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Abstract  10 

In this study, ZnO nanoparticles (NPs) and RGO@ZnO nanocomposites (NCs) were integrated 11 

as electron transport layers (ETLs) using spin-coating-free deposition methods and cost-12 

effective and scalable fabrication of planar perovskite solar cells was achieved. ZnO NPs and 13 

RGO@ZnO NCs were synthesized via a rapid hydrothermal process and characterized using 14 

XRD, SEM, UV-Vis, and FTIR techniques. Structural and optical analyses confirmed the 15 

formation of highly crystalline and uniform nanostructures, with RGO integration enhancing 16 

light absorption and narrowing the band gap. The films were deposited using the doctor blade 17 

technique, and the MAPbI₃ perovskite layer was formed by a simple drop-casting method. 18 

PCBM was used as the hole transport layer, and a silver (Ag) paste was applied as the top 19 

electrode. Photovoltaic performances of two device structures, ITO/ZnO/MAPbI₃/PCBM/Ag 20 

and ITO/RGO@ZnO/MAPbI₃/PCBM/Ag, were compared. Devices incorporating RGO@ZnO 21 

exhibited significantly improved efficiency up to threefold under standard solar illumination 22 

due to reduced charge recombination, improved energy level alignment, and enhanced carrier 23 

mobility. Moreover, these devices maintained high performance under indoor LED lighting, 24 

demonstrating superior low-light adaptability. 25 

Keywords: Perovskite solar cell; Hydrothermal method; RGO@ZnO Nanocomposites; 26 

Electron transport layer; Spin-coating-free deposition. 27 

1. Introduction 28 

Most of the energy used today is generated using fossil fuels, such as oil, gas and coal, 29 

which become increasingly scarce. But fossil fuel reserves are dwindling every day. Inevitably, 30 

however, energy consumption increases in line with population growth, urbanisation, 31 

industrialisation, the spread of technology and rising prosperity. Interest in renewable energy 32 

sources is on the rise as the demand for energy continues to grow. Solar energy, a limitless 33 
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source of energy, is easily converted into electricity using photovoltaic solar panels. Due to their 34 

remarkable features such as high efficiency and low cost, perovskite solar cells (PSCs) are 35 

attracting a lot of attention among photovoltaic solar cells. Perovskite solar cells are a new 36 

technology to collect and convert solar energy [1,2]. Synthetically produced and used in solar 37 

cells, perovskite is a natural mineral structure [3,4]. Perovskite materials are more economical 38 

to manufacture and use than conventional solar cells [5]. The crystal structure of perovskite 39 

materials is ABX3. Position A contains an organic cation, B is metal cation and X is halide anion 40 

[6–8]. Typically located between the electron transport layer (ETL) and the hole transport layer 41 

(HTL), this perovskite layer is responsible for light harvesting [9]. Although this structure was 42 

discovered in the 19th century, it has only recently been successfully used in photovoltaics [10].  43 

Graphene, a widely studied carbon allotrope, has garnered significant attention in both scientific 44 

research and industry due to its exceptional physical and chemical properties [11]. As one of 45 

the rare two-dimensional planar nanomaterials, graphene exhibits a remarkably high theoretical 46 

specific surface area (2630 m² g⁻¹), outstanding intrinsic carrier mobility (200,000 cm² V⁻¹ s⁻¹), 47 

excellent optical transmittance (~97.7%), and superior electrical and thermal conductivity, 48 

making it a versatile material for various advanced applications [12]. Moreover, it can be 49 

synthesized through cost-effective chemical methods and possesses abundant surface functional 50 

groups, further enhancing its processability and integration into composite systems [13]. 51 

In recent years, reduced graphene oxide (RGO)/metal oxide composites have emerged as 52 

multifunctional materials used across a broad spectrum of scientific disciplines. Among metal 53 

oxides, zinc oxide (ZnO) stands out as a particularly promising semiconductor, owing to its 54 

Wurtzite crystal structure, wide bandgap (~3.37 eV), and favorable light absorption 55 

characteristics [14]. ZnO is especially attractive for use in electron transport layers (ETLs) of 56 

perovskite solar cells (PSCs) due to its low toxicity, affordability, and excellent optoelectronic 57 

properties [15].  58 

In recent years, several studies have demonstrated significant advancements in the use of 59 

graphene and ZnO-based materials as ETLs in PSCs. Khan and Han (2022) reported that 60 

incorporating reduced graphene oxide (rGO) into ZnO ETLs improved charge transfer at the 61 

perovskite/ETL interface, suppressing recombination and enhancing the power conversion 62 

efficiency (PCE) from 15.93% to 17.08% [16]. Eswaramoorthy and Rajaram (2023) introduced 63 

1D g-C₃N₄ additives blended with ZnO ETLs, which reduced surface defects, improved electron 64 

extraction, and achieved a maximum PCE of 12.22% under ambient conditions [17]. Chaudhary 65 

and et al. (2024) demonstrated that combining a graphene oxide (GO) hole transport layer with 66 
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ZnO-based ETLs in Sn-based PSCs yielded a simulated PCE of 22.24% while maintaining high 67 

temperature stability and low environmental impact [18].  More recently, Chauhan and et al. 68 

(2025) incorporated graphene quantum dots (GQDs) into ZnO ETLs, resulting in enhanced 69 

interfacial charge transfer, improved perovskite crystallinity, and a record PCE of 20.23% with 70 

superior stability compared to pristine ZnO-based PSCs [19]. These recent advancements 71 

highlight the critical role of metal oxide-based ETLs in enhancing PSC performance, 72 

motivating further exploration of synthesis techniques and device architectures. Consequently, 73 

metal oxide-based materials have attracted significant attention in perovskite solar cell research, 74 

owing to their efficient charge transport, structural stability, and suitability for low-temperature, 75 

solution-based fabrication methods. A variety of synthesis techniques such as microwave-76 

assisted methods [20], microemulsion [21], electrodeposition [22], sol-gel [23], green synthesis 77 

[24], and hydrothermal/solvothermal routes [25] have been developed to prepare metal oxide 78 

nanomaterials. Among these, hydrothermal synthesis is particularly notable for its simplicity, 79 

cost-effectiveness, and ability to produce homogeneous, high-purity materials in an 80 

environmentally friendly manner. 81 

This study investigates the photovoltaic performance of planar perovskite solar cells using ZnO 82 

and RGO@ZnO nanocomposites as electron transport layers (ETLs). Both materials were 83 

synthesized via a simple and economical hydrothermal method and characterized by XRD, 84 

SEM, UV-Vis, and FTIR analyses. Methylammonium lead iodide (MAPbI₃) served as the light-85 

absorbing perovskite layer, with its precursor MAI synthesized in the laboratory. Device 86 

structures of ITO/ZnO/MAPbI₃/PCBM/Ag and ITO/RGO@ZnO/MAPbI₃/PCBM/Ag were 87 

fabricated using spin-coating-free techniques such as doctor blade and drop casting. Silver paste 88 

was applied as the top contact. Photovoltaic parameters including Voc, Jsc, FF, and PCE were 89 

evaluated, showing enhanced efficiency in devices using RGO@ZnO ETLs. 90 

2. Experimental  91 

2.1. Synthesis of ZnO NPs 92 

0.1 M zinc nitrate hexahydrate (Zn(NO3)2-6H2O) was dissolved separately in 50 ml DI water 93 

and 0.1 M hexamethylenetetramine (HMT, C6H12N4) in 50 ml DI water. Both solutions were 94 

combined and stirred on a magnetic stirrer for 10 minutes. The solution was then placed in a 95 

teflon-lined autoclave and kept in a muffle furnace at 160oC for 3 h for the synthesis of Zn(OH)2 96 

particles. Zn(OH)2 particles were filtered from the solution that had cooled at room temperature. 97 

In order to remove organic components, the Zn(OH)2 particles were washed 3 times with 98 

deionised water. The synthesised Zn(OH)2 particles were annealed in a muffle furnace at 450 99 
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°C for 1 h to eliminate the hydroxide phase in the structure. Figure 1 shows a schematic of the 100  

production processes and experimental mechanisms of ZnO particles. 101  

2.2. Synthesis of RGO@ZnO NPs 102  

The hydrothermal method was used to prepare RGO@ZnO composites. GO was synthesised 103  

from natural graphite powders by a modified Hummers method as described previously [26]. 104  

Graphene oxide (GO) used in this study was synthesized in a study conducted by us before, and 105  

its structural and morphological properties were examined in detail in that study [27]. 106  

Therefore, synthesis and characterization information regarding GO is not included again in 107  

this study. 0.1g GO prepared according to Hummers' method was mixed with 20 ml DI water 108  

and 10 ml ethanol (C2H5OH). To dissolve the GO, it was placed in an ultrasonic bath for 1 hour. 109  

Subsequently, 0.1 g of ZnO powder was added to this solution and kept in an ultrasonic bath 110  

for 2 hours. The solution was placed in a Teflon autoclave and kept in a muffle furnace for 3 111  

hours at 160ºC. The RGO@ZnO nanocomposite was synthesized to contain 20 wt% reduced 112  

graphene oxide [27,28]. So, both reduced GO and chemically bound RGO@ZnO composites 113  

were obtained [29]. For the synthesis of RGO@ZnO nanocomposites, the obtained composite 114  

material was filtered, washed with deionised water and dried at room temperature. 115  

2.3. Synthesis of MAI 116  

24 ml of methylamine (CH3NH2) was stirred in an icebath. 12 ml hydriodic acid (HI) was added 117  

drop by drop.  The mixture was stirred for 2 hours in an ice bath (0oC). It was observed that the 118  

colour of the solution was homogeneous and light yellow. Solution removed from ice bath and 119  

kept at room temperature [30]. Then, by lowering the boiling point (vapour pressure) of the 120  

solutions, a rotary evaporator was used to evaporate the solution at lower temperatures than 121  

required. The MAI salt obtained was washed three times with ether and ethanol.  122  

2.3. Fabrication of PSC  123  

In this study, monolayer planar perovskite solar cells have been fabricated using 124  

ITO/ZnO/MAPbI3/PCBM/Ag and ITO/RGO@ZnO/MAPbI3/PCBM/Ag device structures. The 125  

PSC was fabricated using a 10 Ω/sq indium-doped tinoxide (ITO) glass substrate. ITO glass 126  

substrates have been cleaned with detergent, ethanol and ultrapure water and oven dried for 10 127  

minutes. 0.25 M ZnO nanoparticles, prepared by the hydrothermal method, were mixed in 128  

ethanol to form a homogeneous paste. The electron transport layer was created by depositing a 129  

thin layer of paste on the ITO substrate. This was done using the doctor blade method. It was 130  

prepared by separately mixing 20 mg commercial lead iodide (PbI2) in 1 mL 131  

dimethylformamide (DMF) and 40 mg MAI in 1 mL isopropanal. A perovskite solution was 132  

formed by mixing of PbI2 and MAI solutions in a ratio of 1:2. Then, by the dropping method, 133  
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150 µl of MAPbI3 solution and 50 µl of anhydrous chlorobenzene solvent were dropped onto 134  

the central surface of the ZnO layer. The MAPbI3 layer was then annealed at 100 °C for 10 min. 135  

The light absorbing perovskite layer was formed. The HTL solution was prepared by dissolving 136  

25 mg of PCBM (butyric methyl ester) organic salt in 1 mL of chlorobenzene. The prepared 137  

HTL solution was deposited on the ITO / ZnO / MAPbI3 coated film by a simple drop technique. 138  

Following film deposition, formal thickness measurements were not conducted; however, film 139  

uniformity was evaluated visually, and only samples exhibiting apparent homogeneity were 140  

selected for device fabrication and testing. Finally, the perovskite solar cell fabrication was 141  

completed by making silver (Ag) contacts. In this way, a perovskite solar cell with an 142  

ITO/ZnO/MAPbI₃/PCBM/Ag device structure was obtained, while perovskite solar cells with 143  

an ITO/RGO@ZnO/MAPbI₃/PCBM/Ag configuration were fabricated using the same 144  

processing steps (Figure 2). 145  

3. Characterization 146  

The structural and optical characterizations of the synthesized materials were carried out using 147  

various analytical techniques. X-ray diffraction (XRD) patterns were recorded with a Philips 148  

X'Pert Pro diffractometer employing Cu-Kα radiation (λ = 0.154 nm). Fourier-transform 149  

infrared (FT-IR) spectra were obtained using a Perkin Elmer 400 FT-IR spectrometer, while 150  

UV–Vis absorption spectra were recorded with a Shimadzu UV-1800 spectrophotometer. 151  

Surface morphology was examined using a Zeiss EVO 10LS scanning electron microscope 152  

(SEM). All characterizations were conducted at the University–Industry–State Cooperation 153  

Centre (USKIM) of Kahramanmaras Sutcu Imam University. 154  

3.1. Characterization of ZnO NPs and RGO@ZnO NCs 155  

The characterization of ZnO and RGO@ZnO nanoparticles was performed using XRD, SEM, 156  

and UV-Vis spectroscopy. The diffraction patterns of ZnO NP and RGO@ZnO NC are 157  

compared in the XRD pattern given in Figure 3. The diffraction pattern of ZnO NPs includes 158  

the characteristic diffraction peaks of ZnO, which has a hexagonal wurtzite structure. The 159  

diffraction pattern peaks of ZnO NPs were found as 2θ=31.71º, 34.35º, 36.17º, 47.45º, 56.51º, 160  

62.75º, 66.27º, 67.85º, and 69.03º. The planes corresponding to these angular values are (100), 161  

(002), (101), (102), (110), (103), (200), (112), and (201), respectively. These peaks are 162  

consistent with JCPDS card no 01-079-2205 [31], indicating that ZnO is well crystallized. The 163  

observation of the characteristic peaks belonging to ZnO in the RGO@ZnO sample also 164  

demonstrates that the crystal structure of ZnO is preserved in the composite structure and no 165  

phase transformation occurs [32]. However, it has been observed that all peak intensities 166  

decrease in RGO@ZnO NCs compared to ZnO. This decline may be attributable to the fact that 167  
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the composite with RGO impedes the crystal growth of ZnO to a certain extent, or that the RGO 168  

layers partially envelop the ZnO crystals, thereby attenuating the X-ray signals. Additionally, 169  

given the amorphous nature of RGO, it exhibits no discernible XRD peaks. This observation 170  

lends further support to the hypothesis that no crystal structure is formed in graphene and that 171  

it becomes a composite with the ZnO matrix in a homogeneous distribution. While the presence 172  

of RGO does not induce a substantial change in the orientation of the ZnO crystals, it does 173  

result in a decrease in the crystallinity degree of ZnO [33]. This phenomenon became 174  

particularly evident in the high-density ZnO peaks, such as the (101) plane. This outcome 175  

indicates the successful loading of ZnO particles onto the RGO surface, thereby synthesizing 176  

the composite structure.   177  

SEM images of the prepared ZnO NPs and RGO@ZnO NCs are shown in Figure 4(a-b). SEM 178  

analyses revealed that the synthesized ZnO nanostructures were predominantly formed as 179  

hexagonal rods, but exhibited a distinct morphological diversity. Within the ZnO structures, 180  

nanorods (NR) and hollow nanotubes (NT) with lengths of about 500 nm-1 µm and diameters 181  

of 50-100 nm coexist. These structures exhibited a high level of structural organization, forming 182  

flower-like clusters 3-5 µm in diameter (Figure 4a). This dual morphology indicates that the 183  

synthesis conditions play a decisive role in the shape and growth direction of ZnO crystals. This 184  

morphological diversity was found to provide significant advantages in applications requiring 185  

high surface interactions such as electronics by increasing the surface area.  186  

The SEM image presented in Figure 4b confirmed the successful synthesis of the RGO@ZnO 187  

nanocomposite. In the magnified area, ZnO nanostructures were observed to be homogeneously 188  

dispersed on the RGO layers, which had a thickness of several nm. The ZnO particles were 189  

found to vary in size from approximately 30 to 80 nm and were found to interact with the RGO 190  

surface. It was also observed that these particles have a propensity to self-assemble into NRs or 191  

NTs. This hybrid structure combines the high conductivity and surface area of RGO with the 192  

functional properties of ZnO. 193  

Figure 5 presents comparative UV-Vis absorbance spectra of pure (a) ZnO NPs and (b) 194  

RGO@ZnO NCs. Both materials exhibit absorbance in the 300–700 nm range. However, the 195  

spectra's distinctive features clearly reflect the materials' structural differences and the impact 196  

of RGO on their optoelectronic properties. ZnO NPs exhibit a distinctive absorbance edge at 197  

approximately 370 nm, representing the band gap transition of ZnO. The RGO@ZnO 198  

nanocomposite exhibits higher overall absorbance and a more pronounced increase in 199  

absorbance compared to ZnO, especially at short wavelengths (~300–400 nm) [34]. This can 200  

be attributed to graphene-derived RGO's light absorption enhancement effect due to its large 201  
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surface area, high carrier mobility, and π–π* transitions. The increased absorbance in the 202  

RGO@ZnO spectrum indicates an increased light-collecting ability of the composite material 203  

in the UV and visible regions. This increase is particularly advantageous for optoelectronic 204  

applications. Additionally, the literature frequently reports that the recombination of electron-205  

hole pairs decreases as a result of integrating RGO onto the ZnO surface, thus improving optical 206  

performance. 207  

Figure 6 shows the band gap values of ZnO NPs and RGO@ZnO NCs, which were determined 208  

using the Tauc method and presented comparatively. This graph plots the relationship between 209  

(αhν)² and photon energy h𝜈 based on the Tauc equation, which is valid for direct band 210  

transition semiconductors (Eq. 1) [35].  211  

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                                                                                                                            (1) 212  

The graph illustrates the relationship between (αhν)² and photon energy h𝜈, as predicted by the 213  

Tauc equation. This equation is applicable to direct band transition semiconductors. The band 214  

gap (Eg) value of ZnO was found to be 2.82 eV, reflecting its characteristic direct band gap. 215  

Conversely, the band gap value of RGO@ZnO NCs was found to be 2.68 eV [36]. This visible 216  

band narrowing is the result of ZnO modification with RGO, indicating changes in the NCs 217  

electronic structure. Integrating RGO into the ZnO structure increases the carrier density and 218  

forms localized intermediate energy levels, thus narrowing the band gap. The conductive π-219  

conjugated structure of RGO, in particular, allows for the formation of new energy levels 220  

between ZnO valence and conduction bands. This increases the materials light absorption 221  

capacity in the visible region by shifting photon absorption to lower-energy photons. This 222  

feature makes RGO@ZnO NCs advantageous for light-sensitive technologies, such as 223  

photovoltaic applications. 224  

3.2. Methylammonium Iodide (MAI) Characterization 225  

MAI particles were characterized using XRD, SEM, and UV-Vis spectroscopy (Figure 7 a-d) . 226  

Figure 7(a) shows the X-ray diffraction (XRD) pattern of the Methylammonium Iodide (MAI) 227  

compound. The graph includes diffraction data obtained in the 2θ range of 10°–70°. As can be 228  

seen, the MAI compound exhibits distinct, sharp diffraction peaks, which indicates a high 229  

degree of crystallinity and a regular atomic arrangement. The high-intensity peaks at 2θ ≈ 14.2°, 230  

28.4°, and 31.8°, corresponding to the (002), (003), and (112) planes, respectively, are 231  

especially notable in the XRD pattern. These peaks are characteristic of the tetragonal crystal 232  

system of MAI and align with standard diffractograms reported in the literature. Additionally, 233  

although they are less intense, diffraction signals belonging to the (110), (102), (200), (113), 234  

(211), (104), (203), (005), (222), and (115) planes are also present in the spectrum. These 235  
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signals reflect the contribution of different crystal orientations of the sample and indicate the 236  

presence of a polycrystalline structure. XRD analysis shows that the MAI compound has high 237  

crystallinity and well-defined phase purity [37]. These crystal structures are important because 238  

they provide the desired electron and hole transport properties in perovskite-based photovoltaic 239  

devices. Therefore, the results confirm that MAI is a high-quality precursor for synthesizing 240  

perovskite structures. Figure 7b shows an SEM image of the MAI synthesized under laboratory 241  

conditions. The image reveals that the MAI particles are homogeneously distributed on the 242  

surface and have irregular morphologies. The particles tend to agglomerate due to the 243  

hygroscopic nature and crystallization conditions of MAI [38]. In the magnified region, the 244  

crystal structure formed on the surface is clearly visible, exhibiting various sizes and a 245  

protruding morphology. These irregular structures indicate the low degree of crystallinity 246  

characteristic of MAI synthesized by the precipitation method. The morphological properties 247  

of MAI can directly affect the homogeneity of the film and the quality of the final perovskite 248  

crystal. Effect of CH3NH3I vapour evaporation temperature on the quality of the lead-free 249  

bismuth based perovskites thin-films. Figure 7c shows the UV-visible (UV-Vis) absorbance 250  

spectrum of the synthesized MAI solution. The spectrum, which was measured within the 251  

wavelength range of 300–700 nm, shows a high absorbance value around 300 nm. This 252  

indicates the strong UV absorption feature of MAI. There is a rapid decrease in absorbance 253  

between 320 and 400 nm. Beyond 400 nm, the spectrum remains relatively flat and approaches 254  

minimum absorbance. This trend indicates that MAI is a wide-bandgap material with very low 255  

light absorption in the visible region. The optical bandgap of MAI was determined using the 256  

Tauc graph in Figure 7d. The band gap value was found to be approximately 2.94 eV (Eq 1). It 257  

is important to clarify that this measurement pertains to the MAI precursor material alone and 258  

does not represent the bandgap of the final MAPbI₃ perovskite absorber. This distinction 259  

emphasizes that MAI serves as a precursor rather than the light-absorbing layer in the device. 260  

The high bandgap indicates that MAI plays an important role as a perovskite precursor rather 261  

than a light-absorbing layer and provides advantages in terms of light transmittance in 262  

optoelectronic applications. MAI's structural and optical properties confirm its suitability for 263  

targeted photovoltaic applications and support its use as a basic building block in producing 264  

perovskite layers in the next stage. 265  

3.3. Photovoltaic performance 266  

Device testing was conducted under well-defined illumination conditions to ensure accurate 267  

performance evaluation. A Luzchem Xenon Photoreactor equipped with a 300 W xenon arc 268  
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lamp was employed as a broad-spectrum solar simulator. For indoor measurements, a 269  

commercially available 100 W white LED light source (approx. 33 W/m², 10,000 lumens) was 270  

used. All experiments were conducted using the same active area. The efficiency of a solar cell 271  

can also be evaluated by the fill factor (FF) and power conversion efficiency (PCE, η%). The 272  

calculation of FF involves the division of the maximum possible power output of a cell by the 273  

product of open circuit voltage and short circuit current [39]. The performance of a solar cell in 274  

converting solar energy into electrical energy is measured by its PCE. PCE of a photovoltaic 275  

cell can be calculated by dividing its maximum possible power output by the incident power 276  

intensity from the light source [39]. 277  

𝐹𝐹 =  
𝐽𝑚×𝑉𝑚

𝐽𝑠𝑐×𝑉𝑜𝑐
                                                                                                                                                           (2) 

(𝜂 %) =  
𝐽𝑠𝑐 ×𝑉𝑜𝑐×𝐹𝐹

𝑃𝑖𝑛
 × 100                                                                                                    (3) 

                 

Figure 8(a-b) shows the current-voltage (J–V) and power-voltage (P–V) characteristics of 278  

perovskite solar cell fabricated using an ITO/ZnO/MAPbI₃/PCBM/Ag device architecture. The 279  

ZnO NPs are used as the electron transport layer (ETL) in the device. The measurements were 280  

carried out under two different illumination conditions: Solar simulator [40] and LED light 281  

source [41]. The J–V curve (Figure 8a) showed an energy conversion efficiency of 6.45%, with 282  

a short-circuit current (Jsc) of 17.33 mA/cm² and a voltage (Voc) of 1 V under solar simulation. 283  

Performance under LED illumination was lower, with a Jsc of 14.63 mA/cm² and a Voc of 0.98 284  

V (4.88%). This may be due to the LED's spectral distribution being less effective in absorbing 285  

the perovskite material. Similarly, the P-V characteristics (Figure 8b) show that the device 286  

achieves its maximum power output under the solar simulator. The maximum power point 287  

(MPP) occurs around 0.7 V. The peak power density obtained under solar simulation is 288  

significantly higher than that obtained under LED illumination. While the device operating 289  

under LED illumination exhibits significant power generation, this value is lower than that of 290  

solar simulation. The data in the graphs shows that the ZnO NP structure of the device acts as 291  

an effective electron transport layer (ETL) and forms a successful heterojunction with the 292  

perovskite layer.  293  

The photovoltaic performance of the perovskite solar cell with an 294  

ITO/RGO@ZnO/MAPbI3/PCBM/Ag configuration was evaluated using solar simulator and 295  

LED illumination. The current-voltage (J-V) (Figure 9a) and power-voltage (P-V) curves 296  

(Figure 9b) comparatively reveal the efficiency obtained from both light sources. Measurements 297  



 

10 
 

made under the solar simulator show that the perovskite solar cell exhibits high performance. 298  

The device provided an energy conversion efficiency of 17.93%, with Jsc of 22.24 mA/cm² and 299  

Voc of 1 V. These values show that the RGO-doped ZnO layer significantly increases carrier 300  

transport and collection capacity, as well as reducing recombination losses by improving energy 301  

matching at the interfaces. Measurements under the LED light source show that the device has 302  

a performance of 20.86 mA/cm² Jsc and 0.99 V Voc. Despite the lower intensity of the LED 303  

light compared to the solar simulator, the device has proven capable of performing effective 304  

energy conversion under indoor lighting, achieving an efficiency of 6.50%. These results 305  

demonstrate that the device can be used in both outdoor and indoor conditions. The photovoltaic 306  

parameters of the perovskite solar cells with ZnO and RGO@ZnO ETLs are presented in Table 307  

1. The photovoltaic performance of devices incorporating ZnO NPs and RGO@ZnO NCs was 308  

systematically evaluated under both solar simulator and LED illumination (Table 1). Under 309  

solar simulator illumination, the RGO@ZnO-based device exhibited a significantly higher PCE 310  

(17.93%) and FF (0.80) compared to the ZnO NP-based device (PCE = 6.45%, FF = 0.37), 311  

indicating enhanced charge transport and reduced recombination resulting from the 312  

incorporation of RGO. In contrast, under LED illumination, the same RGO@ZnO device 313  

showed a lower FF (0.31) and PCE (6.50%), which can be attributed to differences in light 314  

intensity and spectral distribution that affect carrier extraction. These results demonstrate that 315  

RGO modification effectively improves electron transport efficiency and mitigates 316  

recombination, consistent with the observed enhancement in device performance under 317  

standard illumination conditions.  The pronounced decrease in the FF of the RGO@ZnO-based 318  

device under LED  illumination (0.80 → 0.31) can be primarily attributed to the strong 319  

influence of parasitic resistive losses at low light intensities. Under reduced photocurrent 320  

generation, even minor leakage pathways (low shunt resistance) or interfacial defects become 321  

dominant, leading to a flattening of the J–V curve and, consequently, a significant reduction in 322  

FF. In addition, spectral differences between the LED source and the solar simulator may shift 323  

the carrier generation profile within the perovskite absorber, thereby enhancing interfacial [42]. 324  

In addition, the higher efficiency and FF observed under the solar simulator compared to the 325  

LED source can be mainly explained by differences in illumination intensity and spectral 326  

distribution. The solar simulator provides an irradiance close to the standard AM 1.5G spectrum 327  

(≈100 mW/cm²) with good uniformity, which enables higher photocurrent generation and 328  

efficient carrier extraction. In contrast, the LED source delivers lower irradiance and a narrower 329  

spectral output. 330  
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Under reduced illumination intensity, parasitic resistive losses become more pronounced [43]. 331  

Shunt pathways and interfacial defects that are negligible under strong illumination can 332  

dominate the device response at lower current densities, leading to a flattening of the J–V curve 333  

and a pronounced decrease in FF. Similarly, series resistance and contact-related barriers exert 334  

a stronger relative influence at low light levels, further lowering the FF. 335  

In support of the observed FF in our RGO@ZnO-based device, similar trends have been 336  

reported in the literature for ZnO/graphene composites used as electron transport layers. For 337  

instance, Nghia et al. synthesized ZnO/rGO composites for dye-sensitized solar cells and 338  

reported an FF of 0.70, highlighting the beneficial role of reduced graphene oxide in improving 339  

charge transport and interfacial properties [44]. Likewise, Tavakoli et al. demonstrated that 340  

incorporating monolayer graphene (MLG) at the ZnO/perovskite interface, together with 341  

perovskite passivation, significantly enhanced both the efficiency and stability of perovskite 342  

solar cells. Their devices achieved a maximum FF of 78.1% along with a PCE exceeding 21%, 343  

while also maintaining more than 90% of the initial efficiency after 300 h of continuous 344  

illumination [45]. 345  

Conclusion 346  

In this study, comparative research was conducted on two perovskite solar cell configurations, 347  

ITO/ZnO/MAPbI₃/PCBM/Ag and ITO/RGO@ZnO/MAPbI₃/PCBM/Ag, to evaluate the effect 348  

of RGO integration on device performance. Structural and optical characterizations of ZnO and 349  

RGO@ZnO layers confirmed the successful formation of highly crystalline nanostructures with 350  

enhanced light absorption and narrowed band gaps, especially in RGO-integrated NPs. RGO 351  

integration significantly improved the optoelectronic properties by reducing defect densities, 352  

increasing electron mobility, and facilitating more efficient charge extraction at the 353  

ETL/perovskite interface. Photovoltaic measurements under both solar simulator and LED 354  

illumination revealed a significant increase in power conversion efficiency in RGO@ZnO-355  

based devices compared to their conventional ZnO counterparts. The device using RGO@ZnO 356  

showed an approximately threefold increase in efficiency under standard solar conditions and 357  

maintained superior performance in LED lighting, demonstrating enhanced adaptability and 358  

applicability in various lighting environments. These findings suggest that RGO acts as a 359  

conductive network that not only optimizes energy alignment at the interface but also minimizes 360  

recombination losses and improves overall carrier dynamics. The incorporation of RGO into 361  

ZnO offers a promising and scalable strategy to enhance the performance of perovskite solar 362  

cells. The RGO@ZnO-based device demonstrates a convincing balance between structural 363  

stability, high efficiency, and low-light operability, positioning it as a strong candidate for next-364  
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generation photovoltaic applications, especially in environments requiring both outdoor and 365  

indoor energy harvesting. This work provides valuable insights into the material-level changes 366  

required to achieve high-performance, reliable, and application-flexible perovskite solar 367  

technologies. 368  
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Figure 3. XRD pattern of ZnO NP and RGO@ZnO NC 540  
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Figure 8. (a) Current-voltage (J–V) and (b) power-voltage (P–V) graphs of the 545  

ITO/ZnO/MAPbI₃/PCBM/Ag device 546  

Figure 9. (a) Current-voltage (J–V) and (b) power-voltage (P–V) graphs of the 547  
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Figure 2. Perovskite solar cell in ITO/ZnO/MAPbI3/PCBM/Ag and ITO/RGO@ZnO/ 555  

MAPbI3/PCBM/Ag device structures 556  
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Figure 3. XRD pattern of ZnO NP and RGO@ZnO NC 558  
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Figure 4. SEM images of (a) ZnO NP and (b) RGO@ZnO NC 561  
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Figure 5. UV spectrum of ZnO NP and RGO@ZnO NC 564  
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Figure 6. Tauc plots of ZnO NP and RGO@ZnO NC 566  
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Figure 7. (a) XRD, (b) SEM, (c) UV and (d) Tauc plots of MAI. 592  
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Figure 8. (a) Current-voltage (J–V) and (b) power-voltage (P–V) graphs of the 596  

ITO/ZnO/MAPbI₃/PCBM/Ag device 597  

 598  

 599  

 600  

Figure 9. (a) Current-voltage (J–V) and (b) power-voltage (P–V) graphs of the 601  

ITO/RGO@ZnO/MAPbI₃/PCBM/Ag device 602  

 603  

 604  

 605  

 606  

 607  

 608  

 609  

 610  

 611  



 

23 
 

 612  

 613  

 614  

 615  

 616  

 617  

 618  

 619  

 620  

 621  

Table 1. Photovoltaic parameters of ZnO and RGO@ZnO ETLs of perovskite solar cells 622  

Device Structure Light Source JSC (mA/cm²) VOC (V) FF η (%) 

ZnO Solar Simulator 17.33 1.00 0.37 6.45 

 LED 14.63 0.98 0.34 4.89 

RGO@ZnO Solar Simulator 22.24 1.00 0.80 17.93 

 LED 20.87 0.99 0.31 6.50 

 623  

 624  


