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Carbon-based electrodes are widely used in photovoltaic, metal-ion batteries, supercapacitors, and sensors due to
their low ohmic resistance and ability to integrate modifiers. Reduced graphene oxide (rGO) represents a
promising alternative to graphite in carbon-based electrodes because of its high electrical conductivity, large
surface area, and robust mechanical properties. This study aimed to optimize the fabrication parameters of rGO-
MoS; composite electrodes prepared via a one-pot hydrothermal method, focusing on maximizing their electrical
conductivity for potential electronic applications. Taguchi analysis was employed to evaluate the impact of three
key factors: rGO-MoS; mixing ratio, annealing temperature, and annealing time. The novelty of this work lies in
the systematic optimization approach using the Taguchi method, which allowed for the identification of the most
significant factors and their optimal levels. The optimal combination was found to be a 1:1 ratio, 75 °C annealing
temperature, and 15-min annealing time, resulting in an impressive electrical conductivity of 11 800 S m~'. This
optimized rGO-MoS; composite electrode exhibited an approximate 11 % reduction in sheet resistance compared
to the unoptimized composite. Furthermore, all samples show an improvement in sheet resistance values
compared to pure rGO and MoS,, which were 82.5 Q/sq and 48.9 Q/sq. Numerical simulations further revealed a
13.23 % improvement in device performance when the optimized rGO-MoS, composite was implemented as the
top electrode in an inverted perovskite solar cell, demonstrating the significant potential of this material for
various electronic applications.

1. Introduction corrosion with the underlying perovskite layer hinder large-scale pro-
duction and device stability. Additionally, the vacuum thermal evapo-

Perovskite solar cells (PSCs) hold immense potential for next- ration technique used for metal deposition is expensive and

generation photovoltaic technology due to their high efficiency,
tunable bandgap, and low-cost fabrication. However, a critical challenge
hindering their widespread adoption is the reliance on expensive and
potentially unstable metal electrodes for charge collection [1]. This
introduction delves into the current state-of-the-art in carbon-based
electrodes as a promising alternative to address these limitations.
Metal electrodes like aluminium (Al), gold (Au), and silver (Ag) have
been widely employed due to their favourable work functions and re-
sistivities [2]. Additionally, their high cost and susceptibility to

energy-intensive [3].

Carbon presents itself as a compelling alternative due to its inherent
advantages: affordability, chemical stability, excellent conductivity, and
adaptability [4,5]. Carbon-based electrodes have demonstrated
enhanced stability in perovskite solar cells compared to their metallic
counterparts. For instance, Bogachuk et al. have reported that perovskite
solar cells with carbon-based top electrodes demonstrate superior
corrosion resistance compared to those with metallic electrodes [6].
Additionally, the hydrophobic nature of carbon protects the underlying
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layers from moisture-induced degradation [7]. The energy level of
carbon-based materials is similar to that of Au, which makes them a
promising candidate for top electrode materials [8]. Nevertheless, the
performance of carbon-based perovskite solar cells still lags behind that
of metallic electrodes due to insufficient charge-selective properties of
the carbon electrode and interfacial charge recombination between
perovskite/carbon, electron transport layer (ETL)/carbon, or hole
transport layer (HTL)/carbon, depending on the device architecture
employed [9].

Recent advancements in graphene-based electrodes offer promising
solutions. Graphene is a valuable carbon material due to its exceptional
charge mobility, conductivity, mechanical strength, large surface area,
and non-reactivity to halides [10]. A study by O’Sullivan et al. found
that CVD-2D graphene exhibits the capability to serve as a flexible,
transfer-free, and transparent electrode, potentially replacing the con-
ventional indium tin oxide (ITO) electrode in inverted perovskite solar
cells (p-i-n) [11,12]. Nonetheless, if intended for use as a top electrode,
reduced graphene oxide (rGO) in the form of 3D graphene appears to be
a more fitting and economical alternative to CVD-2D graphene. For
instance, a composite electrode from Ni-doped graphene (Ni-NG) has
been explored by Guo et al. positively reducing graphene’s work func-
tion. Decreasing the work function of the graphene is critical to
enhancing the efficiency of the hole extraction process at the per-
ovskite/electrode interface. The Ni-NG achieved a champion power
conversion efficiency (PCE) of 12.39 % [13]. According to recent
research in 2021 by Mariani et al. using a graphene-doped carbon
electrode as a hole collector in perovskite solar cells resulted in a power
conversion efficiency of 15.81 % and improved thermal stability
compared to an Au electrode [14]. Additionally, this work reported that
the carbon electrode exhibited a sheet resistance value of around 17 Q
sq ! for a 40 pm thickness. Incorporating graphene flakes into the car-
bon electrode helped slow charge thermalization processes and
improved hot-carrier extraction and collection [15].

This work focuses on the potential of rGO-MoS; composites for top
electrodes in p-i-n perovskite solar cells. MoS,, with its exceptional
mechanical and electrical properties, combined with the high surface
area and conductivity of rGO, offers an exciting opportunity to create an
electrode with enhanced mechanical strength, electrical conductivity,
and thermal stability [16,17]. The unique layered structure of MoS, and
the high surface area of rGO could also lead to improved interfacial
bonding and enhanced interactions within the composite [18]. While
graphene-based top electrodes have been explored for hole collection in
n-i-p architectures, their potential as electron collectors in p-i-n archi-
tectures remains largely unexplored. This study investigates the feasi-
bility of using an rGO-MoS; composite electrode as an electron collector
in p-i-n perovskite solar cells. We explore the composite’s ability to
provide a conductive pathway for electron movement and its tunability
to match the energy level of the perovskite material, potentially leading
to increased charge transportation efficiency. To optimize the electrical
conductivity of the rGO-MoS, composite electrode, a statistical analysis
approach, namely Taguchi’s design, is employed. This robust method
allows for the identification of the most significant factors and their
interactions, enabling the systematic optimization of the composite’s
properties for enhanced electrical performance. The novelty of this
study lies in the systematic optimization of the rGO-MoS2 composite
electrode fabrication using the Taguchi method, a robust statistical
approach that allowed us to identify the most significant factors and
their optimal levels for maximizing the electrical conductivity.

2. Methodology
2.1. Synthesis of rGO-MoS2 composite
The composite of reduced graphene oxide (rGO) and molybdenum

disulfide (MoS,, Sigma Aldrich, USA) is made through a one-pot hy-
drothermal process. Initially, the rGO powder is synthesized via low-
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temperature top-down modified Hummer’s method from graphite as
the starting material. The reducing agent used is non-toxic, which is
ascorbic acid. The detailed step to synthesise the rGO is based on our
previous work [19]. For the rGO-MoS; composite, briefly, the rGO
powder and MoS; powder are added to 30 mL of deionized water and
subjected to 2 h of sonication. The mixture is then transferred to an
autoclave and heated at a temperature of 180 °C for 12 h in the furnace.
After this step, the rGO-MoS; suspension is centrifuged at 3500 rpm for
10 min to remove the presence of the supernatant. To further purify the
precipitate, 100 mL of 1 M hydrochloric acid (HCl, R&M Chemicals,
USA) is added, and the solution is centrifuged under the same conditions
for another 10 min. This washing process is repeated several times with
deionized water. The last step involves removing the supernatant and
drying the precipitate in the oven at 60 °C for 1 h. Finally, the precipitate
is ground to produce a fine powder of the rGO-MoS; composite. Three
weight ratios were selected to investigate the effect of varying rGO and
MoS; content on the composite electrode’s properties: 1:3 (higher con-
tent of MoSy), 1:1 (balanced), and 3:1 (higher content of rGO). This
allows for a comprehensive evaluation of the composite’s performance
and electrical conductivity as a function of the relative concentrations of
the two components.

2.2. Preparation of rGO-MoS; electrode slurry

In this particular study, a slurry electrode was produced utilizing the
ball milling technique. The electrode was composed of 10 wt% poly-
methyl methacrylate (PMMA, Sigma Aldrich, USA) as a binder and 80 wt
% of a mixture of rGO-MoS; as the active material (AM), along with 10
wt% acetylene black (AB, Sanji Chemical, China), which served as a
carbon-conductive filler. To dissolve the AM, 10 mL of chlorobenzene
(CB, R&M Chemicals, USA) was used as the solvent for every 1 g of AM.
The mixture was then ball milled at a rate of 300 rpm for 6 h. The
resulting slurry was carefully stored in a glass bottle and hermetically
sealed to prevent drying out.

2.3. Design of experiment via taguchi technique for preparation of
electrode film

The rGO-MoS; electrode-thin film was prepared from the slurry
(described in subsection 2.2) using the doctor-blading technique. After
depositing the slurry on the substrate and allowing it to fully dry, the
electrical conductivity of the film was evaluated. All the processes are
summarized in Fig. 1. Analyzing the conductivity of rGO-MoS; com-
posite offers a powerful tool for assessing both the quality of material
synthesis and the degree of composite formation. Increased conductivity
typically corresponds to improved electron transport. A decrease in
conductivity could be symptomatic of a range of issues, such as
incomplete reduction of graphene oxide or inadequate dispersion of
MoS, within the composite, all of which could hinder device perfor-
mance. To ensure optimal results, the Taguchi design was employed as a
reliable tool for the Design of Experiments (DOE) during the preparation
of the rGO-MoS, composite electrode from the prepared slurry. The
statistical method was used to analyze the outcomes and determine the
best combination of control factors, such as the weight ratio of the active
material (AM), which is rGO and MoS,, heating temperature, and
heating period. Each of these control factors is classified into three levels
as summarized in Table 1. The three different weight ratios of the AM
(A) were prepared during slurry preparation while the heating temper-
ature (B), and heating period (C) were measured using a hot plate and
stopwatch during the drying process after the slurry electrode was
deposited on the substrate. The sheet resistance of the electrode film was
measured to assess the output response, considering the relative hu-
midity of the environment, which was divided into two levels: above
(U1) and below (U2) 80 % relative humidity (RH), to account for the
environmental factor’s impact on the results. The sheet resistance of the
rGO-MoS; electrode thin film was examined by using a four-point probe
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Doctor blading

Annealing

Fig. 1. Procedure to prepare the rGO-MoS, composite electrode thin film.

Table 1
Sheet resistance value for rGO-MoS, composite electrode film measured in L9
OA.

Experiment Control factors Average sheet Noise
number A B C I;s;z;a)nce Ul U2
[§9) (min) (Q/sq) (Q/sq)
1 11 30 5 10.16 + 0.02 10.14 10.18
2 1:3 120 5 9.74 £ 0.02 9.72 9.75
3 31 120 10 11.03 + 0.05 10.49 11.56
4 31 30 15 9.70 £ 0.01 9.69 9.70
5 31 75 5 10.16 + 0.04 10.12 10.19
6 1:1 75 10 9.68 £ 0.07 9.61 9.74
7 1:1 120 15 9.98 + 0.01 9.97 9.98
8 1:3 30 10 10.46 + 0.04 10.42 10.49
9 1:3 75 15 9.82 £ 0.02 9.83 9.8
Table 2

Result of ANOVA and the best setting of control factors.

Symbol  Control factor Units Level  Best Factor effect, FE
Value (%)
A Ratio of AM - 1 1:1 13 (significant)
B Heating °C 2 75 13 (significant)
temperature
C Heating period Minutes 3 15 30 (dominant)

analysis as the output response. Furthermore, various materials analysis
techniques, such as Raman, XRD, and FESEM, were employed to char-
acterize the rGO-MoS, electrode. Solar cell capacitance simulator
(SCAPS-1D) software (version 3.3.10) was utilized to simulate the per-
formance of the PSC device, which helped verify the suitability of the

rGO-MoS; composite electrode for use in perovskite solar cells (PSCs)
3. Results and discussion

The Taguchi optimization approach was employed to systematically
investigate the fabrication of rGO-MoS; composite electrodes for
inverted perovskite solar cells. The Lg orthogonal array was used to
conduct nine experimental runs, and the signal-to-noise ratio (SNR) was
calculated to identify the optimal combination of control factors that
minimized the sheet resistance. Taguchi orthogonal arrays are a
powerful tool for systematically organizing parameters, helping deter-
mine optimal levels and facilitate experimental design. They account for
pair-wise interactions, provide comprehensive information, and yield
speedy results. In this study, nine experimental runs were conducted
using the L9 orthogonal array (OA) of the Taguchi design. The L9
orthogonal array (OA) is a balanced design chosen for its efficiency. It
minimizes the number of experiments required while providing
adequate information about different process parameters, particularly
when dealing with 3-level control factors. The aim was to obtain a
minimize sheet resistance and optimize the Taguchi signal-to-noise ratio
(SNR) for the ‘smaller-the-better’ characteristics, ns which is calculated
by the following equation.

1 &)
ny y:

i=1

ns= — 10 log

Where, the value of the ith experiment in each group is represented
by y, while n is the number of experiments.

The results of these experiments are summarized in Table 1. The
means of SNR were then computed to identify which levels had the most
significant influence on every control factor via analysis of variance
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(ANOVA). Fig. 2 shows the main effects plot of the signal-to-noise (SN),
with the higher percentage of levels selected and combined as the best
setting for a confirmatory test that is found to be insensitive to noise
factors. The ANOVA and factor effect (FE) analysis provided deeper
insights into the influence of the three control factors on the sheet
resistance of the rGO-MoS, composite electrodes, as shown in Table 2.
The ANOVA and factor effect (FE) analysis revealed that the heating
period (factor C) had the most significant influence, contributing 30 % to
the sheet resistance value. This was mainly driven by the longest heating
duration (15 min, level C3), which facilitated efficient drying and
improved the interconnectivity of the rGO and MoS; components within
the composite film.

The active material (AM) ratio (factor A, 13 % FE) and heating
temperature (factor B, 13 % FE) also showed substantial effects on the
sheet resistance. The 1:1 rGO-MoS; ratio (Al) yielded the optimal re-
sults, indicating that this composition provided the best balance be-
tween the contributions of rGO and MoS; to the overall electrical
conductivity of the composite. The 75 °C heating temperature (B2) was
found to be the optimal level, as it likely promoted the interfacial in-
teractions between the rGO and MoS; components. Therefore, the best
combination of factors to obtain a low sheet resistance electrode is found
to be A1B2C3. The synergistic effects of the rGO and MoS; components
within the composite were a key factor in the improved electrical con-
ductivity compared to the pure rGO and MoS; films. The rGO provided a
highly conductive network that facilitated electron transport, while the
MoS; nanosheets enhanced the overall charge carrier mobility within
the composite structure.

To validate the findings from the Taguchi analysis, a confirmation
test was performed by applying the A1B2C3 selected as the optimal level
to fabricate the rGO-MoS; electrode thin film. From the Taguchi anal-
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9.46 + 0.01 Q/sq, shown in Table 3, this value falls within the predicted
range and is lower than the average predicted value. This improvement
can be attributed to the favourable interactions between the rGO and
MoS; components, as well as the efficient drying and interconnectivity
achieved under the optimized fabrication conditions. The result ob-
tained is more favourable for this hydrothermal rGO-MoS; composite as
compared to our previous study which used a stirring process [20].
Furthermore, all samples show an improvement in sheet resistance
values compared to pure rGO and MoS;, which were 82.5 Q/sq and 48.9
Q/sq. The comprehensive DOE analysis, including ANOVA and factor
effect evaluation, provided valuable insights into the complex interplay
between the various control factors and their impact on the electrical
properties of the rGO-MoS, composite electrodes. This systematic
approach allowed for the identification of the most influential parame-
ters and their optimal levels, leading to the development of highly
conductive composite electrodes that are well-suited for use in elec-
tronic and electrical applications.

Electrical conductivity is one of the essential properties to consider
when selecting an electrode as a current collector, which provides in-
formation about the ability of electrons to flow easily through it [21,22].
The electrical conductivity, ¢ of the rGO-MoS; electrode fabricated in
this work was calculated, using the sheet resistance (Rsh) measured
using a four-point probe and the electrode film thickness (t) measured
from the FESEM image in Fig. 3.

0=1/ (R xt) (2)

Table 3
Sheet resistance value upon confirmation test.

ysis, the predicted value of sheet resistance on optimization ranges from After Sheet Sheet Sheet Average sheet
9.42 Q/sq to 9.61 Q/sq while the mean is 9.51 Q/sq (see supplemen- optimization resistance 1 resistance 2 resistance 3 resistance
tary). Three samples of rGO-MoS; electrode thin film were fabricated ©@/s9) @/s9) ©/s9) ©/s9)
using the A1B2C3 parameters. The measured mean sheet resistance was A1B2C3 9.46 9.45 9.46 9.46 £ 0.01
Main Effects Plot for SN ratios
Data Means
Ratio of AM Heating temperature Heating period
-19.8
-19.9
w
2
£ 200
w
Ce—
)
= -20.1
=
&
=
-20.2-
-20.3-
1:1 1:3 3:1 30 75 120 5 10 15

Signal-to-noise: Smaller is better

Fig. 2. Main effect plot of the SN ratios for the output response, sheet resistance for rGO- MoS; electrode.
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Fig. 3. (a—c) Back-scattered FESEM image of cross-sectional thickness for rGO-MoS, composite electrode thin film at three different spots.

The calculated electrical conductivities for rGO-MoS;composite
electrode films with different ratios are summarized in Table 4 rGO-
MoS; (1:1) exhibited the highest electrical conductivity. This is attrib-
uted to its narrow optical bandgap (details in supplementary) and thin
cross-sectional thickness. This property makes it a promising candidate
for the top electrode in p-i-n perovskite solar cells. Reduced electrode
thickness shortens the travel distance for charge carriers, leading to
more efficient charge extraction [23]. Additionally, thinner electrodes
can minimize charge carrier recombination, further enhancing overall
solar cell efficiency [24]. This property makes the rGO-MoS, (1:1)
composite a promising candidate for the top electrode in p-i-n perovskite
solar cells.

The higher electrical conductivity of the rGO-MoS; composite elec-
trode is attributed to the rGO nanosheets’ structure facilitates charge
carrier transport through the MoS; matrix, lowering the interfacial en-
ergy barrier [25]. The structural and morphological properties of the
rGO-MoS; composite were studied using FESEM to observe the effects of
adding MoS,. Fig. 4 shows the FESEM image of the rGO-MoS2 (1:1)
electrode cross-section on ITO glass at two magnifications for compar-
ison. Image (a) is a backscatter electron image of (b). In the back-
scattered image, MoS, appears brighter than rGO due to its higher

Table 4
Electrical conductivity value for rGO-MoS; electrode thin film.
Sample Average thickness, Average sheet Electrical
tavg (x 10°m) resistance, (Q/sq) conductivity, ¢ (S
mY
RM 1:1 9.08 9.46 11800.00
RM 1:3 31.97 9.74 3211.43
RM 3:1 25.57 9.70 4031.79
Pure 9.33 82.5 1300.00
rGO
Pure 10.26 48.9 1990.00
MoS,

atomic weight. The FESEM images clearly show that MoS; is well
distributed throughout the rGO-MoS, composite electrode. The close-up
images (c) and (d) reveal that it can be seen that the MoS; layers are
interspersed between the rGO sheets, while the ball-like carbon black
acts as a conductive filler, bridging the gaps and promoting electron
transport within the composite electrode [26]. Also, EDX elemental
mapping analysis, shown in Fig. 5 confirms the distribution of elements
C and O from the rGO and carbon conductive filler, meanwhile, elements
Mo and S are from MoS; throughout the rGO-MoS; composite electrode.
The rGO nanosheets provide a highly conductive network that facilitates
efficient charge transport through the MoS, matrix, as evidenced by the
FESEM images. The intimate contact between the rGO and MoS; layers,
as well as the presence of conductive carbon black filler, creates an
interconnected network of conductive pathways that enhances the
overall electrical conductivity of the composite. This is further sup-
ported by the Raman spectroscopy analysis, which revealed a blue shift
in the characteristic peaks, indicating improved coupling and effective
bond strength between the graphene and MoS; layers.

Fig. 6 (a) displays the Raman spectra of the rGO-MoS; composite at
different weight ratios. The Raman spectra of rGO exhibit two peaks at
around 1342 cm-1 and 1576 cm-1, indicating the D-band and G-band,
respectively. These peaks represent the vibration of sp2-bonded carbon
atoms and defect-induced vibration. Conversely, the MoS, displays two
distinct peaks at 372 cm-1 and 400 cm-1, which represent the in-plane
(Eég) and out-of-plane (A;g) modes. The composite displays four
distinct peaks, representing the D and G bands of pure rGO, and Eég and
A1, of pure MoSy, for all samples. This confirms the rGO-MoS: coupling,
as reported elsewhere [27]. Although the intensity of the D and G bands
of rGO remains consistent across all ratios of rGO-MoS, composites, the
intensity of Eég and A; decreases as the proportion of MoS, in the
composite decreases. This trend reflects the varying MoS content in the
composites. The Raman analysis reveals a blue shift of the Eég and Ay
peak positions compared to pristine MoSy (see supplementary). This
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carbon

Fig. 4. (a and c) Backscattered FESEM image at 10 pm and 1 pm scale bars, (b and d) FESEM image at 10 pm and 1 pm scale bars for cross-section of a rGO-MoS;

(1:1) composite electrode fabricated on ITO glass.

shift indicates an increase in the frequency or wavenumber of phonons
interacting with the photon. Similarly, the D and G bands exhibit a blue
shift, suggesting enhanced bond strength due to improved rGO-MoS:
coupling (see supplementary), which suggests an enhancement in the
effective bond strength due to improved coupling between the graphene
and MoS; layers. These findings validate the successful formation of a
composite from rGO and MoS,.

An analysis using X-ray diffraction (XRD) was performed to examine
the crystal structure of the examined samples. Fig. 6 (b) shows the XRD
patterns of the rGO, MoS,, and rGO-MoS; composites. The rGO patterns
display a broad peak at 26 = 24.31°, corresponding to the (002) plane
observed in the XRD patterns of rGO, consistent with previous findings
reported by Chen et al. [28]. The pure MoS; exhibited peaks at 14.2°,
28.86°, 32.9°, 33.5°, 35.9°, 39.7°, 44.03°, 49.8°, 59.7°, and 60.2°, cor-
responding to (002), (004), (100), (101), (102), (103), (006), (105),
(110), and (008) planes, respectively, as per (JCPDS No. 06-0097). All
rGO-MoS: composite patterns contain peaks for both rGO and MoSs. The
2H MoS, peak, located at 20 = 14.2°, signifies the semiconductor
properties of the MoS,. This phase is more stable and less resistant to
oxidation than the 1T-phase [29]. The 2H phase is preferred for rGO
composites due to its superior stability and durability, ensuring elec-
trode film integrity.

The rGO-MoS: (3:1) composite exhibits a stronger (002) orientation
due to its higher rGO content. This suggests that higher rGO content in
the rGO-MoS, composite leads to a stronger (002) peak, suggesting a
more prominent rGO presence. Meanwhile, peaks in the (103) and (008)
planes weaken, indicating reduced MoS: presence. Additionally, the
(004) peak is notably absent. According to research by Rasamani et al.
this can lead to MoS: layer inhibition by rGO nanosheets, resulting in
reduced MoS: content through rearrangement [30]. In contrast, the (1:3)
sample shows more prominent MoS: peaks. However, sample (1:1),
which contains the same weight percent ratio of rGO and MoS,, lacks the

broad (002) peak of rGO. However, a faint peak suggests increased
crystallinity of the rGO structure in the (1:1) composite. This aligns with
the earlier Raman results, supporting the progressive formation of the
rGO-MoS: composite. At a 1:1 ratio, the structural behaviour of rGO in
conjunction with MoS: may deviate from the typical stacking pattern
along the (002) plane, potentially due to interactions with MoS: layers
or the formation of unique nanostructures/interfaces within the com-
posite. This alteration could lead to the absence of a distinct (002) peak
for rGO in the composite. This scientific insight aligns with findings on
the influence of MoS: on the structural properties of nanomaterial
composites [31]. The interplay between rGO and MoS: at specific ratios
can induce structural modifications that impact the stacking arrange-
ment of rGO nanosheets, elucidating the absence of the characteristic
(002) peak in the (1:1) composite [32].

This study demonstrates the potential of rGO-MoS; composite as the
top electrode in the inverted perovskite solar cell with ITO/CuSCN/
MAPDI3/PCBM/BCP/rGO-MoS; architecture. The device performance
was simulated using Solar Cell Capacitance Simulator (SCAPS) — 1D
software, where the numerical details are explained in supplementary.
Simulation analysis allowed for flexibility to explore diverse scenarios
and test hypotheses. Details on the simulation parameters can be found
in Table 5, which were compiled from previous literature [33-35]
except for the rGO-MoS; thickness and bandgap, determined experi-
mentally. The program was conducted with an illuminance of 1000
W/m?2. The following values of characteristic energy (0.1 V), thermal
velocity of charges (1 x 107 cm/s), Gaussian defect distribution, ETL and
HTL defects located at the centre of the interface gap, are considered
independently of each layer type. Fig. 7 reveals the significantly
different I-V curve characteristics of a device with a silver electrode
compared to the rGO-MoS; electrode. Replacing the silver electrode
with the rGO-MoS; composite significantly increased the fill factor (FF)
from 44.24 to 66.59. This resulted in a remarkable improvement in
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Fig. 5. (a) SEM image, (b) EDX analysis, (c-f) Elemental mapping analysis of rGO-MoS, (1:1) composite electrode.

power conversion efficiency (PCE) from 10.37 % to 13.23 % (refer to
Table 6). These findings suggest that the rGO-MoS; composite electrode
serves as an effective current collector that suits the inverted device
configuration.

The rGO-MoS; composite offers numerous advantages due to the
strong interaction between the delocalized n-electrons of rGO and the
outer electrons of S atoms in MoS, [36]. This interaction forms an
electron-rich zone between S atoms and rGO, enabling efficient charge
transport across the composite [37]. The intimate contact between rGO
and MoS,, evident in FESEM images (Fig. 4), fosters strong synergistic
interactions and a consequent boost in electrical conductivity. Beyond
photovoltaic applications, these composite holds promise for sensors

[38], energy storage [39], and even high-performance structural mate-
rials [40]. Fig. 8 (a) shows the optimal parameter for rGO-MoS: elec-
trode fabrication. Fig. 8 (b) visually depicts the interconnected network
of conductive pathways resulting from the close contact between rGO
and MoS,, which enhances the overall electrical conductivity of the
composite. Table 7 compares the sheet resistance and conductivity of the
rGO-MoS; composite electrode with a conventional carbon electrode
from the literature. Lower sheet resistance yields the promising con-
ductivity obtained for the rGO-MoS; composite prepared in this work, as
a promising electrode material for high-performance perovskite solar
cells. The superior electrical conductivity of the rGO-MoS, composite
(11 800 S m~! for the 1:1 ratio) compared to conventional carbon
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Fig. 6. (a) Raman spectra of rGO-MoS, composites electrode (b) XRD patterns for all examined samples.

electrodes can be attributed to the synergistic interactions between the
rGO and MoS; components. The delocalized n-electrons of rGO interact
with the outer electrons of sulfur atoms in MoS,, forming an
electron-rich zone that enables efficient charge transport across the
composite. Additionally, the thin cross-sectional thickness of the rGO--
MoS; (1:1) electrode reduces the travel distance for charge carriers,
leading to more efficient charge extraction and minimizing recombi-
nation losses.

The entire research demonstrates the effective use of the Taguchi
method in optimizing the fabrication process of rtGO-MoS; electrodes for

inverted perovskite solar cells. The optimized parameters led to an
improvement in conductivity and simulated device performance, indi-
cating its potential to enhance the efficiency of actual devices. The su-
perior electrical conductivity of the rGO-MoS, composite (11 800 S m™?
for the 1:1 ratio) compared to conventional carbon electrodes can be
attributed to the synergistic interactions between the rGO and MoS;
components. This research highlights the Taguchi method as a system-
atic and effective technique for electrode optimization, which can
accelerate advancements in various technologies through a structured
and data-driven approach.
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Table 5
Device Simulation parameter.
Parameters CuSCN srGO- PCBM BCP rGO-
MAPbI3 MoS,
t (nm) 24 283 92.1 51 9080
Eg (eV) 3.4 1.58 2 3.5 1.25
¥ (eV) 1.9 3.9 4.2 3.7 4.5
er (relative) 10 10 3.9 10 10
Ne (1/em®) 1.7 x 2.2 x 108 25 x 102 2.2 x 2.2 x
1019 1018 1019
Nv(1/cm®) 2.5 x 1 x 10" 25 x 102! 1.8 x 1.8 x
1021 1018 1018
pe (cm?/vs) 1x 107! 2.2 2 x 107! 1 x 107 3.95 x
10?
ph(em?/vs) 1x 107% 2.2 2 x 1071 1 x 107 3.95 x
10%
ND (1/cm®) 0 1 x 10" 2.93 x 1x102 1 x10'®
1017
NA (1/ecm®) 1 x 10® 1 x 102 0 1x10° o

Band gap and thickness values were bold because the values were obtained from
the experimental work in this study. Meanwhile, other parameters are taken
from the results of the literature.

4. Conclusions

The Taguchi method was utilized in a study to optimize the fabri-
cation process of rGO-MoS; electrodes for inverted perovskite solar cells.
The study analyzed the impact of the rtGO-MoS, mixing ratio, annealing
temperature, and annealing time on the electrode’s electrical conduc-
tivity. The optimal combination was found to be a 1:1 mixing ratio,
75 °C annealing temperature, and 15-min annealing time. This optimi-
zation strategy enhanced the electrical conductivity to 11 800 S m™*

Results in Engineering 22 (2024) 102237

potential of rGO-MoS; as a top electrode for inverted perovskite solar
cells. The results showed that the device performance increased from
10.37 % (with Ag electrode) to 13.23 % with rGO-MoS,. By substituting
expensive gold and silver with rGO-MoS,, a cost-effective alternative for
inverted perovskite solar cells was offered. Additionally, the study
highlighted the broader utility of the Taguchi method for optimizing
electrode systems across diverse electronic devices, including photo-
voltaics, sensors, and energy storage devices. The work provides a sys-
tematic and efficient approach to electrode optimization and opens
exciting opportunities for technological advancements.
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Table 6
Simulated device performance parameter for ITO/CuSCN/srGO-MAPbI3/
PCBM/BCP/Ag and ITO/CuSCN/srGO-MAPbI3/PCBM/BCP/rGO-MoS,.

Device Jsc (mA/ Voc FF PCE
compared to the non-optimized electrode. The morphological in- cm2) W) (%)
vestlgatlor}s suggested that the 1mprovement' resulted .from the ITO/CuSCN,/srGO-MAPbIs/ PCBM/ 19.929 1177 4424 1037
enhanced interaction between rGO and MoSy, leading to superior charge BCP/Ag
transport within the electrode. ITO/CuSCN/srGO- MAPbI;/PCBM/ 19.643 1.011 66.59  13.23

Simulations were conducted using SCAPS-1D to evaluate the BCP/rGO-MoS,
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Fig. 7. Current-voltage characteristics of ITO/CuSCN/srGO-MAPbI3/PCBM/BCP/Ag and ITO/CuSCN/srGO-MAPbI;/PCBM/BCP/rGO-MoS;.
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