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This research examines and analyses the solar cell performance of methylammonium 
lead triiodide (MAPbI3) perovskite solar cells (PSC) that utilize Polyaniline (PANI)-doped-
graphene oxide (GO) as HTL. Additionally, the study used the SCAPS-1D simulation 
software to model and analyze the experimental data. The simulated data generated 
by the SCAPS-1D software is afterward compared to the experimental findings. This 
comparison serves as a foundation for further optimization of the solar cell's 
performance. This study explicitly examined the impact of layer thickness and doping 
density on device performance in order to determine which parameters should be 
optimized to enhance overall performance. The SCAPS-1D simulation obtained a 
highest power conversion efficiency (PCE) of 15.37%. This work presented an improved 
efficiency of 40% from the experimental data. The findings of our study have the 
potential to be used in the prediction of key parameters for the optimization of 
perovskite solar cells (PSCs) using doped PANI/GO as a hole transport layer (HTL).  
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1. Introduction 
 

Graphene has garnered significant technical interest, particularly within the realm of 
nanotechnology, since 2004 [1,2]. A graphene sheet is a single layer of atoms organized in a 
hexagonal configuration, bound together by covalent bonds, resulting in exceptional mechanical 
strength [3,4]. After extensive investigation and scholarly inquiry spanning ten years, graphene has 
been substantiated as exhibiting a notable level of carrier mobility (specifically, 2 × 105 cm2/Vs for 
suspended graphene) when subjected to ambient temperatures. Additionally, it has been observed 
to possess exceptional transparency, with a light absorption rate of approximately 2.3% across a wide 
range of ultraviolet (UV) and visible wavelengths. Furthermore, graphene has been found to possess 
a high degree of thermal conductivity, and an elevated melting point of approximately 5000 K [5]. In 
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addition to this, the atom-layer arrangement of graphene sheets may also derive advantages from 
their substantial surface area and notable flexibility. The low-cost graphene technology is considered 
well-suited for various applications, including photovoltaic cells, chemical sensors, medical devices, 
photo-detectors [6-8], energy storage, and manufacturing roll-to-roll electronic devices.  

Graphene can potentially enhance charge injection and collection at the electrodes, resulting in 
increased power conversion efficiency and durability. Various methodologies were used to create a 
novel composite material known as HTL. The perovskite film deposited on graphene oxide (GO) 
exhibited superior film coverage and bigger crystal size compared to conventional poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) and indium tin oxide (ITO) without 
any further treatment. Moreover, the use of perovskite on a graphene oxide (GO) layer has been 
shown to exhibit a significant enhancement in carrier mobility inside the conducting channel, thus 
leading to improved carrier separation and Jsc. The use of a PSC device with a graphene oxide (GO) 
layer as the hole transport layer (HTL) resulted in a notable enhancement of the power conversion 
efficiency (PCE) by about 25.3% in comparison to the device using PEDOT:PSS [9].  

Additionally, the use of a graphene oxide (GO) layer with a greater density of acceptor sites and 
increased thickness may provide improved enhancements when combined with perovskite, thus 
leading to an increase in the power conversion efficiency (PCE). A comparative analysis was 
conducted between a recent study using reduced graphene oxide (r-GO) as a hole transport layer 
(HTL) and the conventional spiro-OMeTAD material. The transfer characteristics of perovskite solar 
cells (PSCs) indicate that Spiro-OMeTAD exhibits a higher power conversion efficiency (PCE) primarily 
as a result of the presence of both types of graphene oxide (GO) layers. Moreover, no statistical 
disparity is seen in the device efficiency between spin-coated and sprayed GO-based PSCs. 
Nevertheless, the efficiency of perovskite solar cells (PSCs), including Spiro-OMeTAD, saw a 
significant decline of 41% after a duration of 1987 hours, mainly attributed to the poor stability of 
Spiro-OMeTAD. Meanwhile, it was shown that perovskite solar cells (PSCs), including graphene oxide 
(GO), exhibited notable stability and a noteworthy enhancement in power conversion efficiency 
(PCE). Specifically, the PCE improved from 4.87% to 6.62%, representing a 36% gain in efficiency. This 
improvement may be attributed to the superior suppression of photo-generated carrier 
recombination at the GO layer compared to Spiro-OMeTAD, as reported by Palma et al., [10]. 

Apart from being applied for HTL, graphene may also be utilized as the contact electrode in 
perovskite solar cells (PSC) owing to its tunable conductivity, high carrier mobility, and transparency. 
Photovoltaic solar cells (PSCs) that are in touch with a graphene electrode have the potential to 
receive light from both sides. According to a recent study conducted by You et al., [11], the transfer 
of chemically vapor deposition (CVD)-synthesized graphene was facilitated by using a layer of 
polymethyl methacrylate (PMMA) on top of a thin film of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). This approach was shown to be 
effective in modulating the conductivity of the graphene electrodes. The photovoltaic cells (PSCs) in 
question, including two-layer graphene electrodes, have a power conversion efficiency (PCE) of 
12.02% when illuminated from the FTO side and 11.65% when illuminated from the graphene side. 
A recent study done by Kang et al., [12] investigated a graphene-contacting perovskite solar cell (PSC) 
configuration, where reduced graphene oxide (r-GO) was deposited on the top electrode and also 
served as the hole transport layer (HTL). The results suggest that graphene has the potential to serve 
as a viable alternative to traditional Spiro-MeOTAD-based perovskite solar cells (PSCs), although 
exhibiting a slightly reduced fill factor. 

Polyaniline (PANI) is considered a promising option for photovoltaic devices due to its desirable 
characteristics, including high conductivity, environmental stability, affordability, ease of synthesis, 
high purity, transparency in thin films, and excellent processability [13]. These features make 
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polyaniline well-suited for application in perovskite solar cells. In previous work reported by Habib et 
al., [14], they achieved a PCE of 9.24% utilising doped PANI/GO as HTL. This modified cell exhibits 
enhanced efficiency compared to the pristine GO PSC. In a separate study conducted by Mabrouk et 
al., [15], a notable advancement was achieved in the performance of inverted PSCs. Using a mixed 
dopant of graphene oxide (GO) and polyaniline (PANI), the researchers attained a significantly 
enhanced efficiency of 18.12%. Moreover, this modified cell exhibited superior stability to the 
conventional PEDOT:PSS cell. 

The use of device simulations proves advantageous in the examination of different characteristics 
associated with each perovskite solar cell (PSC) layer. This practice serves as a preliminary guide prior 
to the fabrication procedure, aiming to enhance the performance of cell efficiency and minimize the 
expenses incurred during fabrication. In this study, a numerical analysis has been conducted to 
evaluate and examine many important parameters, including VOC, JSC, FF, and PCE. 

This work study the performance of each layer, including the electron transport layer (ETL), 
absorber layer, and hole transport layer (HTL). These layers are optimized by the examination of 
many factors, including thickness and doping density. The numerical study was conducted using a 
SCAPS-1D software operating under AM1.5G illumination conditions. 
 
2. Methodology  
 

This section explains and provides the implementation method and data gathered using 
simulation to obtain and attain the required project objectives. SCAPS-1D simulation software is 
employed to design and simulate the devices by using a lead-based absorber layer, MAPbI3, doped 
PANI/GO as HTL and PCBM as ETL. SCAPS-1D used in this study for studies the effect of HTL, ETL and 
absorber layer thickness, and doping density on the main electrical parameters of the PSC. The 
performance is analysed through the J-V characteristics that have been obtained. 
 
2.1 Device Simulation 
 

SCAPS-1D is a solar cell modelling or simulation program created at Gent University. The program 
has the capability to replicate the operational characteristics of multilayer solar cells [16,17]. The 
solar cell parameters can be attained by solving the fundamental equations that describe the charge 
transport in semiconductors, which are presented below [18]. Poisson equation: 
 
𝑑𝐸

𝑑𝑥
=  −

𝑑2𝛹

𝑑𝑥2 =  
𝑞

𝜀
 [𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐷
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where E is the electric field, q is the electron charge, Ψ is the electrostatic potential, ε is the dielectric 
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density of the ionized acceptors (donors), nt (pt) is the trapped electron (hole), and x is the position 
coordinate. The following are the continuity equations for holes Eq. (2) and Eq. (3) electrons [18]: 
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where Gn represents electron generation rates, Gp represents hole generation rates, Dn represents 
electron diffusion coefficients, and Dp represents hole diffusion coefficients. 

In this study, the simulation was first conducted in line with the device design, as reported by 
Habib et al., [14]. The PSC simulation consists of five layers: FTO, ETL (PCBM), absorber layer (MaPbI3), 
HTL (doped PANI/GO), and back contact (Ag), as shown in Figure 1. However, in this study, the solar 
cell structure was simulated in conventional structure compared to the experimental paper (inverted 
structure of PSC). The performance of PSC is analysed based on the value parameter of the resulting 
efficiency (PCE%) with different layer thicknesses and doping densities. The numerical study was 
conducted using a SCAPS-1D software operating under AM1.5G illumination conditions. The overall 
SCAPS input and basic parameters of each material are referred to in the previous works, as displayed 
in Tables 1, 2, and 3. 

 

 
Fig. 1. The structure of PSC 

 
Table 1 
Input parameters of the component in device modelling of PSC 
Parameters PCBM [19] MAPbI3 [20] Doped PANI/GO [20,21] 

Layer thickness, d (nm) 10 (varies) 1500 (varies) 500 (varies) 
Bandgap energy, Eg (eV) 2.1 1.58 2.76 [12] 
Electron affinity, (eV) 3.9 3.9 2.02 
Dielectric permittivity, ε (relative) 3.9 10 10 
Conduction band density of states, NC (cm-3) 2.2×1019 2.2×1018 2.2×1018 
Valence band density of states, NV (cm-3) 2.2×1019 1.0×1019 1.8×1019 
Electron thermal velocity, Vc (cm/s) 1.0×107 1.0×107 1.0×107 
Hole thermal velocity, Vh (cm/s) 1.0×107 1.0×107 1.0×107 
Electron mobility, μe (cm2/Vs) 0.001 2.2 26 [18] 
Hole mobility, μp (cm2/Vs) 0.002 2.2 36.2 [12] 
Density of donor, ND (cm-3) 1.0×1018 NA NA 

Density of acceptor, NA (cm-3) NA 1.0×1017 2.0×1017 

 
Table 2 
Input parameters of the interface layer of PSC 
Parameters GO/MAPbI3 MAPbI3/PCBM 

Defect type Neutral Neutral 
Capture cross section electrons (cm2) 1.0×10-19 1.0×10-15 
Capture cross section holes (cm2) 1.0×10-19 1.0×10-15 
Energetic distribution Single Single 
Reference for defect energy level (Et) Above the highest EV Above the highest EV 
Energy with respect to reference (eV) 0.60 0.60 
Total density (integrated over all energies) (cm-2) 1.0×1010 1.0×1012 
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Table 3 
Input parameters of front and back contact 
Parameters FTO [22] Ag [23] 

Surface recombination velocity of electrons (cm/s) 1.0×107 1.0×105 
Surface recombination velocity of holes (cm/s) 1.0×105 1.0×107 
Metal work function (Ev) 4.4 4.74 

 
3. Results  
 

This section will discuss the result obtained and the theory related to the work study that had 
been performed successfully. Different parameters are observed and measured to obtain better 
performance and best cell efficiency. Initially, the comparison of initial simulation and experimental 
has been committed to demonstrate the effectiveness of our simulation study. Next, the crucial 
process, which is to obtain an optimum parameter for the PSC component, has been carried out. In 
this study, the open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF) and power 
conversion efficiency (PCE) of the solar cell were considered to be recorded and analysed from the J-
V curve obtained. The optimum value of the parameter obtained was used for the following process 
to find the maximum efficiency of doped PANI/GO-based PSC with the influence of Ag as a back 
contact. 
 
3.1 The Comparison of Initial Simulation and Experimental 
 

The findings have been compared to the experimental findings presented by Habib et al., [14] 
allowing us to illustrate the efficacy of our simulation study. Table 4 presents a comparative analysis 
highlighting the outcomes obtained from simulation and experimental data. The modelling study was 
carried out utilizing the first parameters outlined in Tables 1, 2, and 3. The outcome of the analysis 
demonstrated the performance of the perovskite solar cells (PSCs) with a short-circuit current density 
(JSC) of 21.4025 mA/cm2, an open-circuit voltage (VOC) of 0.6377 V, a fill factor (FF) of 66.26%, and a 
power conversion efficiency (PCE) of 9.04%. The findings exhibit a strong correspondence, indicating 
the successful validation of our simulation. The findings of this study indicate that there is no 
statistically significant difference between the simulated and experimental values.  
 

Table 4 
Comparison of initial simulation and experimental 
Solar Cell Method VOC (V) JSC (mA/cm2) FF (%) PCE (%) Ref. 

Inverted PSC Experimental 0.52 21.23 67 9.24 [14] 
Conventional PSC Simulation 0.6377 21.4025 66.26 9.04 This work 

 
3.2 Effect of PCBM Thickness and Doping Donor Density 
 

The ETL, or electron transport layer, plays a vital role in the process of charge movement and 
collection inside the PSC. Additionally, it effectively inhibits the recombination of electrons and holes 
at the interface [24]. Hence, this research endeavour examined several characteristics associated 
with the ETL that have an impact on the efficiency of PSCs (Perovskite Solar Cells). These parameters 
included ETL thickness and doping density. 

The effect of thickness is measured by varying the layer thickness of PCBM from a range of 10 nm 
to 100 nm. Figure 2 illustrates the graph analysis based on the different layer thickness of PCBM. 
According to the data shown in Figure 2, the simulation results indicate a reduction in the VOC and 
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JSC, while the fill factor shows an increase, when the thickness of the PCBM layer increases from 10 
nm to 100 nm. Next, based on graph PCE, it shows that the increase in the layer thickness of PCBM 
resulted in decreases in efficiency. This is because a thick ETL might have a variety of effects. For 
instance, electron transport is limited to FTO. Second, it boosts the rate of recombination, which 
lowers the open-circuit voltage. Third, it increases the series resistance of the device, which reduces 
the fill factor and the efficiency of the solar cells. Electrons must travel a greater distance to reach 
the top electrode, FTO, as the thickness of the layer increases. Because of the long path length, 
electrons are more likely to recombine with minority carriers (holes). As a result, the drop in solar 
cell efficiency is mainly attributable to a decrease in fill factor resulting from increasing series 
resistance [25]. 

In this study, the doping donor density (ND) value varied from 1015 cm-3 to 1020 cm-3. The graph 
displays that VOC and JSC have a similar trend in which the value decreases at a certain point and starts 
to increase until reaching a value of 1020 cm-3. Figure 3 shows that the efficiency increases when 
increase the doping density. This is because as the doping density of a solar cell increases, the series 
of resistance of the cell decreases. Conversely, when the doping density of a solar cell is increased, 
the series resistance is reduced, resulting in a considerable improvement in the fill factor [26].  
 

 

 

 
Fig. 2. The variation of PCBM thickness on PV 
parameters of simulated PSC 

 Fig. 3. The variation of PCBM doping donor       
density on PV parameters of simulated PSC 

 
3.3 Effect of MAPbI3 Thickness and Doping Acceptor Density 
 

The absorber layer of PSC is made of perovskite. The layer is of significant importance in the 
context of its high light absorption capacity since it directly impacts the performance of perovskite 
solar cells (PSCs). In the field of PSCs, lead-based perovskites are commonly used as absorber layer. 
They are high-performance photovoltaic materials known for their wide bandgap, high absorption 
coefficient, low exciton binding energy, and high carrier mobility [27-30]. Moreover, the potential 
commercialization of perovskite solar cells (PSCs) is encouraging, primarily attributed to the 
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utilization of perovskite materials. This is mainly owing to their cost-effectiveness and diverse 
deposition processes, which enable the formation of superior-quality thin films throughout the 
manufacturing process. In order to get a high-power conversion efficiency (PSC), the perovskite layer 
is systematically optimized by considering two factors: the thickness and the doping acceptor density. 
The thickness of absorber layer is one of the crucial parameters in determining the performance of 
PSC. Initially, the thickness of absorber layer was varied in the range of 100 nm to 1000 nm, to observe 
the trend of the efficiency of PSC first. Next, further analysis was done to obtain the maximum 
efficiency of solar cells that can be achieved by an optimum thickness of absorber layer.  

Figure 4 illustrates a notable increase in both VOC and JSC when the thickness of the perovskite 
layer is increased. Typically, a decrease in the thickness of the perovskite layer leads to a reduction 
in light absorption and the formation of excitons, hence impacting the JSC. In instances when the 
thickness is substantial, a portion of the charge carriers undergo recombination prior to their 
departure from the surface [31]. The increase in perovskite thickness resulted in a rise in JSC, which 
may be attributed to the enhanced absorption of photons with longer wavelengths inside the thicker 
perovskite layer. According to the results shown in Figure 4, the fill factor (FF) exhibited a decline 
from 76.02% to 73.33% when the thickness of the perovskite layer was increased. 

Next, the obtained findings proved that the thickness of the perovskite layer did affect the 
efficiency of PSC. The power conversion efficiency (PCE) enhanced from 6.97% to 15.37% when the 
thickness of the perovskite layer was extended to 700 nm. However, the PCE showed only a marginal 
improvement beyond the 800 nm mark. The risk of charge recombination rises with increasing 
absorber layer thickness because a more extended diffusion means a greater distance travelled by 
the charge [23]. Inadequate light absorption likely causes less electron-hole pair production, leading 
to reduced PCE when the absorber layer is thinner [23]. Moreover, the rise in PCE is due to the charge 
carrier's diffusion length being larger than the absorber's thickness, resulting in most of the charge 
carriers getting to the electrode. Overmuch thickness, on the other hand, increases recombination 
because it creates a longer route for the charge carriers generated by photogeneration to travel [22]. 
The performance of the PSC is affected not only by the thickness of the perovskite layer, but also by 
the doping acceptor concentration in the perovskite layer. In this study, the value of doping acceptor 
density was varied from 1×1015 cm-3 to 1×1020 cm-3.  

Figure 5 demonstrates that as the acceptor density grows, the open-circuit voltage (VOC) exhibits 
an upward trend while the short-circuit current (JSC) experiences a decline. The reduction in 
conductivity of the PSC is attributed to the presence of a smaller depletion area, resulting in less 
carrier collection [31-33]. The graph also demonstrates that the open-circuit voltage (VOC) is 
contingent upon the doping density, owing to the escalation of the saturation current with increasing 
doping density. Subsequently, the fill factor and power conversion efficiency (PCE) display a closely 
aligned trajectory, demonstrating a steady fall until reaching a value of 1020 cm-3.  
 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 25, Issue 1 (2024) 39-51 

46 
 

 

 

 
Fig. 4. The variation of MAPbI3 thickness on PV 
parameters of simulated PSC 

 Fig. 5. The variation of MAPbI3 doping 
acceptor density on PV parameters of 
simulated PSC 

 
3.4 Effect of Doped PANI/GO Thickness and Doping Acceptor Density 
 

The HTL is very crucial in PSC to enhance charge transportation and extraction [34,35]. A good 
HTL in high performance of solar cell should accept the holes from the light absorber efficiently, 
operate rapid transportation, and hole (HTL)-electron (ETL) recombination can be suppressed as 
much as possible. Furthermore, aligning the energy level of the hole transport material (HTM) with 
that of the absorber layer is essential. This alignment enhances the efficient transmission of holes 
and prevents the migration of photo-generated electrons towards the opposing electrodes [36]. To 
attain a high-power conversion efficiency (PSC), the optimization of the hole transport layer is 
conducted methodically, taking into account two key factors: the thickness of the layer and the 
density of the doping acceptors. 

The effect of thickness is measured by varying the layer thickness of doped PANI/GO from a range 
of 100 nm to 1000 nm. The HTL facilitates the transport of holes from the absorber layer to the 
electrode, establishing a barrier that separates the absorber layer from the electrode. When the 
thickness of the hole transport layer (HTL) exceeds a certain threshold, the series resistance 
experiences an increase, hence impeding the efficient transportation of holes to the electrode [31]. 

On the other hand, in the event that the HTL has a thin structure, it may fail to provide an 
adequate amount of spacing between these layers. Recombination at the interface of the perovskite 
layer and electrode may occur as a consequence [31,20]. The Figure 6 shows that the photovoltaic 
characteristics remained unaltered. Only JSC and fill factor increased slightly from 23.79648 mA/cm2 
to 23.79809 mA/cm2 and 73.55% to 73.56%, respectively, as the thickness grew from 100 nm to 1000 
nm. In general, the observed differences in the thickness of doped PANI/GO resulted in a marginal 
enhancement of the PCE, as seen in Figure 6. 
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Generally, doping density happens at the HTL where, both has density of acceptor, NA. In this 
study, doping at HTL layer was varied with a range from 1×1015 cm-3 to 1×1020 cm-3. Figure 7 illustrates 
that an increase in acceptor density leads to an increasing trend in the open-circuit voltage (VOC), 
whereas the short-circuit current (JSC) shows a decrease. The decrease in conductivity of the PSC may 
be explained by the existence of a diminished depletion region, leading to a reduced collection of 
carriers. Based on Figure 7, the highest efficiency of PSC obtained is at doping acceptor density of 
1×1020 cm-3 while doping acceptor density that produced the lowest performance of PSC is 1×1015 
cm-3. Thus, it can be said that the efficiency of solar cells increases along with the increase of doping 
acceptor density of doped PANI/GO. This is because as HTL acceptor doping concentration increases, 
the resistivity of HTL is reduced. Hence, the current in a solar cell will be enhanced and caused the 
efficiency to increase. Thus, by increasing the doping acceptor density, the enhancement of the 
conductivity of the device will increase too. However, if the doping continues to increase to a certain 
extent, it will cause a Moss-Burstein effect due to heavy doping. This will eventually impede the 
performance of solar cells as an additional recombination center was created [23]. 
 

 

 

 
Fig. 6. The variation of doped PANI/GO thickness on 
PV parameters of simulated PSC 

 Fig. 7. The variation of doped PANI/GO doping     
density on PV parameters of simulated PSC 

 
3.5 Optimized Device Performance 
 

By simulating the solar cell structure in SCAPS-1D software, the optimized value for both 
parameters, thickness and doping density were obtained (Table 5). In the process of device 
manufacture, potential cost reduction benefits are associated with lowering the thickness of ETL, 
perovskite and HTL. Therefore, we chose a thickness of 20 nm for the electron transport layer (ETL), 
700 nm for the perovskite layer and 100 nm for the hole transport layer (HTL) as the optimum value. 
A doping concentration of 1×1019 cm-3, 1×1015 cm-3 and 2×1019 cm-3 were chosen for ETL, perovskite 
and HTL, respectively. 
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The J-V graph comparison is plotted in Figure 8. The photovoltaic device with an optimized 
structure of perovskite solar cells (PSCs) using doped PANI/GO as the hole transport layer (HTL) 
demonstrates a VOC of 0.8782 V, a JSC of 23.796476 mA/cm2, a fill factor of 73.55%, and a PCE of 
15.37%. This work presented an improved efficiency of 40% from the experimental data. The 
simulation findings demonstrate the importance of hole transport layers (HTLs) in facilitating charge 
extraction. Based on the findings of the optimized outcomes, it has been empirically shown that 
doped PANI/GO has promise as a viable hole transport layer (HTL) in perovskite solar cells (PSCs). 

 
Table 5 
Optimized device performance 
Parameters PCBM MAPbI3 Doped PANI/GO 

Layer thickness, d (nm) 20 700 100 
Doping density (cm-3) 1.0×1019 1.0×1015 2.0×1019 

 

 
Fig. 8. J-V graph of PSC device for initial simulation, 
experimental and optimized device 

 
4. Conclusions 
 

This study provides a comparative analysis of experimental observations and SCAPS-1D 
simulations of perovskite solar cells using doped PANI/GO as HTL. The performance of PSCs is 
affected by many factors, including the thickness and doping densities of the ETL, perovskite and HTL 
layers. These parameters were thoroughly examined due to their substantial impact on the device's 
performance. After conducting optimizations, it was shown that the use of PSC with doped PANI/GO 
as the hole transport layer (HTL) resulted in the attainment of optimal performance. The achieved 
values were a VOC of 0.8782 V, a JSC of 23.796476 mA/cm2, a fill factor of 73.55%, and a PCE of 15.37%. 
This work presented an improved efficiency of 40% from the experimental data. The findings 
demonstrated in this study can potentially be used in developing more affordable PSCs with 
improved performance. 
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