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A B S T R A C T   

Photovoltaic technology has been widely recognized as a means to advance green energy solu-
tions in the sub-Saharan region. In the real-time operation of solar modules, temperature plays a 
crucial role, making it necessary to evaluate the thermal impact on the performance of the solar 
devices, especially in high-insolation environments. Hence, this paper investigates the effect of 
operating temperature on the performance of two types of organometallic halide perovskites 
(OHP) - formamidinium tin iodide (FASnI3) and methylammonium lead iodide (MAPbI3). The 
solar cells were evaluated under a typical Nigerian climate in two different cities before and after 
graphene passivation. Using a one-dimensional solar capacitance simulation software (SCAPS-1D) 
program, the simulation results show that graphene passivation improved the conversion effi-
ciency of the solar cells by 0.51 % (FASnI3 device) and 3.11 % (MAPbI3 device). The presence of 
graphene played a vital role in resisting charge recombination and metal diffusion, which are 
responsible for the losses in OHP. Thermal analysis revealed that the MAPbI3 device exhibited an 
increased fill factor (FF) in the temperature range of 20–64 ◦C, increasing the power conversion 
efficiency (PCE). This ensured that the MAPbI3 solar cell performed better in the city and the 
season with harsher thermal conditions (Kaduna, dry season). Thus, MAPbI3 solar cells can thrive 
excellently in environments where the operating temperature is below 65 ◦C. Overall, this study 
shows that the application of OHP devices in sub-Saharan climatic conditions is empirically 
possible with the right material modification.   
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1. Introduction 

The global shift towards renewable energy as a means of reducing the total reliance on fossil fuels is gaining momentum. Despite 
the abundance of solar energy, sub-Saharan Africa is known for its harsh climate, which can affect the overall performance of solar cells 
[1]. Nigeria, located in sub-Saharan Africa, has typical sub-Saharan climatic conditions with seasonal variations. The rainy season 
brings heavy rainfall, while the dry season is characterized by high seasonal temperatures. The northern region has a Sahel climate 
with low rainfall and long, dry, and hot periods. The average temperature in this region is over 27 ◦C. Conversely, the southern 
equatorial region has a rainforest climate with heavy rainfall and a consistent temperature range between 24 and 27 ◦C [2]. 

Table 1 
The input parameters for the FASnI3 device simulation [19,20].  

Parameters FTO ETL FASnI3 Graphene HTL 

d (μm) 0.3 0.03 0.4 0.1 0.2 
Eg (eV) 3.5 2.1 1.41 2.48 2.91 
χ (eV) 4.1 3.9 3.52 2.3 2.2 
Ɛr 9.5 3.9 8.2 7.1 3.0 
NC (cm− 3) 2.20 × 1018 2.20 × 1019 1.0 × 1018 2.2 × 1018 2.2 × 1018 

NV (cm− 3) 1.80 × 1019 2.2 × 1019 1.0 × 1018 1.0 × 1019 1.9 × 1019 

Vn (cm s− 1) 1 × 107 1.0 × 107 1.0 × 107 5.2 × 107 1.0 × 107 

Vp (cm s− 1) 1 × 107 1.0 × 107 1.0 × 107 5.0 × 107 1.0 × 107 

μn (cm2 V− 1s− 1) 50 1.0 × 10− 3 22 10 2.0 × 10− 4 

μp (cm2 V− 1s− 1) 70 2.0 × 10− 3 22 10 2.0 × 10− 4 

ND (cm− 3) 1.0 × 1019 1.0 × 1018 0 0 0 
NA (cm− 3) 0 0 7.0 × 1016 9.0 × 1021 1.0 × 1019 

Nt (cm− 3) 1.0 × 1015 1.0 × 1015 2.0 × 1015 1.0 × 1015 1.0 × 1015  

Table 2 
The interface defects parameters for FASnI3 device simulation.  

Parameters ETL/FASnI3 FASnI3/Graphene Graphene/HTL 

Type of defect Neutral Neutral Neutral 
Total density (cm− 3) 2.30 × 1010 1.0 × 109 2.30 × 1010 

Capture cross-section of electrons (cm2) 3.20 × 10− 18 1.0 × 10− 19 3.20 × 10− 18 

Capture cross-section of holes (cm2) 3.20 × 10− 18 1.0 × 10− 19 3.20 × 10− 18 

Reference energy (eV) 1.30 0.6 1.30  

Table 3 
The input parameters for the MAPbI3 device simulation [21].  

Parameters FTO ETL MAPbI3 Graphene HTL 

d (μm) 0.4 0.05 0.45 0.05 0.12 
Eg (eV) 3.5 3.2 1.55 1.80 3.0 
χ (eV) 4.0 4.2 3.9 3.92 2.45 
Ɛr 9.0 10.0 6.5 10 3.0 
NC (cm− 3) 2.2 × 1018 2.20 × 1018 2.2 × 1018 1.0 × 1021 2.25 × 1018 

NV (cm− 3) 2.2 × 1018 2.2 × 1018 2.2 × 1018 1.0 × 1021 1.8 × 1019 

Ve (cm s− 1) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 

Vh (cm s− 1) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 

μn (cm2 V− 1s− 1) 20 20 2 1.0 × 109 2.0 × 10− 4 

μp (cm2 V− 1s− 1) 10 10 2 10 2.0 × 10− 4 

ND (cm− 3) 1.0 × 1019 1.0 × 1017 0 0 0 
NA (cm− 3) 0 0 1.0 × 1015 9.0 × 1021 1.0 × 1018 

Nt (cm− 3) 1.0 × 1015 1.0 × 1015 1.0 × 1014 1.0 × 1015 1.0 × 1015  

Table 4 
The interface defects parameters for MAPbI3 device simulation.  

Parameters ETL/MAPbI3 MAPbI3/Graphene Graphene/HTL 

Type of defect Neutral Neutral Neutral 
Total density (cm− 3) 1.0 × 10− 10 1.0 × 10− 10 1.0 × 10− 10 

Capture cross-section of electrons (cm2) 1.0 × 10− 19 1.0 × 10− 19 1.0 × 10− 19 

Capture cross-section of holes (cm2) 1.0 × 10− 18 1.0 × 10− 18 1.0 × 10− 18 

Reference energy (eV) 0.6 0.6 0.6  
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With unrestricted access to solar energy, this part of the world is ripe for a comprehensive transition to solar power industriali-
zation, thereby providing a practical solution to the unstable power generation and transmission that is hampering economic growth in 
this region [3]. However, to adopt a solar power-driven economy, the impact of the local climatic conditions on the solar technology 
used in this environment must be considered. The performance of a photovoltaic device is significantly affected by its operating 

Fig. 1. Schematic diagram of the OHP showing the n-i-p (planar) structure (a) without a graphene interlayer and (b) with a graphene interlayer.  

Fig. 2. J-V curves of (a) FASnI3 device with and without a graphene interlayer, and (b) MAPbI3 device with and without a graphene interlayer.  

Fig. 3. QE with respect to wavelength for (a) FASnI3 device with and without a graphene interlayer, and (b) MAPbI3 device with and without a 
graphene interlayer. 
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temperature. Since solar panels are usually installed outdoors, they often operate at temperatures above 27 ◦C. Studies have shown that 
elevated temperatures can lead to increased strain and stress on structures, which in turn leads to increased interfacial defects, dis-
order, and impaired layer interconnectivity [4]. A study by Ogbomo et al. [5] indicates that in a typical Nigerian climate, the cell 
temperature of a solar module, together with other module performance factors, can reach up to 90 ◦C, adversely affecting the power 
output (PO) and power conversion efficiency. In other words, the high operating temperatures can be expected to evaluate the per-
formance and stability of solar modules deployed in these climate conditions. 

Organometallic halide perovskites (OHP) have emerged as a promising material for highly efficient and cost-effective solar cells, 
leading to affordable and optimizable photovoltaic technologies. With these advantages, it seems likely that this technology will soon 
be widely used, especially in energy-deprived areas. However, the performance and stability of these solar cells are still thermally 
challenged under conventional operating conditions, which has limited their commercial viability [6]. The photoactive layer of a 
typical OHP is overly sensitive to the heat generated by the partial conversion of absorbed photon energy, affecting the charge 
generation, transport, and carrier transport, which ultimately impacts the power output of the solar cell [7–12]. 

The use of structurally stable materials is one way to overcome challenges in the design and optimization of different layers in an 
OHP. Pb-based as well as Pb-free methyl ammonium (MA) and formamidinium (FA) solar cells continue to be extensively studied as the 
ideal OHP absorber materials [13]. This is because, with proper material modification and optimization, these types of OHP can 
potentially overcome their current stability and efficiency limitations in the bid to achieve commercialization [14]. In addition to the 
absorber layer, the presence of an electron transport layer (ETL) is just as important as that of a hole transport layer (HTL) for efficient 
charge extraction from the valence band. Therefore, several factors need to be considered when choosing the material for electron and 
hole transport, such as mobility, functional lifespan, and appropriate band gap energy levels. Depending on the materials used, the 
OHP can exhibit thermal instability, defects, recombination, and inhibition of charge collection [4]. This has led to various techniques 
being utilized to enhance the efficiency and durability of OHP. This includes the modifications to the electrodes and perovskite layer 
surfaces, as well as the incorporation of graphene interlayer into the device layers. Among these approaches, the integration of gra-
phene materials has attracted great interest due to their advantageous mechanical and optoelectronic properties [15]. Consequently, 
graphene and its derivatives have been utilized to serve as transparent conducting oxide, ETL, HTL, back contact, and interlayer in 
various OHP interfaces. These graphene-modified OHP are expected to improve in performance and durability under real-time 

Fig. 4. Energy profile of (a) FASnI3 device with a graphene interlayer (b) FASnI3 device without a graphene interlayer, (c) MAPbI3 device with a 
graphene interlayer, and (d) MAPbI3 device without a graphene interlayer. 
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practical conditions [16]. 
Therefore, in this paper, a thermal analysis of the electrical performance of OHP, before and after interface modification, is per-

formed under typical sub-Saharan climate conditions. The performance of lead-free and lead-based OHP solar cells, namely for-
mamidinium tin triiodide (FASnI3) and methylammonium lead triiodide (MAPbI3), before and after the introduction of a graphene 
interlayer at different operating temperatures is systematically compared. The FASnI3 solar cell consists of an all-organic charge 
transport layers (CTL) with a planar n-i-p configuration with phenyl-C61-butyric acid methyl ester (PCBM) and 2,2′,7,7′-Tetrakis[N,N- 
di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-OMeTAD) as ETL and HTL, respectively. In the MAPbI3 solar cell, which has a 
similar configuration, PCBM is replaced with TiO2. The modification of the two OHP solar cells at the HTL/absorber interlayer was 
necessary to limit the factors contributing to the defects in the overall performance of the OHP. The graphene interlayer serves as a 
passivate-charge transport layer (p-CTL), improving charge extraction and reducing recombination [16,17]. The analysis was per-
formed using SCAPS-1D software. To the best of the authors’ knowledge, most thermal analyses of solar cells on SCAPS-1D reported in 
the literature are based on the assumption of a temperature range. However, in this study, a transient thermal model was used to 
determine the varying operating temperatures of the solar cells under two different seasonal conditions in Nigeria. The performance of 
the two OHP under these thermal conditions is compared and discussed. This provides valuable insights and recommendations for their 
application in a typical sub-Saharan climate setting. 

2. Simulation parameters 

The following tables (Tables 1–4) show the parameter values used in the OHP simulation performed with SCAPS-1D, under a 1.5G 
A.M. sunlight beam. The parameters include the layer thickness (d), electron affinity (χ), band gap energy (Eg), donor impurity 
concentration (ND), acceptor impurity concentration (NA), permittivity coefficient (Ɛr), hole mobility (μp), electron mobility (μn), 

Fig. 5. Variations in Voc of the OHP devices (with and without graphene) with operating temperature as recorded in Kaduna. (a) FASnI3 device, and 
(b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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electron thermal velocity (Vn), hole thermal velocity (Vp), effective density of conduction band (NC), effective density of valence band 
(NV), and the defect density (Nt). The front electrode work function is 4.1 eV for the FASnI3 device and 4.4 eV for the MAPbI3 device, 
while the back electrode work function is 5.1 eV for both solar cells. The simulation was performed under A.M. 1.5G spectrum (1000 
W/m2) illumination. Temperature, frequency, and scanning voltage were set to 300 K, 1 × 1016 Hz, and 0–1.30 V, respectively. 
Without the separation of photo-generated electron-hole pairs (excitons), recombination and energy dissipation occur. Consequently, 
the overall efficiency of the solar cell is impaired [18]. The modeling defects for SCAPS-1D can be configured as bulk or interface 
defects. In this modeling, both the bulk defects in each of the solar cell layers and the interface defects between active and buffer layers 
were used. This helps to create a more realistic device. The interface defects introduced in the simulation are shown in Tables 2 and 4 

3. Method and models 

The solar cells investigated are simulated in the SCAPS-1D software (version 3.3.10). SCAPS-1D is based on the fundamental theory 
for solving the basic semiconductor equations that characterize gradation defects, recombination, and generation in solar cells [22]. 
These equations are partial differential equations that are difficult to solve directly using conventional methods. The numerical so-
lutions of these equations are determined with the help of numerical calculations by simulation. SCAPS-1D was chosen to emulate the 
OHP devices because it has an easy-to-use operating window and, once all parameters are set, operates exactly like the real-life solar 
cell counterpart. With this method, the energy band gap and other performance parameters of a solar cell, such as the power con-
version efficiency (PCE), fill factor (FF), short-circuit current density (Jsc), and open-circuit voltage (Voc), can be easily predicted by 
solving these three basic semiconductor equations (Equations (1)–(3)) [23]: 

δpn

δt
=Gp −

Pn − Pn0

τp
− Pnμp

δE
δx

− μpE
δpn

δx
+ Dp

δ2pn

δx2 (1) 

Fig. 6. Variations in Voc of the OHP devices (with and without graphene) with operating temperature as recorded in Owerri. (a) FASnI3 device, and 
(b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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δ2np

δx2 (2)  

δ
δx

(
− ε(x) δψ

δx

)
= q

[
p(x) − n(x)+N+

d (x) − N −
a (x)+ pt(x) − nt(x)

]
(3)  

where N−
d (x) and N+

a (x) are the ionized donor/acceptor doping concentrations, respectively. The hole and electron mobility are 
denoted as μp and μn respectively. pt(x) represents the trapped holes, p(x) are the free holes, and n(x) are the free electrons with respect 
to the direction of the charges, x. Others are the electron charge, q, permittivity, ε, the electron diffusion coefficient, D, the rate of 
generation, G, the electric force field, E, and the electrostatic potential, ψ . 

This procedure was used to simulate two solar cells, namely FASnI3 and MAPbI3 solar cells with the design structure presented in 
previous works [19,21] as shown in Fig. 1a. The FASnI3 solar cell is a planar n-i-p structure comprising a glass + SnO2:F/PC61BM/HC 
(NH2)2SnI3/Spiro-OMeTAD/Au architecture. A similar configuration was used for the MAPbI3 solar cell, which consists of glass +
SnO2:F/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au. Although Spiro-OMeTAD is commonly used as HTL in OHP devices, the photodoping 
mechanisms of Spiro-OMeTAD can lead to photo-oxidation and degradation in solar cells [24]. Moreover, ion diffusion at the 
absorber/spiro-OMeTAD interface at elevated temperatures favors the reduction of hole conductivity of the HTL and the deterioration 
of the solar cell performance [25]. To address this concern, graphene derivatives, especially graphene oxides (GOs), have been used as 
both passivation surfaces and charge transport layers in this type of solar cells [26–35]. These graphene-based materials are well suited 
for passivation and charge transport applications due to their unique electronic and optical properties, tunable band gap, and high 
conductivity [16]. In this work, the graphene derivative, graphene oxide (GO) was used as an intermediate passivation interlayer 
between the absorber and HTL as shown in Fig. 1b. 

The thermal analysis is necessary to demonstrate both the durability of the device and the practicality of OHP devices in the real 

Fig. 7. Variations in FF of the OHP devices (with and without graphene) with operating temperature as recorded in Kaduna. (a) FASnI3 device, and 
(b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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world. The excellent long-term stability observed under different conditions is important information for researchers and engineers 
working on the further development of solar energy technologies. The operating temperatures of the FASnI3 and MAPbI3 solar cells 
were estimated using a thermal analysis method as reported previously [19]. In this method, a non-steady state thermal modeling 
based on an appropriate energy balance was used to determine the thermal response of the solar cells to the varying meteorological 
conditions of the cities under consideration. The data considered are (a) the meteorological data (ambient temperature, solar irra-
diance, and wind speed) of two cities (Kaduna and Owerri) in northern and southern Nigeria in the wet and dry seasons, and (b) the 
parameters (dimension, efficiency, and heat capacity) of FASnI3 and MAPbI3 solar cells. The meteorological data used were accessed 
from the solar radiation satellite-based database, the Photovoltaic Geographical Information System (PVGIS) [36]. The hourly 
operating temperature of the solar cells in the northern (Kaduna) and southern (Owerri) cities of Nigeria is estimated for one day in the 
2020 climate season. The results of this analysis are used to compare the effects of the operating temperatures on the electrical yields of 
the two solar cells. The thermal model for this study has been published by Ozurumba et al. [19]. 

4. Results and discussion 

In this section, the complete investigation and analysis of the reference OHP devices before and after their optimization with 
graphene was presented. The performance of both devices was also simulated under varying operating temperatures measured in two 
cities in Nigeria, Kaduna and Owerri. Kaduna, located in the north of Nigeria, has higher temperatures than Owerri, which is located in 
the south. Additionally, the performance of the devices was measured during the dry and rainy seasons when temperatures and solar 
radiation vary. 

Fig. 8. Variations in FF of the OHP devices (with and without graphene) with operating temperature as recorded in Owerri. (a) FASnI3 device, and 
(b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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4.1. Comparison between graphene and graphene-free devices 

Using the parameters and techniques described above, the impact of graphene passivation on OHP solar cells was investigated. The 
analyses include the J-V curves, QE curves, and the energy profile of the devices both with and without the graphene layer, as 
illustrated in Figs. 2–4. Fig. 2a and b shows the response of the FASnI3 and MAPbI3 devices with and without the graphene passivation 
layer at A.M 1.5 G illumination. In both illustrations, a significant improvement in the performance of the devices with graphene can be 
seen, resulting in a Jsc of 26.58 mAcm− 2, Voc of 1.12 V, FF of 85.91 %, and PCE of 25.65 % for the FASnI3 device, and Jsc of 23.22 
mAcm− 2, Voc of 1.25 V, FF of 72.01 %, and PCE of 20.91 % for the MAPbI3 device. Compared to the initial graphene-free devices, the 
FASnI3 solar cell recorded a Jsc, Voc, FF, and PCE of 26.41 mAcm− 2, 1.11 V, 85.95 %, and 25.52 % respectively, while the MAPbI3 
device recorded a Jsc, Voc, FF, and PCE of 23.03 mAcm− 2, 1.23 V, 71.36 %, and 20.28 % respectively. The improved performance of the 
graphene-embedded devices can be attributed to the effective extraction of holes and the improved device performance resulting from 
matching the Fermi level of the graphene oxide to those of the two OHP devices. This excellent match enabled a significant fraction of 
photogenerated charge carriers to diffuse smoothly into the graphene layer. As a result, the probability of the carriers encountering a 
recombination event during their passage to the graphene was minimal. Consequently, the electron flow advanced towards the gra-
phene upon excitation. The energy band arrangement of the solar cells (shown in Fig. 4a–d) highlights the positions or energy levels of 
the conduction band (Ec), and valence band (Ev), in relation to the fermi levels (Fp & Fn) at a steady-state. Observation reveals that the 
absorber/graphene interface exhibits a shift in the conduction band, whereas this shift is absent in the graphene-free device. 
Consequently, the resistance at the interface is lower than in the graphene-based devices. Furthermore, the conductivity of the 
graphene-based device is expected to be better than that of the graphene-free device, resulting in a significantly lower resistance. 

By analyzing the quantum efficiency (QE) of the solar cell, it is possible to derive the current generated by the solar cell when it is 
irradiated with photons of specific wavelengths. Fig. 3a and b shows that the conversion efficiency of photons into electrons is optimal 
in the wavelength range from 300 to 800 nm (880 nm for FASnI3 device) under 1 sun, AM1.5G spectrum. Outside these ranges, light 
absorption is only of minor relevance for the solar cells investigated. Between 300 nm and 360 nm, the quantum efficiency (QE) rose 

Fig. 9. Variations in Jsc of the OHP devices (with and without graphene) with operating temperature as recorded in Kaduna. (a) FASnI3 device, and 
(b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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from 40 % to 95 % (FASnI3 device) and 46 %–100 % (MAPbI3 device), followed by a steady decrease to 0 %. From the observation, the 
photo-response of the graphene-based device shows a larger QE curve. The response of the solar cells to the incident solar radiation is 
an indication that photons in the ultraviolet and visible spectrum are absorbed and successfully converted into electrons, which is a 
critical feature of high-performance OHP devices [23,37–39]. The tables with the comprehensive results, including Voc, Jsc, FF, and 
PCE, for the simulated cells are included in the Supplementary Data. 

4.2. Effect of operating temperature on Voc 

The thermal instability of perovskites cannot be overlooked since continuous exposure to solar radiation during operation leads to 
thermal stress in OHP [4]. When perovskites come into contact with charge transport materials, injection barriers can limit the Voc of 
the OHP due to thermionic loss for holes [40]. Fig. 5a–d and 6a–d show the Voc response of FASnI3 and MAPbI3 solar cells (before and 
after the introduction of graphene) at different operating temperatures in different seasons. The Voc values of both solar cells main-
tained a steady decline as the operating temperature increased, regardless of time and location. During the dry season, the OHP devices 
in Kaduna lost the most Voc, as the operating temperature reached ~64 ◦C (see Fig. 5a and b). However, the graphene-passivated 
devices improved the Voc slightly, reducing charge recombination and facilitating charge collection. The response of Voc to temper-
ature is related to the balance between charge carrier generation and recombination as temperatures vary [41,42]. The additional 
energy that the photogenerated charges gain by increasing the operating temperature ensures the randomization of the mobility of the 
electrons. Therefore, they are more likely to recombine with the holes before reaching the electrode contacts. These observations are 
consistent with the conclusion of Devi et al. [43] that the Voc at high temperatures is influenced by changes in the electron and hole 
mobility, carrier concentration, the bandgap of a solar cell, and reverse saturation current density [44]. 

Fig. 10. Variations in Jsc of the OHP devices (with and without graphene) with operating temperature as recorded in Owerri. (a) FASnI3 device, and 
(b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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4.3. Effect of operating temperature on FF 

The effect of operating temperature on the FF of FASnI3 and MAPbI3 solar cells was observed within the temperature range of 
19–64 ◦C during both the dry and wet seasons. As can be seen in Fig. 7a–d and 8a–d, the FF of the FASnI3 devices decreased with an 
increase in temperature and vice versa. Initially, an upward trend in the fill factor was observed at lower temperatures before it began 
to decrease as the temperature increased (as seen in Fig. 7a and c, and 8a and c). This is attributed to a decrease in Voc and an increase in 
series resistance as well as the dominance of the recombination process and the extraction barrier at the CTL [40,44]. The introduction 
of graphene proved to be particularly beneficial for the FASnI3 device as it maintained a high FF in a temperature range of 23–28 ◦C, as 
can be seen in Fig. 8c. 

In contrast to FASnI3 devices, the progression of FF in MAPbI3 devices appears to follow a similar pattern to temperature, as can be 
seen in Fig. 7b and d, and 8b and d. The FF increased within the temperature range of 20–64 ◦C. Studies have shown that the FF of 
MAPbI3 and FASnI3 solar cells increases at temperatures up to 65 ◦C before finally decreasing [39,45]. The different trends between 
MAPbI3 and FASnI3 devices can be attributed to several factors, including bandgap and band alignment of solar cells with their CTLs 
[44]. Additionally, the integration of a graphene-blocking layer into the HTL has been shown to increase FF by counteracting the 
formation of diffuse metal-induced shunts and improving heat dissipation across the solar cell [46], which reduces grain boundaries 
and sites of electron-hole recombination. 

4.4. Effect of operating temperature on Jsc 

The relationship between the Jsc and the operating temperature of the OHP (organic-inorganic hybrid perovskite) solar cell has 
been studied. The results presented in Fig. 9a–d and 10a–d show that there is a progressive linear relationship between the Jsc and the 
operating temperature, meaning that the Jsc steadily increases as the temperature rises, and vice versa. This is because the Jsc of solar 

Fig. 11. Variations in PCE of the OHP devices (with and without graphene) with operating temperature as recorded in Kaduna. (a) FASnI3 device, 
and (b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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cells is mainly determined by the optical absorption of the photoactive material and the efficiency of the charge extraction [47]. 
According to Green [42], the increase in Jsc with temperature can be attributed to the decrease in the band gap and increase in the 
spectral band-to-band absorption coefficient of the solar cell. In other words, an increase in temperature allows for the movement of 
more electron-hole pairs in the conduction band, resulting in an increase in the efficiency of the generation and collection of pho-
togenerated carriers in the transport layers. The incremental Jsc values of the MAPbI3 solar cells with (without) graphene are relatively 
low compared to the FASnI3 solar cells (see Fig. 10). 

4.5. Effect of operating temperature on PCE 

The diagrams in Figs. 11 and 12, show that the efficiency of the FASnI3 decreases exponentially with increasing temperature, while 
that of the MAPbI3 increases. The thermally induced decrease in the PCE of the FASnI3 solar cell is mainly attributed to the presence of 
defect states that create an additional pathway for recombination without emitting photons, which increases the overall recombination 
rate and may decrease the contribution of radiative recombination. In other words, increasing the rate of recombination has a sub-
stantial impact on the carrier concentration, mobility of electrons and holes, and the ability of the electron to reach the depletion 
region [48,49]. Ultimately, the decrease in Voc and FF facilitates the decrease in the PCE of the device (see Fig. 11a and c, and 12a and 
c). 

On the contrary, when the operating temperature varies between 20 and 64 ◦C, the MAPbI3 solar cell shows an increase in efficiency 
due to the influence of the FF on the solar cell. Since the PCE of OHP devices depends on their Voc and FF [20,47,50,51], the factors that 
contribute to a favorable response of the fill factor to temperature are observed to be a crucial factor for the PCE of the MAPbI3 solar 
cell (see Fig. 11b and d, and 12b and d). It was also observed that the incorporation of a graphene layer improved the PCE of the FASnI3 
solar cell by 0.51 % and that of the MPbI3 solar cell by 3.11 %. From these results, it can be concluded that a graphene-based interlayer 

Fig. 12. Variations in PCE of the OHP devices (with and without graphene) with operating temperature as recorded in Owerri. (a) FASnI3 device, 
and (b) MAPbI3 device in the dry season (c) FASnI3 device, and (d) MAPbI3 device in the wet season. 
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is necessary to stabilize temperature fluctuations in OHP devices and minimize their effects on Voc, Jsc, and FF [52–54]. Therefore, the 
combination of the interfacial properties of the Spiro-OMeTAD/graphene layer attenuates the temperature-induced interfacial defects 
and disorder, while improving the low thermal conductivity characteristic of OHP devices [55,56]. These results highlight the sig-
nificant influence of temperature on the overall electrical performance and efficiency of OHP devices. 

5. Conclusion 

The thermally induced variations in the performance of FASnI3 and MAPbI3 devices, with or without graphene, show that the 
operating temperature can affect the ability of OHP to efficiently convert absorbed solar radiation into electrical energy. As high 
temperatures are common in sub-Saharan Africa, this can affect the performance and stability of solar cells operating in these con-
ditions. The study suggests that optimizing OHP with graphene can result in better performance within a certain range of operating 
temperatures, leading to a significant increase in efficiency. While FASnI3 devices showed high efficiencies, MAPbI3 solar cells were 
found to perform better at the measured operating temperatures in the studied cities (20–64 ◦C). Overall, the application of OHP 
devices in sub-Saharan regions is shown to be practical. This study, therefore, hopes to have provided the necessary insight into the 
performance and application of OHP devices in sub-Saharan Africa. 
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