.928439 in which
the corresponding value of material parameter; buffer thickness, buffer donor density, perovskite
thickness and perovskite donor density are predicted to be 0.7 pm (level 2), 5x10*° cm (level 3), 0.8
um (level 3) and 1 x 10 cm3 (level 3) respectively.

Table 5

Computed GRC and GRG

that the highest rank of GRG

Exp. No. Grey Relational Coefficient

GRG

JSC VOC

FF

PCE

03333 1

OCooONOOTUL P WNERE

0.3333 0.9084967
0.6197 0.4729679
0.9998 0.3398533
0.6196 0.4621352
1 0.3380168

1 0.3333333
0.3334 0.9705198
0.6197 0.4776632

0.600575
0.455338
0.445629
0.534527
0.337097
0.900862
0.333333
1

0.458333

0.333333
0.640481
1
0.65343
0.902293
0.338065
0.893386
0.339078
0.644128

0.725246
0.729482
0.928439
0.756578
0.859128
0.857423
0.853351
0.880984
0.73326

The perovskite solar cell is then re-simulated using the predicted value of material parameters as

shown in Table 6 for verification.

Table 6

GRG of output parameters at different level

Symbol Control Factor GRG Optimized Level Overall Mean of GRG (¥;,)
Level1 Level2 Level3

A Buffer Thickness 0.7944 0.8244 0.8225 2 0.8138

B Buffer Donor Density 0.7784 0.8232 0.8397 3

C Perovskite Thickness 0.8212 0.7398 0.8803 3

D Perovskite Donor Density 0.7725 0.8134 0.8553 3
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Table 7 illustrates the final optimization using Taguchi-based GRA method. It is verified that the
results obtained through multiple optimizations using the Taguchi method and the optimization with
the Taguchi-based GRA method yield the same optimal output parameters. It is observed that the
PCE of the solar cell has been improved by ~23.2% after being optimized using the Taguchi-based
GRA. On the other hands, the Voc of the device suffers a marginal decline for ~2.4% after being
optimized using the proposed predictive analytics. Nevertheless, both FF and Jsc exhibits an
improvement by ~12.3% and ~11.6% respectively as shown in Table 7. Based on the comparative
results, it is concluded that a Taguchi-based GRA approach can be regarded as a practical approach
to optimize the material parameters of the perovskite solar cell in attaining better cell performances.
This approach could also be suitably employed in modelling multiple material parameters of
Perovskite photovoltaic cell for improved performance.

Table 7

Final optimization comparison

Output Before After Optimization (Taguchi Optimize with Optimize with another

Parameter Optimize Method) Taguchi-GRA [my  approach [4]
Individual Multiple work]

PCE (%) 19.41 25.27 25.27 25.27 20.6

FF (%) 73.11 83.93 83.34 83.34 77.72

Voc(V) 1.27 1.27 1.24 1.24 1.134

Jsc (mA/cm?) 21.62 24.45 24.45 24.45 21.47

4. Conclusions

Mixed halide perovskite cell is a perovskite solar cell which uses an absorber layer which consist
of two types of halogen element. In traditional perovskite solar cells, the most commonly used
halogen is iodine (l), resulting in a material known as methyl-ammonium lead iodide (CH3sNHsPbls).
However, by introducing additional halogen elements such as bromine (Br) or chlorine (Cl), mixed
halide perovskites can be formed such as CH3NH3Pbls«Clx. Mixed halide perovskites offer other
advantages like enhanced stability and reduced sensitivity to environmental factors. The
incorporation of bromine or chlorine atoms can help improve the material's resistance to moisture,
heat and other degradation causes. The simulation was implemented by employing a fully simulated
mixed halide PSC device structure which composed of Sn0O,:F/ZnO/CH3NH3Pbls«Cly/Spiro-OMeTAD.
By employing SCAPS-1D software, the study can evaluate the feasibility of mixed halide perovskite
cells and identify optimal halide compositions to achieve desired performance characteristics. The
numerical simulations conducted with SCAPS-1D software enable a comprehensive analysis of the
electrical and optical properties of the cells, aiding in the establishment of design guidelines and
providing insights for future research directions.

After optimization using Taguchi method have been done, the parameter that have significant
effect on the design is perovskite thickness. It is proven that the thickness of perovskite has massive
impact on optimizing the efficiency of mixed halide perovskite device. By identifying the crucial
control factor, it is possible to enhance charge carrier dynamics, reduce energy losses, improve light
absorption and enhance charge transport carriers. By using the Taguchi-based GRA approach, the
gained OA simulation results were analysed. The simulation results showed that mixed halide
perovskite solar cell has produced an initial efficiency of 23.01% compared to previous researches
using the similar cell configuration achieved an optimal PCE of 19.41% by undergoing numerical
modelling through SCAPS-1D. Furthermore, after optimization using Taguchi-based GRA by utilizing
the Ly OA, the efficiency increased to 25.27%.
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