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31 The sequence and texture of a methylammonium lead triiodide (MAPbI3) phase deposited by a one-step spin-
33 coating process are analyzed using X-ray diffraction, atomic force microscopy, profilometer, ultraviolet-
35 visible spectroscopy to understand the film's fundamental properties. The structural results show that the
37 formation of the MAPDI3 crystalline phase adopts a tetragonal crystal structure. The optical results reveal a
tetragonal crystal structure and a band gap of 1.53 eV, indicating its potential as an effective absorber of
40 visible light. The n-i-p planar structure (ITO/SnO2/MAPDbI3/Spiro-OMeTAD/Au) is then adopted for drift-
42 diffusion SCAPS-1D simulations to optimise the performance of MAPDbI3 perovskite solar cells. The
44 simulations finds that an optimal thickness between 2.3 um and 4 pum, along with a defect density (Nt) of the
46  MAPDI; absorber less or equal to 3x10% cm, improves the device efficiency from 22.55% to 23.17%.
Additionally, the study explores the impact of different back and front contacts on solar cell performance,
suggesting that RGO and AZO could effectively replace Au and ITO. The proposed solar cell structure
51 (AZO/SnO2/MAPDI3/Spiro-OMeTAD/RGO) demonstrates an impressive efficiency of 31.26%.

55 Keywords: MAPDIs perovskite, Solar cells, SCAPS-1D, Efficiency, Defects.
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From the first generation of single-crystal silicon solar cells to arising the third generations that include the
dye-sensitized solar cells (DSSCs), organic solar cells (OSCs), quantum dot solar cells (QDSCs), and
organic-inorganic hybrid perovskite solar cells (PSCs) have greatly attracted the researchers (Yuan et al.,
2020; Zhang et al., 2015). Scientists have sought applications with outstanding power conversion efficiency
(PCE), which is inexpensive to manufacture and has a minimal environmental impact during production and
disposal. Among each of the various kinds of solar cells, PSCs and OSCs have gotten a lot of attention
because they possess the ability to be extremely affordable and produced using low-energy methods (Hauck
etal., 2017). Since 2009, quick progress in hybrid PSCs has taken its place in the photovoltaic (PV) industry.
(Kojima et al., 2009). The efficiency of PSCs has increased significantly in a very short time, from 3.8%
(Kojima et al., 2009) to 26% in 2023 (Zhao et al., 2022). Recently, KAUST set the highest world record on
perovskite/silicon tandem monolithic, certified with a PCE of 33.7% (NREL, 2023), which is incomparable
with the progress in Crystalline Silicon Solar Cells (SCs) (Lin H et al., 2023). PSCs have been attracted and
considered as a promising alternative for SCs because of their interesting physical properties, such as a great
absorption coefficient, a very high yield flexibility, a simple synthesis process at low temperatures (150-
200 °C of thermal annealing is required at most), a high efficiency, an easy and a low cost of fabrication
(Cheng and Lin, 2010; Kim et al., 2012; Liling et al., 2012; Takahashi et al., 2011). These advantages come
from combining the properties of inorganic and organic materials, such as a direct band gap and a high
absorption coefficient in the visible range (Eperon et al., 2014; Name and Kumar, 2014; Schulz et al., 2014).
The most recommended organometallic lead halide elements in formulating the cell process in planar or
mesoporous structures are methylammonium lead halides CHaNH3PbXs/MAPbX3 (Tidhar et al., 2014) and
formamidinium lead halides CH(NH2)2PbX3/FAPbX3) (Im et al., 2012) (Heo et al., 2013). The component
of methylammonium lead triiodide (i.e., MAPDbI3) is mostly used in PSCs because of its facility of elaboration
compared with formamidinium lead triiodide (FAPbIs). Kojima et al. (Kojima et al., 2009) initially utilized
MAPDI3 for solar cell n-i-p structure using a wet process, where the MAPbI3 is the active/absorber layer (i),

electron and hole transporter layers are n (ETL) and p (HTL), respectively.

Nevertheless, there are several ways to elaborate PSCs based on processing techniques, such as dry or wet
processes, but the last one is particularly affordable and mostly used. (Isikgor et al., 2022; Khamkar et al.,
2012; Nh et al., 2012; Zhou et al., 2014). A spin-coating deposition is a frequently used wet synthesis
technique for depositing the MAPDI3 thin films. This technique is primarily used through two main methods:

the one-step and the two-step deposition approaches (Im et al., 2014). The one-step synthesis involves spin



O©CO~NOOOTA~AWNPE

coating a solution mixture of methyl ammonium iodine (CHsNHzl/MAI) and lead iodide (Pbly), followed by
annealing the films at 70 - 150 °C to crystallize them. On the other hand, the two-step process requires spin
coating of the Pbl, film first, then immersing it in a CHsNHsl solution, and promptly forming a MAPbI3
layer upon rapid annealing. Although the two-step synthesis method facilitates the rapid fabrication of solar
cells, its efficacy is hindered by the challenge of managing the rapid growth of MAPbIs in the solution
(Burschka et al., 2013; Shaikh et al., 2017). In contrast, the one-step method holds an advantage in terms of
cost-effectiveness and efficiency due to its simplified procedure, making it more favourable to larger-scale
production. Therefore, the analysis of MAPDbIs physical properties becomes instrumental in achieving
optimal solar cell structures. The additional integration of a theoretical/simulation approach with this

experimental work will accelerate and enhance this process.

To date, many studies have explored the PV behaviour of PSCs using a drift-diffusion SCAPS-1D software
(Baloch et al., 2018; Hasnain, 2023; Karimi and Ghorashi, 2017; Karthick et al., 2020; Rahman et al., 2019).
Whereas a majority of simulation studies concerning PSCs are conducted under ideal (non-real) conditions,
relying only on theoretical physical characteristics, a few studies have used simulations under real conditions
based on experimental data (Karthick et al., 2020). Moreover, the impact of the front contact on the overall
performance of the PSC device is rarely studied. Therefore, this study addresses this gap by highlighting
simulations conducted under real conditions, integrating experimental optical characteristics, such as the
band gap and the thickness of the MAPbIz absorber. A systematic investigation and optimization of the
absorber thickness and defect density (Ni) was conducted. The optimum absorber thickness was found
between 2.3 um and 4 um, and the N should be less than or equal to 3x10'% cm=, Finally, we demonstrate
the effect of different rear and front contacts on the solar cell performance. The results confirm that using
AZO and RGO instead of ITO and Au in a solar cell structure (i.e., AZO/SnO2/MAPDbI3/Spiro-
OMeTAD/RGO) provides a higher efficiency of 31.26%.

2. Experimental details and methods
2.1. Materials
Methylamine (40 wt% in methanol, Sigma Aldrich), hydroiodic acid (HI, 57 wt% water, Avantor VWR),
lead iodide (Pbl2) (99%, Sigma Aldrich), N-N dimethylformamide (DMF, anhydrous, 99.8%, Sigma
Aldrich), diethyl ether (DEE, >99.5%, GC, Sigma Aldrich), isopropanol (IPA, anhydrous, 99.5%, Sigma
Aldrich), acetone and ethanol (99%, Sigma Aldrich) were used as received without any further purification.
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Fig. 1. lllustration of the perovskite layer fabrication: a synthesis of the perovskite precursor solution and a
deposition process of the perovskite layer out of glove box.

The samples are deposited on glass substrates (76 x 26 x 2 mm, Naturoptic), using 0.45 um diameter filters

(Nylon syringe filters, Aijiren).

2.2. Material Synthesis and film fabrications
In this study, a thin layer of MAPDbIz was deposited on a glass substrate using the one-step spin coating
technique. Fig. 1. summarized the MAPDI3 powder synthesis and film deposition process. The preparation
of MAPDI3 films was achieved in three steps: (1) MAI powder was prepared by vacuum distillation using
evaporator equipment at 50 °C for 1h, which eliminates the solvent by means of low pressure. Whereas the
evaporating of a mixing solution made of 27.8 mL of methylamine (40 wt% in methanol) with 30 mL of
hydroiodic acid (57 wt% water) after agitation in a flask in an ice bath (0 °C) for 2 h. The purpose of using
an ice bath is to avoid any reaction between compounds. The obtained powder was washed with diethyl ether
several times to eliminate the residual of non-bound iodine. We measured its melting temperature using
Kofler-bench equipment to confirm the complete presence of MAI. The melting temperature of the
commercial powder measured was between 260 °C and 280 °C, whereas the temperature measured by the
Kofler-bench was around 270 °C, showing that the powder obtained was indeed MAIL.(2) The MAPDI3
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solution was prepared by mixing 0.563g of MAI and 1.6551g of Pbl> within 2.873 ml N, N-dimethyl
formamide (DMF). The obtained yellow solution was purged with a flux of nitrogen to eliminate oxygen
and filtered through 0.45 pum diameter filters to remove the precipitates produced, and then the final product
was stored in a dark box. (3) MAPDI3 deposition: films were deposited on cleaned glass substrates (76 x 26
x 2 mm) placed on the support of the spin coating device and with a rotation speed of 500 rpm for 9 seconds,
then 1000 rpm for 30 seconds, finally, 2500 rpm for 30 seconds. Then, annealing at a low temperature of
100 °C for 15 minutes was required to achieve stable, black-colored perovskite phase.

2.2 Characterizations

Grazing incidence X-ray diffraction (GIXRD) measurements were carried out using a Philips X' Pert
diffractometer with Cu Ka radiation (A = 1.5418 A) to carrier out an ex-situ measurement for this sample
from 10° to 60° at room temperature. UV-visible absorption spectra were recorded on a Shimadzu UV-
3101PC UV-Vis-NIR Spectrophotometer. A profilometer ALTISURF®500 was used to measure the
thickness of the layer deposited on a substrate. In order to investigate the morphology of the sample, PHYWE

Atomic Force Microscopy (AFM) was used.

3. Numerical simulation of devices using SCAPS-1D

In this study, the simulations are carried out using the Solar Cell Capacitance Simulator SCAPS-1D, version
3.3.10 (Burgelman et al., 2000). The SCAPS-1D simulations allow us to discuss the influence of perovskite
absorber thickness and other solar cell layers under different conditions (i.e., ideal and real conditions) on
PV parameters. Moreover, varying input parameters, including relative permittivity, band gap, thickness,
doping concentration, and bulk charge carrier density of any solar cell layer (ETL, absorber, HTL), will
significantly influence the device's PV performance. The SCAPS-1D simulations are carried out to reduce
the cost of real tests and quickly find suitable experimental parameters. The simulation method is based on
a classical drift-diffusion model and solve the electron and hole continuity equations and Poisson’s equation
(Burgelman et al., 2000). And. To this aim, a 1D planar semi-transparent PSCs n-i-p type structure is
modelled and simulated by SCAPS-1D because of its performance and simplicity. The PV parameters of the
PSCs, such as open circuit voltage (Voc), short-circuit current density (Js), fill factor (FF), and power

conversion efficiency (PCE), are recorded to understand the solar cell performance.
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Fig. 2 a) Schematic of design of PSC n-i-p structure used in this SCAPS simulation (i.e.,
ITO/SNO2/MAPDI3/Spiro OMeTED/Au), with layer thicknesses of 130 nm, 2.92 um and 350 nm for ETL, PAL and

HTL, respectively. B) Schematic energy level diagram of different materials used in the PSC.

Here, the chosen semi-transparent PSC device consists of indium-doped tin oxide (ITO) as the transparent
conductive oxide (TCO), tin oxide (SnO.) as ETL, MAPDbIz as a Perovskite Absorber Layer (PAL),
2,29,7,79-tetrakis-(N, N-di-p-methoxy phenylamine) 9,99-spiro bi-fluorene (spiro-OMeTAD) as a P-type
HTL, and Au representing the back metal contact (simply ITO/SnO2/MAPbIs/spiro-OMeTAD/Au), shown
in Fig. 2a, respectively. The performance of solar cells is influenced by the alignment of energy levels, which
plays a very important role because when an ETL or/and HTL material whose energy levels are aligned with
those of the perovskite, charges can be easily transferred from the PAL to the interface layers (Schulz et al.,
2019). So the band conduction (BC) of the ETL must be low compared with that of the PAL, and likewise,
the valence conduction (VC) of the HTL should be a little higher than that of the PAL to extract electrons
and holes effectively (Calio et al., 2016; Serhan et al., 2019). In addition, both electrodes should facilitate
better charge transfer from adjacent layers, and their work functions should match the energy levels of
adjacent layers (Serhan et al., 2019). Therefore, the materials we have chosen as layers for this cell are
suitable for the energy alignment conditions, as shown in Fig. 2 b. The principle of operation of PSC I in the
ideal case is as follows: Sunlight passes through the ITO and is absorbed by the PAL, creating electron-hole
pairs. The electrons then move towards the SnO2 ETL, initiating a primary charge separation, while the holes
move towards the Spiro OMeTED HTL, creating a potential difference that generates an electric current.
However, in the real case, energy dissipation from the recombination process lowers efficiency. In general,

recombination processes happen through radiative, Auger, and Shockley-Read-Hall (SRH) (known as non-
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radiative recombination) mechanisms. Leijtens et al. reported that in PSCs, non-radiative recombination has
a stronger influence, significantly affecting the PSC performance, and limiting the efficiency compared to
radiative recombination (Leijtens et al., 2016). The simulations are carried out at 300 K under one sun
irradiation with integrated power density 1000 W m2 (AM1.5G) according to standard solar cell test
conditions (Dunlop et al., 2010). The optical band gap of the PAL and its thickness are obtained from the
experimental transmittance spectra and mechanical UV spectrum measurements. All the input parameters
used in the simulations are listed in Table S1. The PAL, ETL and HTL physical input parameters, such as
thickness, bandgap, electron affinity, permittivity, effective density of states, charge mobility, thermal
velocity, doping and defect density were extracted from the literature (Hao et al., 2014; Hossain et al., 2023;
Kemp et al., 2013; Nakka et al., 2022; Rutledge and Helmy, 2013). The simulation study is divided into two
sections: (i) ideal and (ii) real conditions. The ideal conditions which neglect defects, band-to-band
recombination and resistance, provide valuable information on the fundamental characteristics and properties
of the material used in the PSC and serve as a handy tool for estimating the device's
maximal theoretical performance when evaluating its ideal functioning. The real conditions reflect the
challenges and conditions at which solar cells will encounter in practical applications (actual devices). This
assessment is crucial in determining the technology's potential for scale-up and commercial viability.
Comparing the solar cell PV performance under ideal and real conditions enables researchers to identify and
quantify the various loss mechanisms that limit efficiency in the real world. Therefore, the realistic condition-
based SCAPS-1D simulation study guides the solar cell design and aims to understand and reduce these

mentioned recombination losses and improve the overall device efficiency.

4. Results and discussion
4.1  Structural and Topographical analysis

At room temperature, an ex-situ XRD pattern with a wavelength 1 of 1.54 A were carried out and presented
in Fig. 3. The diffraction peaks at 14.00°, 20°, 23.57°, 24.40°, 28.27°, 31.79, 34.95°, 40.58°, and 42.98°
correspond to (110), (200), (211), (202), (220), (310), (312), (224), and (314), respectively, of a tetragonal
perovskite structure as reported in literature (Dang et al., 2016; Lee et al., 2012; Loi and Hummelen, 2013).
The most intense diffraction peaks at 14.00° and 28.27° of (110) and (220), indicate a highly oriented crystal
structure and enhanced crystallinity. The presence of a small signature at the highest peak of the MAPDbI3
phase, the peak at 12.60°, corresponds to the (001) diffraction peak for Pbl,. The peak reveals that the
MAPDI3z phase deposited has a high level of phase purity (Liang et al., 2015). Using Bragg's law:
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2dsin® =nA.............. (1)
and the relation between the interplanar distance d and Miller indices (hkl):

[ e —— (2)
we could determine the lattice parameters of MAPDbI3 where: a =8.912 A and ¢ = 12.604 A.
From the XRD pattern and using the most intense diffraction peaks, we calculated the average D of
crystallite sizes and the strain ¢ in films by the Scherrer and Williamson—Hall methods (Rousseau and
Gibaud, 2006):

D=—22 3)
FHWM cosf = % +esinf......... (4)
FHWM cosf = % +esinf......... (5)
CH,NH,Pbl,
* Pbl,

(110)

Intensity (a.u.)

2 Theta (°)

Fig. 3. XRD patterns of the MAPDI; film deposited on glass. Inset: a crystal structure of MAPbDIs.

In the case of polycrystalline thin films, certain crystalline orientations are not detectable using (Burgelman
et al., 2000), as only grains whose planes are parallel to the substrate are observed. The obtained results
show that crystallites with an average crystallite size of 50 nm are subject to a low deformation of the order
of 0.14%. This may be related to the choice of a high spinning speed (2500 rpm), where the crystallite size
and strain are reduced with increasing spinning speed (Belaidi et al., 2019). Although these grain sizes are



O©CO~NOOOTA~AWNPE

much smaller than the typical range seen in high-performance MAPbIs solar cells, which is around 100-
500 nm, this size is recommended because the larger average grain size forces fracturing occur along the
interface between MAPDI3 and other layers in the solar cell (Dai et al., 2020).

In addition, a 3D AFM image of the sample is presented in Fig. S1. The deposited layer shows continuously
and is free of porosity, which means that another layer could be deposited on top, such as the spiro-MeOTAD
HTL or SnO2 ETL. However, the deposited layer is not homogeneous and uniform, and it has an average
roughness (Ra) of over 41 nm, for a thickness of 2.92 + 0.005 pm measured by a profilometer. Even with
this thickness of MAPbDI3, the roughness is much higher than the typical range of roughness observed in high-
performance MAPbDIs solar cells (Yang et al., 2022). Therefore, adjusting the spinning speed and the

concentration of DMF might help to improve the absorber layer, decreasing the roughness and thickness.

4.2 Optical analysis
Fig. 4. a shows the transmittance (T%) spectra of MAPDI3 film deposited on glass from the ultraviolet (UV)
range to the near-infrared (NIR) range. We observed that the transmittance of MAPDbI3 does not exceed 35%
in the visible range, indicating its high absorption. We also remarked in the transmittance spectra two
absorption edges. One in the UV range, located at about 300 nm, comes from the absorption characteristics
of the glass substrate used to deposit the MAPDI3 layer. On the other hand, a second front is nearly located
at about 750 nm, in the long wavelength region (at the NIR range), corresponding to the optical absorption
of the perovskite film. These particular edges and the allure of the absorption curve were used to estimate
the band gap of the film, whereas the absorption curve was calculated from transmittance spectra based on
Beer-Lamber law's:
T=e=ad........... (6)

Moreover, the bandgap Ec was estimated by using the Tauc relation:

ahv = Alhv — Eg|™ ............ (7

where d is the thickness of MAPbDIs film (2.92um), A is a constant, and n was taken as equal to 1/2.
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Fig. 4. (a) UV-visible transmission and (b) the absorbance spectra of MAPbI; film. The inset shows the
corresponding Tauc plot used for bandgap calculations.

Fig. 4. b shows the absorption f{4)=a plot. As in the transmittance spectra, we observe that there is a strong
fundamental absorption from 360 nm to ~ 830 nm, where the transmittance is low, indicating a significant
absorption in the visible range, as mentioned before, with an absorption coefficient a around 5x10% cm™.
Moreover, the deposited PAL is almost black (grey-dark), which means it presents a high absorption. This
allows us to estimate a bandgap of 1.53 eV, as shown in the inset in Fig. 4., which presents the plot of the

curve of (ahv)? = f(hv). Hence, the absorbance and the transmittance spectrum demonstrate that this is a



O©CO~NOOOTA~AWNPE

semiconductor with a direct bandgap of 1.53 eV and a strong UV absorption. Moreover, this absorption

characteristic is consistent with the optoelectronic properties of MAPDIs. These values were used in the

SCAPS-1D simulations of the PSC solar cell.
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4.3 Model and Simulations

4.3.1 Ideal conditions

The ideal device's current-voltage characteristics (J-V) curve is presented in Fig. 5. with the corresponding
PV parameters. The overall current density for the configuration is calculated to be Jsc = 46.2 mA/cm? at
Voc of = 1V, which yields an FF of = 62% with PCE of = 31.1 %. Considering the reported MAPDI3
properties, these results are assumed to represent the practical limit, neglecting defects and band-to-band
recombination. The results are very close to the reported maximum PCE limit of around 31% for a MAPDIs-
based PSC (Sha et al., 2015). More importantly, the obtained results under ideal conditions serve as an
essential reference point and establish the material's potential that we chose for this PSC structure. A study

the performance of PSC under real conditions requires considering a band-to-band recombination reflection

and a contact resistance.

I i I v
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4.3.2 Real conditions

Herein, we investigate the impact of defects and a band-to-band recombination on the solar cell
performance in practical applications considering resistances and reflectance. Table S2 shows the
recombination process parameters of the customized PSCs (Baloch et al., 2018; Ford et al., 1997; Zandi and
Razaghi, 2019). In the following, the real condition is considered to have two distinct stages, starting with
radiative and then Auger recombination. The application of radiative recombination coefficients to the solar
cell's ETL, PAL and HTL has a remarkable influence on the device performance. This real simulation
predicts Voc = 1V, Jsc = 46.15 mA/cm?, FF = 56.76%, and PCE = 26.14% for the PV parameters of this
solar cell, a dramatically decrease. On the other hand, the effect of Auger recombination is almost negligible,
the predicted PV parameters (Voc = 0.96 V, Jsc = 46.15 mA/cm?, FF = 56.57%, and PCE = 25.18%)
decreased marginally. Compared with the Auger recombination, the radiative recombination is the dominant
mechanism in PSCs due to their direct bandgap and large dielectric constant, which means a photon emission

is very efficient via band-to-band transitions (Hosseini et al., 2022).

However, resistance and reflectance also play a role in addition to the band-to-band recombination. Highly
efficient devices Rseries must be less than 1 Q.cm? and Rshune greater than 10” Q.cm? (Abderrezek, 2015).
Overall, the fundamental origin of the Rseries is the impedance of the electrodes: front and rear contacts (ITO
and Au), but the Rshunt effect is due to manufacturing defects. Therefore, in order to comprehend how
parasitic resistances (Rseries and Rsnunt) affect the performance of PSC, which dissipates the power produced
by the solar cell in the form of electrical losses, we introduced them in the SCAPS-1D model, whereas Reseries
=1 Q.cm? and Rshunt = 107 Q.cm? are applied consequently. Herein, obtained FF and PCE dropped from
56.57% to 53% and 25.18% to 23.57%, respectively, where the Voc and Jsc remained constant. Rseries affects
FF, resulting in a global PCE reduction due to a higher power loss. Otherwise, a high Rshunt lowers the p/n
junction resistance and impacts the amount of collected photocurrent, allowing more current to flow through
it and increasing the solar cell performance. In addition to resistance, the reflection was applied in the last
step, especially the reflection value of the ITO contact is adjusted by 5% (Sibin et al., 2016). This adjustment
is significant because approximately 95% of the incident light can penetrate or transmit through the ITO
substrate, making it suitable as front contact in solar cells, which will not affect the solar cell's performance
highly. Whereas the results were acquired as Voc = 0.96 V, Jsc = 43.83 mA/cm?, FF = 53 %, and PCE =
22.55%. However, applying reflection impacts the PSC, where the Jsc is reduced from 46.15 mA/cm? to
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43.83 mA/cm? and reduced by 1% PCE (see Fig.6). This impact is not large compared with the effects of

Rseries and Rshunt.
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Fig. 6.Comparison of the ideal and realistic conditions J-V characteristics.

The simulated J-V curves of the previous phases are shown overlapping in Fig. 6. As the simulations
assimilated more real conditions, the device performance gradually decreased, revealing a more realistic
performance level. The corresponding evolutions of the main photovoltaic parameters are collected in Table
1.

Table 1. Photovoltaic parameters of PSCs under different ideal and real conditions.

Simulation parameters Voc (V) Jsc(mA/cm?) FF (%) PCE (%)
Ideal conditions 1.10 46.20 63.00 31.10
Applying band-to-band recombination, 0.96 43.83 53.35 22.55

resistances, and reflection

4.3.3 Influence of PAL Thickness and Defect Density on PV Performances

In PSCs, the thickness of the PAL significantly affects the PV parameters as it plays a crucial role in light

absorption and charge generation. The PCE is one of the factors most susceptible to responding consistently
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Fig. 7. Contour mapping of the PSCs performance showing a short-circuit current density, Jsc (a), an open
circuit voltage, Voc (b), a fill factor, FF (c), and a power conversion efficiency, PCE (d) with a variation of the
thickness and N of the PAL.

to the degree of variation in input parameters, as well as manufacturing defects significantly affecting
the PV performance of PSC. In order to achieve a better performance, an optimum thickness and defect
density (N) of the PAL is crucial. The contour maps of the projected Voc, Jsc, FF, and PCE with respect
to the varying absorber thickness (1um to 6 pum) and N; (1x10'°cm=to 1x10% cm) for the MAPbI3-
based PSCs are shown in Fig. 7. These contour maps illustrate how the PV parameters are affected by
the combined change of absorber N and thickness. In Fig. 7a, the Jsc extended to a maximum value of
57.8 mA/cm? when the N; was around > 3 x10° cmand PAL thickness was > 4 um. Similarly, in Fig.
7b, the Voc remains relatively constant when the thickness increases and Nt < 3 x10* cm=. When N; >

3 x10% cm3, Voc drops slightly from 0.960 V to 0.893 V, which means that the presence of defects is
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mainly responsible for the observed change in Voc for the conventionally structured solar cell. On the
other hand, FF decreases progressively from 66.8% to 19.80% because FF is inversely proportional to
the thickness, N, as shown in Fig. 7c . Furthermore, Fig. 7d shows that when Nt < 3 x10%and PAL
thickness < 3 pm, the highest PCE value of 25.20% was achieved.

In order to extract the optimum conditions and to clearly visualize the effect of the thickness and Nt in the
PAL, the performance of the PSCs is plotted as a function of the thickness and N, as shown in Fig. S2a and
b, respectively. Fig. S2a shows that Voc remains constant with the rise of thickness (a variation is between
0.960 V and 0.965 V, which is negligible). Voc is mainly related to the materials used rather than the
thickness of the PAL and the interfacial accumulation of charge carriers (Daboczi et al., 2019). Meanwhile,
Jsc increases steadily with thickness, which is explained by the heightened light absorption in the thicker
PAL, leading to an enhanced current generation (Pochont and Sekhar, 2023). Contrarywise, FF presents a
gradual decrease with the increased thickness due to the possibility of an increase in the series resistance in
thicker devices, leading to a reduction in FF (Shyma and Sellappan, 2022). PCE initially increases with the
thickness and reaches its maximum PCE at a thickness of 4 um. This could be justified by the fact that there
is a linear relationship between the increase in the thickness and the absorption of light, leading to the
generation of a greater number of electron-hole pairs, i.e., increasing the photocurrent and thus improving
the efficiency of energy conversion. Then, the PCE starts to decrease from 23.96% to 22.80%, which is
often related to the diffusion length of charge carriers within the material. The charge carrier recombination
becomes more prominent, leading to decreased efficiency by affecting the FF and Voc and increasing Jsc
(which increases the light absorption) when the thickness of the PAL exceeds the critical diffusion length of
charge carriers (Deepthi Jayan and Sebastian, 2021). Therefore, Fig. S2a b demonstrates that all PV
parameters declined as the absorber N: was increased from 3x10%2 cm™ to 10 cm=. Consequently,
optimizing the PAL thickness and N for best performance by maximizing light absorption and minimizing
recombination losses is vital. The results show that a thickness of 2.3 um to 4 pm and N less than 3x10%
cm offer a high performance. However, The obtained PV parameters are Voc = 0.966 V, Jsc = 43.89
mA/cm?, FF = 54.65%, and PCE = 23.17%. Therefore, after optimization, the chosen optimum thickness is
fixed at 2.92 um, and the optimization parameters will be included in the next performance evaluation stage

to find suitable front and back contact materials.

4.3.4 Impact of the work function of front and back contact on PV performances
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There are several studies (Deepthi Jayan and Sebastian, 2021; Hossain et al., 2023; Makableh et al., 2020)
where the back metal work function (WF) has been varied to get better performance, but so far, no studies
have reported the effect of WF on front contact. Herein, we reported the impact of the WF of both contacts
(front and back) on the PSCs performances for the first time. Table S3 summarizes the WFs of various
materials for the back and the front contact, such as silver/argent (Ag), copper (Cu), iron (Fe), gold (Au),
nickel (Ni), reduced graphene oxide (RGO), selenium (Se), Al-doped zinc oxide (AZO), F-doped tin oxide
(FTO), and indium tin oxide (ITO) extracted from literature (Garg et al., 2014; Hossain et al., 2023; Joo et
al., 2021; Qasim et al., 2022; Reyes et al., 2021).

Front contact Work Function (eV)
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Fig. 8. The effect of work function (WF) of different contacts (the back and the front contacts) on the PCE of
planar PSCs.

The PCE of our simulated solar cell with varying back contact is shown in Fig. 8. The increasing WF of
metals up to a value of ~ 4.75 eV increases the PSC performance, then saturates at 5.0 eV. This could be
attributed to the MAPDI3 WF (-5.46 eV), which saturates the efficiency due to the alignment of the HTL WF

and the valence band of the absorber layer. With the use of a high metal WF, the Fermi level energy decreases
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due to the band bending at the metal-semiconductor interface, which makes the contact more ohmic and the

type of contact we attempt to achieve in PSC (Behrouznejad et al., 2016).

Fig. 8. demonstrates that the Au, Ni, Se, and RGO electrodes offer a similar and higher PCE compared to
the Ag and Cu electrodes. As a result, we have chosen the RGO instead of back contacts due to its low cost,
high conductivity and emissivity, and good stability (Makableh et al., 2020; Zhang et al., 2021). Similarly,
for the front contact (see Fig. 8.), the PCE is unchanged until a WF value of 4.38 eV, then it decreases to a
higher WF value of 4.6 eV (i.e., the WF value of ITO). The efficiency reduction from 31.2% to 25.4% could
be explained by a front contact with a high WF leading to increasing the interface recombination as an
energy barrier prevents electron transfer into the front contact and the occurrence of inverted band bending,
which hinders charge transport and collection. Usually, to achieve an optimal PSC performance, choosing a
front contact with a WF slightly higher than the conduction band of PAL (MAPbIs, ~ 4.0 eV) is crucial,

which has a dominant impact on the solar cell performance.
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Fig. 9. J-V characteristic of the MAPDIs-based solar cell with the PV parameter. The inset shows a new
schematic design of n-i-p structure for PSC (AZO/SnO2/MAPbI3/Spiro OMeTED/RGO).

Therefore, after all these optimizations, we have chosen the RGO (WF of 5.72 eV) and AZO (WF of 4.19 eV),
which could be effective alternatives to replace Au and ITO. Using the optimum values of thickness and Nt
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and keeping the same real conditions, except the AZO transmittance (here is taken 90%), the proposed device
structure of AZO/SnO2/MAPbI3/Spiro OMeTED/RGO delivers an excellent efficiency of 31.26% with the
corresponding PV parameters of Jsc = 41.60 mA/cm?, Vo = 1.05 V, and FF = 71.29%. The relevant J-V
characteristics plot is displayed in Fig. 9, and importantly, the obtained PCE (31.26%) is closer to the
Shockley-Queisser limit (i.e., 33%) (Shockley and Queisser, 1961). Jiang et al. investigated the thermalization
study for nine different PSC structures using various front (ITO, FTO, AZO) and back contacts (Au, Ag,
RGO) using the COMSOL Multiphysics commercial package (Jiang et al., 2022). Their results exhibit that
the PSC containing AZO and RGO as the front and the back contacts reduced the maximum operating
temperature to 31.1 °C. Whereas, with other contacts such as Au and ITO, the operation temperature could

achieve 70°C, which reduces the performance of PSCs.

Table 2 summarizes experimental and theoretical works on PSCs employing AZO and RGO as the front and
the back contacts. Recently, W. Wang et al. experimental studies showed that the PSCs with a textured AZO
front contact device structure (AZO/SnO2/MAPDI3/Spiro OMeTAD/Au) offer an excellent PCE of ~ 18%
(Wang et al., 2023). Their results explain that the AZO-containing device efficiently suppresses the charge
recombination and decreases the energy barrier at the AZO/ETL interface, which smooths electron extraction
and, as a result, enhances the PV performance. In addition, S. Rawat et al. drift-diffusion SCAPS-1D
investigations using the AZO front contact with MASnPbls PAL-based PSCs offered PCE of 26% and 28%
(Rawat et al., 2023). Similarly, C. Zhang et al. experimental findings proved that the RGO back contact-based
PSCs (FTO/SnOz/perovskite/spiro-OMeTAD (HTL)/RGO) with and without HTL provide a good efficiency
of 16.8% and 12.6%, respectively (Zhang et al., 2021). Furthermore, their results also confirm that the
titanium-doped RGO (Ti-RGO) electrode-based PSCs further enhance the PCE from ~ 17% to ~ 20%.
Likewise, the RGO- MoS; nanocomposite and GO top electrode-based simulated PSCs
(ITO/CuSCN/MAPbI3/PCBM/RGO-MoS; and FTO/Sn0O./Cs2Ptls/M0o0Os/GO) provide ~ 20% and ~ 22% of
efficiency (Amjad et al., 2023; Safie et al., 2022). This present work, especially a proposed novel device
design (AZO/SnO2/MAPDbI3/Spiro OMeTED/RGO), delivers the highest PCE of 31.2% compared to the
published reports (Amjad et al., 2023; Dou et al., 2017; La Ferrara et al., 2017; Rawat et al., 2023a; Safie et
al., 2022; Sekar et al., 2022; Zhang et al., 2021).
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Table 2. Summary of the MAPDbIs PSCs reported in the literature.

Device structure Jsc Voc FF PCE Ref
(mA/cm?) | (V) | (%) | (%)
AZO/MASNPDI3/NIO 35.93 090 | 87.13 | 26.17 | Sim | (Rawat et
al., 2023)
AZO/ZnONWSs/FACsPbIBr3/ 16.10 0.64 | 47.00 | 04.90 | Exp (Sekar et
Spiro OMeTAD/Au al., 2022)
AZO/ZnONRs/MAPDI3/Spiro 16.00 0.80 | 53.00 | 07.00 | Exp | (LaFerrara
OMeTAD/Au etal., 2017)
AZO/SnO2/FAMACS/Spiro 21.99 0.99 | 55.70 | 12.20 | Exp | (Douetal.,
OMeTAD/MoO3/Al 2017)
AZO/SnO2/FAMACS/Spiro 19.40 1.10 | 69.90 | 15.00 | Exp (Barbé et
OMeTAD/Au al., 2019)
AZO/SnO2/MAPDI3/Spiro 23.70 1.04 | 70.00 | 17.60 | Exp (Wang et
OMeTAD/Au al., 2023)
AZO/MASNPDbI3/NIO 35.93 096 | 7897 | 2794 | Sim | (Rawat et
al., 2023)
FTO/SnO2/perovskite/spiro- 22.10 1.10 | 69.00 | 16.80
OMeTAD/RGO Exp (Zhang et
FTO/SnO>/perovskite/RGO 24.00 0.99 | 52.20 | 12.60 al., 2021)
ITO/CuSCN/MAPDI:/PCBM/ 25.26 1.16 | 67.15 | 19.68 | Sim | (Safieetal.,
RGO with MoS; 2022)
FTO/SnO,/Cs2Ptle/M003/GO 26.94 1.05 | 76.99 | 21.95 | Sim | (Amjad et
al., 2023)
AZO/SnO2/MAPDI3/Spiro 41.60 1.05 | 71.29 | 31.26* | Sim | This work
OMeTAD/RGO

5. Conclusion
This study has investigated the structural, morphological, and optical characteristics of the MAPbIs absorber.
The MAPDI3 film has a tetragonal structure, and the crystallites are preferentially oriented along the (110)
with an average size of around 50 nm. The deposited PAL appears continuous and without porosity, with a
thickness of 2.92 pm. The band gap (1.53 eV) and absorption coefficient (5x10%cm™) of the MAPbI;
absorber were extracted from the transmittance UV spectra, indicating a high absorption. Furthermore, based
on experimental findings, a theoretical study of MAPbIz-based planar PSC (i.e., ITO/SnO2/MAPbI3/Spiro-
OMeTAD/Au) is conducted utilizing drift-diffusion SCAPS-1D simulations. The simulated PSC
demonstrate a high efficiency of ~ 31.1% under real conditions. The simulations under real conditions
include band-to-band coefficients, parasitic resistances (series and shunt), and reflections to understand their
impact and the device physics. After considering all the real conditions, the cell's performance decreased
from 31.1% to 22.55%. Then, the real conditions-based simulated device performance is improved by
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optimizing the PAL thickness and N; from 22.55% to 23.17%. The optimum PAL thickness range and Nt
values are found to be at 2.3 pm to 4 um and 3x10'® cm3, respectively. In addition, the back and the front
contacts are varied to find the most effective solar cell structures, selecting RGO and AZO as effective
alternatives to replace Au and ITO. The final solar cell efficiency is enhanced to 31.26%, which is closer to
the Shockley-Queisser limit (33%).

In summary, this simulation results show that choosing suitable front and back electrodes efficiently helps
to maximize the light absorption and minimize the recombination losses at interfaces. The combination of

the experimental and the simulation studies advance the progress in MAPbIz-based PSC development.
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Highlights

Exploring of the structural, morphological, and optical characteristics of the MAPDI 3
absorber layer to obtain a deeper understanding of its essential characteristics, which
serve for theatrical study.

Theatrical study through SCAPS-1D of ITO/SnO2/MAPbI3/Spiro-OMeTAD/Au n-i-p
planar structure based on experimental investigation results.

Achieved remarkable performance in MAPDI3 PSCs by optimizing the front contact and
enhancing light absorption while reducing recombination losses.

The study reports a noteworthy solar cell efficiency of 31.26%, representing a significant
step forward in the development of high-efficiency solar energy devices.
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