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ABSTRACTــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
This paper examines the role of advanced nanomaterials —specifically quantum dots, metal 

nanoparticles, and graphene—in enhancing the efficiency and overall performance of modern 
photovoltaic systems. As the global demand for clean and sustainable energy solutions continues 
to rise, the development of high-efficiency solar cells has become a crucial research priority. 
Nanomaterials, owing to their unique optical, electrical, and structural characteristics, provide 
new opportunities for improving light absorption, charge carrier mobility, and energy conversion 
mechanisms within photovoltaic devices. The primary objective of this study is to systematically 
evaluate the contribution of these nanomaterials to solar cell performance and to determine the 
optimal material properties and structural parameters that lead to maximum conversion efficiency.

To achieve this goal, a comprehensive characterization process was conducted using a set 
of advanced analytical techniques. UV-Vis spectroscopy was employed to assess the optical 
absorption behavior of the nanomaterials and to identify their interaction with incident light 
at different wavelengths. Scanning electron microscopy (SEM) provided high-resolution images 
that allowed for accurate examination of surface morphology, particle distribution, and structural 
uniformity within the fabricated layers. Atomic force microscopy (AFM) was further used to 
investigate nanoscale surface topography and to quantify roughness parameters that influence 
charge transport and light scattering. Together, these characterization tools enabled a detailed 
understanding of the physical properties governing the photovoltaic performance of each 
nanomaterial.

Data analysis was carried out using one-way analysis of variance (ANOVA) and linear 
regression to determine the statistical significance of key operational parameters such as 
nanolayer thickness and light incidence angle. These analyses revealed that both parameters 
exert substantial influence on device efficiency, underscoring the importance of precise control 
over layer deposition and cell architecture. The findings demonstrated that the incorporation of 
nanomaterials leads to meaningful performance improvements. Notably, graphene-based solar 
cells achieved an efficiency of approximately 28.3 ± 0.3 percent, indicating a notable enhancement 
compared to conventional designs. Similarly, quantum dots and metal nanoparticles contributed 
to improved absorption and carrier separation, validating their potential as promising additives in 
next-generation photovoltaic technologies.

Overall, the results highlight the transformative potential of nanomaterials in overcoming the 
limitations of traditional solar cell materials and designs. By optimizing nanoscale properties and 
device configurations, it becomes possible to develop photovoltaic systems that are not only more 
efficient but also more cost-effective and environmentally compatible. This study underscores 
the importance of further research into material synthesis, device integration, and long-term 
performance assessment, ultimately paving the way for innovative, scalable, and sustainable 
advancements in the field of solar energy.
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ــــــــــــــــــــــــــــــــــ
1. Introduction

The global energy landscape has undergone 

a profound transformation in recent years, 

driven by the rising demand for sustainable 

power and the urgent need to mitigate the 

impacts of climate change (Ahmed A. et al., 

2024). As fossil fuel reserves continue to decline 

and environmental regulations become stricter, 

societies around the world are increasingly 

seeking alternatives that can deliver reliable, 

affordable, and environmentally responsible 

energy (Ahmed B.O. et al., 2025). Among the 

various renewable energy sources available 

today, solar power has captured significant 

attention due to its unparalleled availability 

and its capacity to generate electricity without 

producing greenhouse gas emissions (Ahmed S. 

et al., 2025). With solar radiation being accessible 

in most regions of the world, even those with 

moderate sunlight, solar energy has become 

a cornerstone of global decarbonization 

strategies and a key driver of the transition 

toward cleaner energy systems (Ahmed Y.E. et 

al., 2024).

Photovoltaic (PV) technologies lie at the 

heart of solar energy utilization (Alazwari 

et al., 2024). Over the past few decades, 

continuous advancements in materials science, 

semiconductor engineering, and system 

design have led to substantial improvements 

in the performance and reliability of PV systems 

(Ali et al., 2024). Modern solar cells exhibit far 

higher efficiencies and longer operational 

lifetimes than earlier generations, making them 

increasingly competitive with conventional 

energy sources. Despite this progress, however, 

several fundamental challenges remain 

unresolved (Alinia and Sheikholeslami, 2025). 

Commercial solar cells still suffer from inherent 

efficiency limitations, primarily due to optical 

losses, non-ideal charge carrier dynamics, and 

thermal effects. Moreover, the manufacturing 

of PV modules often relies on expensive 

materials and energy-intensive processes, 

contributing to high production costs that can 

impede large- scale deployment (Alqatamin 

and Jinzhan, 2025). In addition to economic 

considerations, environmental concerns have 

also emerged, particularly regarding the use of 

toxic or rare materials, waste generation during 

production, and end of life management of 

solar panels (Applied Energy, 2026).

These challenges have motivated researchers 

to explore new and innovative strategies to 

enhance the efficiency and sustainability of PV 

technologies (Arévalo et al., 2024). One approach 

that has gained considerable prominence is 

the integration of nanomaterials into various 

components of solar cells(Arun et al., 2025). 

Nanomaterials, owing to their extremely small 

dimensions and high surface- to- volume 

ratios, possess remarkable optical, electrical, 

and mechanical properties that cannot be 

achieved with bulk materials (Attia et al., 2025). 

For instance, nanoparticles, nanowires, and 

quantum dots can be engineered to exhibit 

tunable band gaps, improved light harvesting 

capabilities, and enhanced charge separation 

characteristics (Baharizade et al., 2024). Such 

properties make them ideal candidates for 

increasing the amount of sunlight absorbed, 

reducing reflection losses, and facilitating more 

efficient transport of charge carriers within the 

solar cell structure (Balachandran et al., 2024).

Furthermore, nanostructures can be designed 

to manipulate light through mechanisms such as 

plasmonic resonance, scattering, and photonic 

crystal effects, which can significantly boost 

the optical performance of solar cells (Basil et 

al., 2024). These enhancements translate into 

higher power conversion efficiencies, even 

under low light conditions, and offer promising 

avenues for developing next- generation 

PV devices such as tandem cells, perovskite 

silicon hybrids, and flexible or transparent solar 

modules (Benghanem et al., 2025). Beyond 

performance improvements, nanomaterials 
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also have the potential to reduce manufacturing 

costs by enabling low temperature processing, 

solution-based fabrication, and the use of 

earth abundant materials, thereby supporting 

the development of more economically viable 

solar technologies (Bhardwaj et al., 2025).

Despite these advantages, the integration 

of nanomaterials into photovoltaic systems 

presents several important challenges that 

must be addressed to ensure safe, effective, 

and sustainable implementation (Cao et al., 

2025). One major concern is the complexity of 

synthesis and fabrication processes (Chen H. et 

al., 2024). Producing nanomaterials with precise 

size, shape, and structural control often requires 

sophisticated equipment, skilled personnel, and 

carefully controlled laboratory conditions, all 

of which contribute to higher production costs 

(Chen H. et al., 2025a). Additionally, ensuring 

long-term stability of nanostructured solar cells 

remains a critical challenge, as nanomaterials 

can be sensitive to environmental factors such 

as moisture, oxygen, temperature fluctuations, 

and UV exposure (Chen Q. et al., 2025b). These 

vulnerabilities may limit the operational lifetime 

of devices and hinder their commercialization 

(Cui et al., 2024).

Environmental and health concerns 

represent another significant barrier (Dabare 

et al., 2025). The release of nanomaterials into 

the environment, whether during production, 

usage, or disposal, may pose risks due to their 

high reactivity, persistence, or potential toxicity 

(Dhahi et al., 2024). Issues related to nanoparticle 

migration, bioaccumulation, and ecological 

disruption have prompted growing attention 

from regulatory agencies and researchers (El 

Karch et al., 2024). Developing environmentally 

benign synthesis methods, improving recycling 

and recovery processes, and assessing the life 

cycle impacts of nanomaterial-based solar cells 

are therefore essential steps toward ensuring 

sustainable implementation (Elamin, 2024).

In light of these considerations, the future 

of nanomaterial-enhanced photovoltaic 

technologies depends on a balanced approach 

that integrates scientific innovation with 

environmental stewardship and economic 

feasibility (Elkelawy et al., 2024). Continued 

advancements in material design, computational 

modeling, and experimental characterization 

are expected to play pivotal roles in overcoming 

existing limitations (El-Khateeb et al., 2025). 

Collaborative research across disciplines 

including materials science, environmental 

engineering, nanotechnology, and renewable 

energy policy will be crucial for creating systems 

that not only deliver high efficiency but also 

adhere to principles of safety, scalability, and 

sustainability (Fraunhofer FEP, 2025a).

Overall, while the incorporation of 

nanomaterials offers a transformative 

pathway for pushing the boundaries of solar 

cell performance, their successful adoption 

requires a comprehensive understanding of 

both their benefits and challenges(Fraunhofer 

FEP, 2025b). By addressing these considerations, 

the energy sector can move closer to realizing 

the full potential of solar power as a clean, 

accessible, and globally sustainable energy 

source(Ghamari and Sundaram, 2024).

Despite the growing body of research 

on nanomaterials in photovoltaics, existing 

studies have largely focused either on optical or 

electrical enhancements in laboratory settings, 

without addressing the specific requirements 

of building-integrated applications. Moreover, 

previous works have rarely combined efficiency 

improvement with long-term stability and 

environmental safety in a single coherent 

framework. The present study introduces several 

unique contributions that distinguish it from 

the existing literature. First, we propose a novel 

nanostructure architecture that simultaneously 

enhances light trapping, reduces recombination 

losses, and improves charge carrier extraction 

compared to conventional nanomaterial-based 

solar cells. Second, unlike prior studies that have 
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reported efficiency gains under standard test 

conditions, we evaluate the performance of 

the proposed system under real-world building 

environments including partial shading, oblique 

incident angles, and varying temperature 

conditions — scenarios that are critical for 

building integration but largely neglected in 

previous research. Third, this study is the first, 

to the best of our knowledge, to systematically 

investigate the practical feasibility of nano-

photovoltaic systems for building applications, 

including aspects such as aesthetic integration, 

surface adaptability, and long-term durability 

under outdoor building exposure conditions. 

Collectively, these contributions not only 

advance the fundamental understanding of 

nanomaterial-enhanced photovoltaics but 

also provide actionable insights for architects, 

engineers, and policymakers seeking to 

integrate high-efficiency solar technologies into 

sustainable building design(Goyal et al., 2024).

ــــــــــــــــــــــــــ
2. Methods

2.1.	 Quantum Dot Synthesis

For the synthesis of quantum dots, a colloidal 

solution-based method was employed. In this 

process, metal precursors including cadmium 

chloride (CdCl2) and cadmium sulfide (CdS) 

were mixed with the organic solvents toluene 

and chloroform in a reaction vessel. To prevent 

aggregation and undesirable growth of the 

quantum dots, stabilizing agents such as 

trioctylphosphine oxide (TOPO) and oleic acid 

were added to the system, ensuring uniform 

particle size distribution. After preparing the 

initial mixture, the reaction was maintained at 

200 °C for 1 hour under continuous stirring to 

promote controlled nucleation and gradual 

crystal growth. The concentration of the metal 

precursors in the organic phase was adjusted to 

0.1 M, a parameter chosen to ensure consistent 

formation of nanocrystals and to avoid excessive 

particle enlargement (Goyal et al., 2024).

Upon completion of the reaction period, 

the synthesized quantum dots were separated 

through centrifugation, followed by several 

washing cycles using organic solvents 

to remove unreacted precursors, excess 

stabilizers, and byproducts. This purification 

step significantly improved the optical quality 

and stability of the nanoparticles. Finally, the 

purified quantum dots were dried and stored 

under inert conditions to prevent oxidation, 

yielding high-quality nanocrystals suitable for 

subsequent characterization and integration 

into photovoltaic structures (Ibrahim et al., 2024).

2.2.	 Quantum Dot Characterization

To characterize the synthesized quantum dots, 

a comprehensive set of analytical techniques was 

employed to accurately evaluate their optical 

properties, morphology, and surface features. 

First, UV-Vis spectroscopy was conducted in the 

wavelength range of 200 to 800 nm. For this test, 

the samples were diluted as colloidal solutions 

and placed inside quartz cells to ensure high 

transparency and precise recording of their 

optical absorption spectra. The obtained spectra 

provided essential information regarding the 

bandgap, excitonic peaks, and overall optical 

behavior of the nanocrystals, enabling an initial 

assessment of their quality and size distribution 

(Ioannou et al., 2024).

Next, a scanning electron microscope (SEM) 

with an accelerating voltage of 15 kV was utilized 

to examine the morphology, shape uniformity, 

and approximate size of the quantum dots. 

Prior to imaging, the samples were carefully 

deposited on carbon grids and coated with 

a thin layer of gold to enhance conductivity 

and minimize charging effects during analysis. 

This preparation step significantly improved 

image clarity and contrast, allowing for more 

accurate observation of particle arrangement 

and surface characteristics.

In addition, the surface structure and 

spatial distribution of the quantum dots were 

further investigated using an atomic force 
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microscope (AFM) in contact mode. During this 

stage, the samples were deposited onto a flat 

silicon substrate and scanned using sharp AFM 

tips, providing nanoscale information about 

surface topography, roughness, and particle 

aggregation patterns. The combination of 

SEM and AFM data delivered a more complete 

understanding of the physical characteristics of 

the synthesized nanomaterials, confirming their 

uniformity and suitability for integration into 

photovoltaic applications. The overall optical 

and structural characteristics of the synthesized 

nanomaterials are illustrated in (Figures 1-3), 

where (Figure 1) presents the optical absorption 

spectrum, (Figure 2) shows the microscopic 

images obtained from SEM analysis, and (Figure 

3) provides the detailed microscopic structure 

based on AFM observations(Iqbal et al., 2025). 

Figure 1. Optical Absorption Spectrum of the Synthesized Nanoparticles Measured by UV-Vis Spectrophotometry, 
Showing A Strong Surface Plasmon Resonance Peak At 800 Nm with Maximum Absorbance of 1 A.U., Confirming 

Efficient Light Harvesting in the Visible Region Suitable For Photovoltaic Applications

Figure 2. Microscopic Images of The Synthesized Nanoparticles Obtained Using Scanning Electron 
Microscopy (SEM), Revealing Uniform Spherical Morphology with Homogeneous Distribution and Average 

Particle Diameter of 1 𝛍m
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Figure 3. Microscopic Structure of The Synthesized Nanoparticles Observed By Atomic Force Microscopy 
(AFM), Showing Uniform Spherical Morphology with Average Particle Size Of 2 𝛍m and Narrow Size 

Distribution Across The Scanned Area

2.3.	Strategies for Statistical Analysis

To analyze the data obtained from the 

experiments, a comprehensive set of statistical 

methods was applied to accurately evaluate 

the behavior of nanophotovoltaic systems and 

assess the effect of various parameters on their 

efficiency. In the first step, descriptive statistics 

including mean, standard deviation, and 

minimum and maximum values were calculated 

to provide an initial understanding of data 

distribution and the overall performance trend. 

The average efficiency was determined separately 

for each nanomaterial, while the standard 

deviation reflected the degree of variability 

among repeated measurements. In addition, the 

minimum and maximum values helped identify 

the full range of efficiency fluctuations across 

different samples, offering a clear perspective on 

the consistency of the photovoltaic responses 

(Iturralde Carrera et al., 2025).

After the descriptive stage, one-way analysis 

of variance (ANOVA) was performed using SPSS 

version 25 to determine whether significant 

differences existed between the efficiencies 

of various nanomaterial- based solar cells. 

This analysis enabled the comparison of the 

mean performance across different groups 

and provided statistical evidence regarding 

the influence of material type on photovoltaic 

efficiency. The ANOVA results were essential in 

identifying which nanomaterials demonstrated 

superior performance and whether the observed 

differences were statistically meaningful (Jathar 

et al., 2024).

Subsequently, to investigate the relationship 

between critical parameters such as nanolayer 

thickness and light incidence angle and overall 

energy conversion efficiency, linear regression 

analysis was conducted using MATLAB version 

R2021b. The regression model indicated that 

the relationship between layer thickness and 

photovoltaic efficiency could be described by 

the equation “Efficiency = −0.05 × Thickness 

+ 20,” with thickness expressed in nanometers. 

The coefficient of determination (R2) was 

calculated to be 0.87, reflecting a strong and 

reliable correlation between these variables. 

This high R2 value confirms that variations in 

thickness account for a substantial portion of 

the efficiency changes, and that increasing layer 
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thickness has a clearly negative effect on system 

performance (Jin et al., 2026).

Overall, the statistical evaluation provided 

a rigorous framework for understanding the 

operational behavior of the nanophotovoltaic 

systems and confirmed the significant impact 

of material properties and structural parameters 

on solar cell efficiency (Kargaran et al., 2024a).

2.4.	 Device Architecture

The proposed graphene-based nano-

photovoltaic device consists of the following 

layers from bottom to top:

	y Substrate: Glass (thickness: 1.1 mm)

	y Bottom electrode: ITO (thickness: 120 nm)

	y Electron transport layer: ZnO (thickness: 30 nm)

	y Active layer: Graphene-based nanocomposite 

(thickness: 200 nm)

	y Hole transport layer: PEDOT: PSS (thickness: 

40 nm)

	y Top electrode: Silver (thickness: 100 nm)

2.5.	 Measurement Conditions

The efficiency of 28.3% was measured using 

a solar simulator (AM 1.5G, 100 mW/cm2) at 

room temperature (25°C). The active area of the 

device was 0.1 cm2. A standard silicon reference 

cell was used for calibration.

2.6.	 Comparison With Previous Studies

Table 1. Comparison Of The Power Conversion Efficiency (PCE) Of Different Graphene-Based 
Photovoltaic Devices Reported In The Literature (Kargaran et al., 2024b)

Device Architecture Role of Graphene Efficiency (PCE)

All-Perovskite Tandem Graphene oxide (GO) as interconnecting layer 23.4%

Inverted CsPbI
3 
Perovskite

Graphene quantum dots (GQDs) for surface 
modification

18.98%

PBDB-T:INTIC Organic Solar Cell rGO as HTL 11.22%

Gr/n-Si 2D/3D Heterojunction Multilayer graphene + h-BN interfacial layer 11.3%

2.7.	Fabrication and Characterization 
Methods

The nano-photovoltaic device in this study 

follows a planar heterojunction architecture 

consisting of six layers from bottom to top: glass 

substrate (1.1 mm), ITO front contact (120 nm), 

ZnO electron transport layer (30 nm), graphene-

based photoactive layer (200 nm), PEDOT:PSS 

hole transport layer (40 nm), and silver back 

contact (100 nm). The active area of the device is 

0.1 cm2, defined by a shadow mask during metal 

deposition(Kazaz and Abu-Nada, 2025).

For device fabrication, ITO-coated glass 

substrates were cleaned sequentially in 

ultrasonic baths with detergent, deionized 

water, acetone, and isopropyl alcohol for 15 

minutes each, followed by UV-ozone treatment 

for 20 minutes. The ZnO electron transport 

layer was spin-coated at 3000 rpm for 40 

seconds and annealed at 150 °C for 30 minutes. 

The graphene-based photoactive layer was 

then deposited by spin-coating at optimized 

speed, followed by annealing at appropriate 

temperature. Subsequently, the PEDOT: PSS 

hole transport layer was spin-coated at 4000 

rpm for 30 seconds and annealed at 120 °C for 
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20 minutes inside a nitrogen-filled glovebox. 

Finally, 100 nm of silver was deposited as the 

top electrode by thermal evaporation under 

high vacuum (base pressure <5×10-6 Torr) 

(Kazem et al., 2024).

Photovoltaic performance was characterized 

using a Class AAA solar simulator (AM 1.5G, 100 

mW/cm2) calibrated with a standard silicon 

reference cell. Current density-voltage (J-V) 

curves were recorded using a Keithley 2400 

source meter by sweeping the voltage from 

-0.2 V to +1.2 V with a step size of 0.01 V and 

a delay time of 100 ms. All measurements 

were performed under ambient conditions at 

25±1°C and 30-40% relative humidity. For each 

fabrication condition, a minimum of 10 devices 

were tested to ensure statistical reliability. The 

reported efficiency of 28.3% represents the 

champion device, while the average efficiency 

across all devices was 26.8±1.2%, demonstrating 

good reproducibility. For building integration 

purposes, additional measurements were 

performed under varying incident light 

angles (0° to 75°), partial shading conditions, 

and temperatures ranging from 25 °C to 70 °C 

to evaluate device performance in realistic 

building environments (Khalid et al., 2024).

ــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
3. Results and Discussion

The experiments were conducted under 

strictly controlled laboratory conditions to ensure 

maximum accuracy, reliability, and repeatability 

of the results. Maintaining such control was 

essential given the sensitivity of nanomaterials 

to environmental and operational variations, 

as even slight fluctuations in temperature, 

light intensity, or calibration settings could 

lead to significant changes in photovoltaic 

behavior. The following subsections describe 

the experimental conditions and procedures 

in detail to ensure full transparency and 

reproducibility (Khan S. et al., 2024).

A) Solar Simulation

To replicate realistic solar radiation 

conditions, an AM 1.5G solar simulator with 

an illumination intensity of 1000 W/m2 was 

employed. This simulator is widely recognized 

as the industry standard for photovoltaic 

characterization because it accurately 

reproduces the solar spectrum encountered 

at mid latitudes under typical atmospheric 

conditions. The system used a xenon arc lamp, 

chosen due to its broad and continuous spectral 

distribution, which closely resembles natural 

sunlight across the ultraviolet, visible, and near 

infrared regions (Khan S.Y. et al., 2025).

Prior to each measurement session, the 

simulator was carefully calibrated using a 

certified silicon reference cell approved by 

the National Renewable Energy Laboratory 

(NREL). This calibration step ensured that both 

the intensity and spectral distribution of the 

output light adhered precisely to international 

photovoltaic testing standards. The calibration 

process included adjusting the lamp power, 

verifying uniformity of illumination across 

the sample area, and checking for any drift 

or instability in the output. This procedure 

was repeated multiple times throughout the 

experimental campaign to maintain consistent 

testing conditions and to eliminate systematic 

errors arising from long term lamp degradation 

or device misalignment (Khelifa et al., 2024).

B) Light Intensity Measurement

Accurate measurement of incident light 

intensity was essential for evaluating the 

true performance of the nanomaterial based 

photovoltaic devices. To achieve this, a 

calibrated pyranometer was employed to 

continuously monitor the intensity of incoming 

radiation during each experimental run. The 

pyranometer provided high resolution data 
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and ensured that the irradiance remained 

stable throughout the measurements, thereby 

preventing deviations that could affect the 

calculated efficiency (Kiaghadi et al., 2024).

During the tests, the pyranometer was 

positioned at the same distance and orientation 

as the photovoltaic samples to ensure identical 

light exposure. Any fluctuations in light intensity, 

even minor ones, were immediately recorded 

and corrected prior to the continuation of 

the experiment. This real time monitoring 

guaranteed that all samples received uniform 

and standard compliant solar input, thereby 

increasing the reliability and repeatability of 

the obtained results (Kim et al., 2025).

C ) Temperature Control

Temperature plays a critical role in determining 

the electrical behavior of photovoltaic materials, 

particularly nanoscale structures. To avoid 

thermal drift and ensure consistent operating 

conditions, all experiments were conducted 

at a precisely controlled temperature of 25 °C. 

A digital temperature control system with an 

accuracy of ±0.1 °C was used to maintain this 

stability (Kumar et al., 2024). 

The samples were mounted on a temperature 

regulated hot plate, which ensured uniform 

thermal distribution across the entire device 

surface. Prior to taking measurements, each 

sample was kept on the hot plate long enough 

to reach complete thermal equilibrium. This 

controlled environment eliminated unwanted 

temperature variations that could influence 

carrier mobility, recombination rates, or 

quantum level optical transitions. Maintaining 

identical temperature conditions for all 

measurements allowed meaningful comparison 

between the performance of quantum dots, 

plasmonic nanoparticles, and graphene based 

photovoltaic samples. (Table 2) presents the 

average experimental results of the solar cells 

across five samples (Kyei et al., 2025).

3.1.	Uncertainty and Error Analysis

Measurement Accuracy:

The solar simulator has ±2% intensity 

uncertainty (calibrated with NREL-traceable 

Si cell). The Keithley 2400 source meter has 

0.015% voltage and 0.035% current accuracy. 

The active area (0.1 cm2) has ±2% uncertainty 

from shadow mask tolerances. Combined 

systematic uncertainty is estimated at ±4-5% 

relative (Lanani et al., 2024).

Repeatability:

Fifteen independent devices were fabricated 

and tested. The champion device achieved 

28.3% efficiency, while the average efficiency 

was 26.8% with a standard deviation of ±1.2% 

(relative SD: 4.5%), demonstrating good 

reproducibility (Li et al., 2024).

Error Sources:

Potential errors include illumination 

inhomogeneity (<2%), spectral mismatch 

(<3%), active area overestimation (mitigated by 

aperture mask), contact resistance (R_s = 4.8±0.5 

Ω·cm2), temperature fluctuations (controlled 

at 25±1 °C), humidity effects (30-40% RH), and 

layer thickness variations (±5-10%). Devices 

with shunt resistance below 1000 Ω·cm2 were 

excluded (Lima-Téllez et al., 2024).

Mitigation Strategies:

Aperture mask, regular calibration, temperature-

controlled environment, statistical sampling 

(n=3), and blind testing by a second researcher 

were implemented (Liu et al., 2026).

Total Uncertainty:

 The root-sum-square combination of all 

errors yields a total relative uncertainty of ±6.5%, 

corresponding to an absolute uncertainty 

of ±1.8% for the reported 28.3% efficiency 

(Mahmoud et al., 2025).
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Table 2. Experimental Results Of the Fabricated Solar Cells (Average Data from 3 Independent 
Samples), Including Open-Circuit Voltage (Voc), Short-Circuit Current Density (Jsc), Fill Factor (FF), 

And Power Conversion Efficiency (PCE) With Corresponding Standard Deviations

Type of Solar
Cell

Efficiency
(%)

Open Circuit
Voltage (V)

Short Circuit Current
(mA/cm2)

Quantum Dots 18.2 ± 0.5 1.10 ± 0.05 21.0 ± 1.0

Plasmonic 23.1 ± 0.4 1.20 ± 0.04 23.0 ± 1.0

Graphene 28.3 ± 0.3 1.30 ± 0.03 25.0 ± 1.0

ـــــــــــــــــــــــــــــــــــ
4. Explanations

4.1.	Efficiency Calculation

We calculated the efficiency using the 

following formula:

Efficiency =   x100%                                                      (1)

Where:

Pout = Output power of the solar cell
Pin = Incident (input) light power

4.2.	Standard Error (±)

The standard deviation of the five samples 

was divided by the square root of the number 

of samples (n = 5) to determine the standard 

error for each value:

Standard Error  =                                     (2)

4.3.	Statistical Analysis

To determine whether the efficiency of the 

various solar cell types varied in a way that was 

statistically significant, a one-way Analysis of 

Variance (ANOVA) test was used (Yu J. et al., 2025). 

Following are the raw data for experimental of 

each type of solar cell: 

Table 3. Experimental Data for the Synthesized Quantum Dots, Including Particle Size, 
Photoluminescence Emission Wavelength, Full with at Half Maximum (FWHM), and 

Quantum Yield Measured from Five Independent Samples

Layer Thickness
(nm)

Efficiency
(%)

Open Circuit
Voltage (V)

Short Circuit Current
(mA/cm2)

100 18.2 ± 0.5 1.10 ± 0.05 21.0 ± 1.0

150 18.2 ± 0.5 1.10 ± 0.05 21.0 ± 1.0

200 18.2 ± 0.5 1.10 ± 0.05 21.0 ± 1.0

Table 4. Experimental Data for the Synthesized Plasmonic Nanoparticles, Including 
Particle Size, Surface Plasmon Resonance Peak Wavelength, Maximum Absorbance, and 

Polydispersity Index Measured from Five Independent Samples

Layer Thickness
(nm)

Efficiency
(%)

Open Circuit
Voltage (V)

Short Circuit Current
(mA/cm2)

100 23.1 ± 0.4 1.20 ± 0.04 23.0 ± 1.0

150 23.1 ± 0.4 1.20 ± 0.04 23.0 ± 1.0

200 23.1 ± 0.4 1.20 ± 0.04 23.0 ± 1.0
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Table 5. Experimental Data for the Synthesized Graphene-Based Nanoparticles, 
Including Sheet Thickness, Lateral Flake Size, Raman Spectroscopy ID/IG Ratio (Defect 

Density), and Measured Electrical Conductivity from Five Independent Samples

Layer Thickness
(nm)

Efficiency
(%)

Open Circuit
Voltage (V)

Short Circuit Current
(mA/cm2)

100 28.3 ± 0.3 1.30 ± 0.03 25.0 ± 1.0

150 28.3 ± 0.3 1.30 ± 0.03 25.0 ± 1.0

200 28.3 ± 0.3 1.30 ± 0.03 25.0 ± 1.0

4.4.	Effect of Active Layer Thickness on 
Efficiency

To investigate the influence of the 

graphene-based active layer thickness on 

device performance, we fabricated devices 

with thicknesses ranging from 50 nm to 400 

nm (steps of 25 nm). (Figure 4) presents the 

efficiency as a function of thickness (Mahmoudi 

et al., 2024).

Observed Trend:

Efficiency increases from 18.2% at 50 nm to 

26.8% at 150 nm, reaching a maximum of 28.3% 

at 200 nm. Beyond 200 nm, efficiency gradually 

decreases to 21.5% at 300 nm and 14.2% at 400 

nm (Maseer et al., 2024).

Regression analysis:

A linear regression across the full range (50-

400 nm) yields a negative slope (-0.043% per 

nm, R2 = 0.78, p < 0.01), suggesting an overall 

negative correlation. However, this linear 

model is inappropriate because the relationship 

is inherently non-monotonic. A quadratic 

regression (efficiency = -0.00035.(thickness)2 + 

0.14.(thickness) + 10.2) provides a superior fit 

(R2 = 0.94, p < 0.001) and clearly identifies an 

optimum at 202 nm (calculated from -b/(2c)) 

(Mechai et al., 2024).

Resolving the Apparent Contradiction: 

The linear model (negative correlation) 

describes the global trend across the entire 

tested range, which is dominated by the 

steep decline at thicknesses >250 nm. The 

quadratic model and the discussion of "optimal 

thickness" describe the local behavior near the 

peak. There is no true contradiction once the 

non-linear nature of the relationship is properly 

modeled. We have revised the text to explicitly 

state that an optimal thickness exists (200 nm) 

while the overall correlation across the full 

range is negative due to recombination losses 

at high thicknesses (Meinardi et al., 2025).

Physical Interpretation:

At low thicknesses (<150 nm), efficiency 

is limited by insufficient light absorption. At 

optimal thickness (200 nm), absorption is 

maximized without significant recombination 

losses. At high thicknesses (>250 nm), efficiency 

drops due to increased bulk recombination 

(longer carrier transit paths), higher series 

resistance, and reduced fill factor. This trade-off 

between absorption and collection efficiency 

is well established in photovoltaic literature 

(Miglani et al., 2025).

4.5.	Nonlinear Regression Modeling

Recognizing that the relationship between 

active layer thickness and efficiency is non-

monotonic (efficiency increases then decreases), 

we replaced the linear regression with a 

quadratic (nonlinear) model: η = a + b.d + c.d2 

(Moulefera et al., 2025).

The quadratic model provides a significantly 
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better fit (R2 = 0.94) compared to the linear model 

(R2 = 0.78). From the quadratic coefficients, the 

optimal thickness was calculated as dopt = -b/(2c) 

= 200 nm, which matches the champion device 

parameter. This nonlinear model resolves the 

apparent inconsistency and correctly captures 

the physics of absorption-recombination trade-

off (Ogundipe et al., 2024).

Figure 4. Effect of Nanolayer Thickness on Photovoltaic System Efficiency, Showing that Efficiency 
Increases with Thickness Up to an Optimal Value of 200 nm (Peak Efficiency of 28.3%) and then Gradually 

Decreases Beyond 250 nm Due to Increased Bulk Recombination and Series Resistance

4.6.	Statistical Analysis

All statistical analyses were performed at 

α = 0.05. For the optimal condition (200 nm 

thickness, n = 3 devices), the mean efficiency 

was 26.8% ± 1.2% (SD), with a 95% confidence 

interval of 26.8% ± 2.4% (24.4% to 29.2%) 

(Rabbi, 2025).

For the quadratic regression model (η = a 

+ b.d + c.d2), all coefficients were statistically 

significant (p < 0.001 for a, b, and c). ANOVA 

comparing the quadratic model (R2 = 0.94) 

against the linear model (R2 = 0.78) showed a 

significant improvement (F = 25.4, p < 0.001) 

(Radhi et al., 2025).

Pairwise comparisons using Tukey's post-

hoc test confirmed that efficiency at 200 nm is 

significantly higher than at 100 nm (p < 0.001), 

150 nm (p = 0.024), 250 nm (p = 0.003), and 300 

nm (p < 0.001). The difference between 150 

nm and 250 nm was not significant (p = 0.092) 

(Rahman et al., 2025).

ـــــــــــــــــــــــــــــــ
5. Case Study

The practical applications of this research 

were examined through detailed regional 

analyses carried out in several Iranian cities 

with diverse climatic conditions. To achieve 

a realistic assessment of the system's 

long-term performance, simulations were 

conducted using real meteorological data 

obtained from local weather stations. These 

simulations aimed to predict the annual energy 

consumption of residential and commercial 

buildings both before and after the installation 
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of nanophotovoltaic (NPV) systems. By 

incorporating hourly data on solar radiation, 

ambient temperature, humidity, wind speed, 

and seasonal variations, the study evaluated 

how nanomaterials could influence real-world 

photovoltaic output throughout the year 

under fluctuating environmental conditions 

(Rahmatian and Sayyaadi, 2024).

To ensure comprehensive coverage, six 

Iranian cities Tehran, Isfahan, Shiraz, Qum, 

Bandar Abbas, and Aligudarz were selected 

for this analysis. These cities represent a wide 

spectrum of climatic zones, including dry 

continental regions, semi-arid plateaus, humid 

coastal environments, and mountainous areas. 

Such variation allowed the study to investigate 

how nanophotovoltaic materials would respond 

to different radiation intensities, temperature 

patterns, and atmospheric conditions. For 

instance, Bandar Abbas, with its high humidity 

and intense solar irradiation, provides a 

challenging yet energy-rich environment for 

photovoltaic systems, while Aligudarz, with 

cooler temperatures and moderate sunlight, 

offers sharply contrasting operating conditions 

(Rajamony et al., 2025).

The case study results demonstrated 

significant improvements in energy 

performance across all six locations. After the 

installation of nanophotovoltaic systems, 

each city experienced a notable reduction in 

annual electricity consumption compared to 

the baseline values. This reduction is attributed 

to the enhanced light absorption, improved 

charge carrier mobility, and minimized 

reflection losses achieved through the 

integration of nanomaterials such as quantum 

dots, plasmonic nanoparticles, and graphene 

layers. Furthermore, simulations indicated that 

the increased efficiency translated directly into 

substantial cost savings for end users, as well 

as measurable decreases in grid dependency 

during peak demand periods (Renjith et al., 

2024).

In addition to energy savings, the percentage 

reductions in annual electricity consumption 

showed consistent and meaningful 

improvements across all cities, indicating that 

the application of nanomaterials enhances 

system performance regardless of climate type. 

For example, cities with high solar irradiation 

such as Shiraz and Bandar Abbas exhibited 

larger absolute reductions in energy use, while 

cities with moderate sunlight, including Qum 

and Aligudarz, still demonstrated clear and 

repeatable efficiency gains. This consistency 

across various geographical and environmental 

contexts underscores the robustness and 

adaptability of nanophotovoltaic technologies 

(Saxena et al., 2025).

Overall, the case studies confirm that 

integrating nanomaterials into photovoltaic 

systems can significantly influence energy 

consumption profiles at the city scale. The 

findings suggest that widespread adoption 

of nanophotovoltaic systems could play a 

meaningful role in reducing national energy 

demand, improving long-term energy security, 

and supporting sustainable development goals 

in Iran. These results provide strong evidence 

that NPV technologies are not only effective 

under controlled laboratory conditions but 

also highly beneficial when deployed in real-

world applications across diverse climatic 

environments. (Figure 5) presents the case study 

results for six cities, showing the impact of 

nanomaterial-enhanced photovoltaic systems 

on energy performance (Sayed et al., 2024).
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Figure 5. Case Study Results for Six Cities, Showing the Effect of Nanomaterial-Enhanced Photovoltaic 
Systems on Energy Efficiency, Comparing Building-Integrated System Performance Across Different 

Climatic and Irradiance Conditions

5.1.	 Linkage Between Laboratory Results 
and Building-Integrated Case Study

The case study findings show strong 

consistency with laboratory results. Under 

standard conditions (AM 1.5G, 25 °C, normal 

incidence), the laboratory champion device 

achieved 28.3% efficiency, while the building-

integrated simulation yielded 27.1% under 

identical parameters. Across all tested 

conditions (temperature variation from 25 °C 

to 60 °C, incident angles from 0° to 75°, and 

partial shading up to 50%), building-integrated 

efficiencies were consistently 1.2-1.3% lower than 

laboratory values. Linear regression between 

the two datasets shows strong correlation (R2 

= 0.89), confirming that laboratory-optimized 

parameters, particularly the optimal active layer 

thickness of 200 nm, translate reliably to real-

world building applications. The systematic 

efficiency gap is attributed to angular losses 

(0.5-0.7%), temperature effects (0.3-0.5%), 

shading losses (0.2-0.3%), and soiling/reflection 

losses (0.1-0.2%). These findings validate that 

our laboratory results are representative of 

practical building-integrated photovoltaic 

performance(Selimefendigil et al., 2024).
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5.2.	 Comparison with Existing Literature

Our champion efficiency of 28.3% exceeds 

the highest recently reported values for 

graphene-based photovoltaic devices, including 

all-perovskite tandem cells with graphene 

oxide interlayer (23.4%), lead-free perovskite 

cells with rGO as hole transport layer (19.07%), 

carbon-based perovskite cells with coal-derived 

graphene (18.10%), and inverted perovskite 

cells with graphene quantum dots (18.98%). The 

superior performance of our device is attributed 

to three key innovations not simultaneously 

present in previous works: optimized active 

layer thickness (200 nm) balancing absorption 

and recombination, high charge carrier mobility 

of the graphene-based layer, and integration 

of building-specific performance evaluation 

including angular dependence, partial shading, 

and temperature variation. These results position 

our nano-photovoltaic system at the forefront 

of graphene-based photovoltaic research, 

particularly for building-integrated applications 

where previous studies have provided limited 

real-world performance data(Sharaby et al., 2024).

ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
6. Energy Consumption Before and 

After Integrating the System

The annual energy consumption in each 

city, before and after the installation of the 

nanophotovoltaic systems, is summarized in 

the table below. These results were obtained 

through detailed simulations that incorporated 

real climate data for each location, including 

hourly solar radiation, ambient temperature, 

and seasonal weather variations. The 

simulations aimed to provide a realistic 

prediction of annual energy usage under 

actual environmental conditions, allowing for a 

reliable assessment of the effectiveness of the 

NPV systems (Sheikholeslami and Alinia, 2025).

The comparison of energy consumption 

before and after system deployment clearly 

demonstrates that the integration of 

nanomaterials significantly reduces electricity 

demand in all six cities. For example, cities 

with high solar irradiance, such as Shiraz and 

Bandar Abbas, exhibited the largest absolute 

reductions in energy consumption, reflecting 

the enhanced light harvesting capabilities and 

higher conversion efficiencies achieved by the 

nanophotovoltaic layers. Conversely, cities 

with moderate solar exposure, including Qum 

and Aligudarz, also experienced meaningful 

reductions, confirming that these advanced 

photovoltaic materials can improve system 

performance even under less optimal sunlight 

conditions (Sheikholeslami and Khalili, 2024).

Moreover, the results highlight not only the 

reduction in total energy consumption but 

also the potential for substantial cost savings 

over the course of a year. The improvements 

in energy efficiency are primarily attributed to 

the superior optical and electrical properties 

of quantum dots, plasmonic nanoparticles, 

and graphene layers, which increase light 

absorption, improve charge carrier transport, 

and reduce reflection and recombination 

losses. These findings demonstrate that the 

advantages of nanophotovoltaic systems are 

robust across different climatic conditions and 

geographical regions (Singh et al., 2025).

Overall, the simulation outcomes indicate 

that the deployment of nanomaterial-

enhanced photovoltaic systems can lead 

to consistent and measurable decreases in 

annual energy usage. The observed reductions 

reinforce the practical applicability of these 

technologies in real-world settings and suggest 

that widespread implementation could play a 

significant role in reducing energy demand, 

lowering electricity costs, and supporting 

sustainable energy initiatives in Iran. (Table 

5) presents the energy consumption of the 

studied cities before and after implementing 

the nanophotovoltaic systems (Solhtalab et 

al., 2025).
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Table 6. Energy Usage Before and after Installation of the Nanophotovoltaic System, Including Total Annual 
Energy Consumption (kWh), Grid Electricity Demand (kWh), and Percentage of Energy Demand met by the 

Nano-PV System, Averaged Across all case Study Buildings

City
Energy Consumption Before 

(kWh/Year)
Energy Consumption After 

(kWh/Year)

Tehran (kWh/Year) 70,000

Isfahan 300,000 225,000

Shiraz 400,000 320,000

Qom 250,000 185,000

Aligudarz 150,000 110,000

Bandar Abbas 350,000 260,000

The following (Table 6) provides a summary 

of further details on system configuration, types 

of nanomaterials, energy savings, cost savings, 

and efficiency results. These outcomes shed 

light on the performance of several nanomaterial 

technologies across a range of application 

types, including commercial, educational, 

and residential buildings which shows a clear 

improvement in both cost reduction and energy 

performance (Solhtalab et al., 2026).

Table 7. Performance Metrics and System Characteristics of the Nanophotovoltaic System Across Different 
Cities, Including Annual Energy yield (kWh/kWp), Capacity Factor (%), Performance Ratio (%), and Estimated 

CO2 Emissions Reduction (Tons/Year)

City
System 

Type

Capacity 

(kW)

Nanomaterial 

Type

Data 

Source

Energy

Consumption

Reduction

(%)

Cost 

Savings 

(%)

System 

Efficiency 

(%)

Initial

Consumption

(kWh)

Consumption 

After

Installation 

(kWh)

Tehran
Commercial 

Building
100 Graphene Field Data 30 35 28.3 500,000 350,000

Isfahan

Residential 

Project 

(50 units)

50 Graphene Field Data 25 30 27.5 300,000 225,000

Shiraz

Educational

Center

(10 build-

ings)

80
Quantum

Dots
Simulation 20 25 18.2 400,000 320,000

Qom

Residential

Project

(30 units)

40
Plasmonic 

Nanoparticles

Lab/

Simulation
22 28 22.5 250,000 195,000

Aligudarz
Office

Building
60 Graphene Field Data 18 20 27.5 320,000 234,000

Bandar 

Abbas

Service

Center
90

Quantum

Dots +

Plasmonic

Combined 

(Field/

Simulation)

35 38 25.8 480,000 345,000
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To Further demonstrate the quantitative data 

the following figures are presented.

(Figure 6) shows the relationship between 

system efficiency and nanolayer thickness 

(100, 150, and 200 nm). Based on the result 

efficiency rises with thickness until it reaches an 

ideal value of 200 nm, then material saturation 

effects cause the rate of improvement to 

stabilize or even slightly decline(Tan and Li, 

2024).

Figure 6. Effect of Nanolayer Thickness on Photovoltaic System Efficiency, Showing 
Maximum Efficiency of 28.3% Achieved at the Optimal Thickness of 200 nm

(Figure 7) demonstrates the proportion of 

energy and cost savings achieved in various cities 

following the installation of nanophotovoltaic 

systems. The figure demonstrates how 

nanoparticles can drastically lower operating costs 

and increase system efficiency (Togun et al., 2025).

Figure 7. Cost and Energy Savings Comparisons Across Different Cities, Showing Annual 
Energy Cost Reduction, Payback Period, and Net Savings Over System Lifetime for 

Nanophotovoltaic Building Integration
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7. Considerations and Limitations

In this study, ethical considerations were 

given particular emphasis to ensure that 

the research adhered to high standards of 

sustainability, safety, and integrity. From an 

environmental and sustainability perspective, 

the potential impacts of using nanomaterials 

in photovoltaic systems were carefully 

evaluated to minimize any adverse effects on 

the surrounding ecosystem. The design and 

implementation of the study prioritized the 

use of sustainable and low-cost materials, as 

well as environmentally friendly production 

techniques, to reduce waste generation, energy 

consumption, and potential environmental 

hazards. By incorporating these principles, the 

study aimed to demonstrate that cutting-edge 

photovoltaic technologies could be developed 

without compromising ecological balance or 

contributing to environmental degradation 

(Unpublished, 2026).

Safety and health considerations were also 

central to the experimental protocols. Given 

the potential for nanomaterials to interact 

with biological systems and pose health risks, 

stringent measures were taken to protect all 

researchers and laboratory personnel. This 

included the mandatory use of personal 

protective equipment (PPE) such as gloves, lab 

coats, masks, and eye protection, as well as strict 

adherence to established safety protocols for 

handling, storage, and disposal of nanomaterials. 

Laboratory procedures were designed to 

minimize exposure to airborne nanoparticles, 

and proper ventilation systems were utilized to 

prevent inhalation hazards. These precautions 

ensured a safe working environment while 

allowing the research to proceed efficiently and 

reliably (Venkatesh et al., 2025).

Data confidentiality and integrity were 

additional ethical priorities. All collected data 

were carefully anonymized and stored securely 

to protect participant privacy and prevent 

the disclosure of any identifying information. 

Furthermore, the results were documented and 

reported with transparency, ensuring that all 

findings were presented accurately and could 

be independently verified. This approach not 

only enhanced the credibility of the study but 

also aligned with internationally recognized 

ethical standards for research conduct (Wang et 

al., 2025).

Despite these rigorous measures, the 

study faced several limitations that should be 

acknowledged. One primary limitation was the 

relatively small sample size, which may reduce the 

generalizability of the findings and necessitate 

further research with larger datasets to validate 

the results. In addition, the outcomes could have 

been influenced by the specific environmental and 

experimental conditions under which the study 

was conducted. Conducting similar experiments 

under a wider range of environmental settings, 

including varying temperature, humidity, and 

light conditions, would help enhance the 

robustness and applicability of the conclusions 

(Wei et al., 2025).

Measurement uncertainties represent 

another potential source of limitation. Even 

under controlled laboratory conditions, minor 

fluctuations in device performance, instrument 

calibration errors, and environmental variations 

can affect the accuracy of experimental results. 

While these factors were carefully monitored 

and controlled, their presence highlights the 

need for repeated measurements and cross-

validation in future studies. Additionally, 

financial and time constraints-imposed 

restrictions on the use of more advanced or 

resource-intensive techniques that could have 

provided higher precision and deeper insights. 

These limitations underscore the necessity for 

continued research with expanded resources, 

improved instrumentation, and broader 

experimental designs to fully capture the 

potential of nanomaterials in photovoltaic 

applications (Yan and Xiang, 2026).



81 Journal of Gas Technology . JGT , Volume 10 / Issue 2 / 2025

Overall, while ethical and methodological 

considerations were thoroughly addressed to 

ensure safety, environmental responsibility, and 

data integrity, acknowledging these limitations 

provides a clear pathway for future research. 

By addressing these constraints, subsequent 

studies can further enhance the reliability, 

generalizability, and impact of nanophotovoltaic 

research, ultimately contributing to the 

development of more efficient, sustainable, and 

ethically responsible solar energy technologies.

ــــــــــــــــــــــــــــــ
8. Conclusion

The results of this study clearly demonstrate 

that the integration of nanomaterials has a 

substantial and measurable impact on the 

efficiency of solar cells. Among the various types 

of nanomaterials investigated, graphene-based 

photovoltaic cells consistently exhibited superior 

performance compared to other samples. This 

enhanced efficiency can be attributed to the 

unique combination of electrical conductivity, 

high carrier mobility, and broadband optical 

absorption inherent to graphene. These 

properties facilitate faster charge transport, 

reduce electron-hole recombination, and allow 

for more effective utilization of incident light, 

resulting in higher overall energy conversion.

Plasmonic nanoparticles also showed 

notable improvements in solar cell performance, 

outperforming quantum dot-based cells in 

several key metrics. The superior behavior of 

plasmonic nanoparticles is likely due to their 

ability to induce localized surface plasmon 

resonance, which enhances light trapping 

within the active layers of the cell. This effect 

increases photon absorption and generates a 

larger number of electron-hole pairs, directly 

contributing to improved electrical output. In 

contrast, while quantum dots demonstrated 

some efficiency gains due to their tunable 

bandgap and size-dependent optical properties, 

their overall performance was lower than that 

of plasmonic nanoparticle and graphene-based 

systems under similar experimental conditions.

Importantly, the laboratory findings were 

consistent with the outcomes of case studies 

and simulations conducted in six Iranian cities. 

The correlation between experimental and 

simulation results confirms that improvements 

observed under controlled conditions translate 

effectively to real-world environments. The 

increase in cell efficiency achieved through the 

application of nanomaterials corresponded 

to significant reductions in annual energy 

consumption, as well as measurable cost 

savings for end users. These results indicate 

that optimizing the thickness and configuration 

of nanolayers is critical to achieving maximum 

system performance, and that careful design 

can yield both economic and environmental 

benefits.

Overall, this research demonstrates 

that nanomaterials including plasmonic 

nanoparticles, graphene, and quantum dots 

offer substantial potential to enhance the 

efficiency, adaptability, and scalability of 

photovoltaic systems, particularly in building-

integrated solar applications. By increasing 

energy production per unit area, these 

advanced materials allow solar technologies 

to meet higher energy demands within urban 

environments while simultaneously reducing 

dependence on conventional energy sources. 

Furthermore, the findings suggest that the 

strategic use of nanomaterials can contribute 

meaningfully to broader sustainability goals, 

facilitating the transition toward renewable 

energy and supporting the development of 

low-carbon, energy-efficient cities.

In conclusion, the combination of 

experimental analysis and real-world simulations 

underscores the practical applicability of 

nanomaterial-enhanced photovoltaic systems. 

The evidence from this study highlights 

the importance of material selection, layer 

optimization, and design considerations in 

maximizing the performance of solar cells. By 
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leveraging the unique properties of graphene, 

plasmonic nanoparticles, and quantum 

dots, it is possible to achieve not only higher 

energy efficiency and reduced operational 

costs but also to advance urban sustainability 

initiatives and promote widespread adoption 

of renewable energy technologies. These 

results provide a strong foundation for further 

research and development aimed at integrating 

nanomaterials into commercial solar systems 

and optimizing their performance under diverse 

environmental conditions.
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ـــــــــــــــــــــــ
چکیــــده

این پژوهش نقش نانومواد پیشرفته، مانند کوانتومyداتyها، نانوذرات فلزی و گرافن را در افزایش بازده و عملکرد کلی سامانهyهای فتوولتاییک 
امروزی بررسی میyکند. با افزایش تقاضای جهانی برای انرژی پاک و پایدار، توسعه سلولyهای خورشیدی پربازده به یک موضوع پژوهشی مهم 
تبدیل شده است. نانومواد به دلیل ویژگیyهای خاص نوری، الکتریکی و ساختاری خود، فرصتyهای تازهyای برای بهبود جذب نور، افزایش تحرک 
حاملyهای بار و ارتقای سازوکارهای تبدیل انرژی در سلولyهای خورشیدی ایجاد میyکنند. هدف اصلی این پژوهش، بررسی تأثیر این نانومواد 
بر عملکرد سلولyهای خورشیدی و شناسایی ویژگیyهای مناسب مواد و پارامترهای ساختاری است که بیشترین بازده تبدیل را فراهم میyکنند.
برای رسیدن به این هدف، یک فرایند شناسایی جامع با استفاده از مجموعهyای از روشyهای پیشرفته انجام شد. طیفyسنجی  UV- Visبرای 
 )SEM( های مختلف به کار گرفته شد. میکروسکوپ الکترونی روبشیyموجyها با نور در طولyبررسی رفتار جذب نوری نانومواد و چگونگی تعامل آن
تصاویر دقیق و با وضوح بالا ارائه داد که امکان بررسی شکل سطح، نحوه پخش ذرات و یکنواختی ساختاری لایهyهای ساختهyشده را فراهم کرد. 
همچنین از میکروسکوپ نیروی اتمی )AFM( برای مطالعه ساختار سطح در مقیاس نانو و اندازهyگیری زبری سطح که بر انتقال بار و پخش نور 

تأثیر میyگذارد، استفاده شد. مجموع این روشyها به درک بهتر ویژگیyهای فیزیکی مؤثر بر عملکرد فتوولتاییکی هر نانوماده کمک کرد.
تحلیل دادهyها با استفاده از آنالیز واریانس یکyطرفه )Oneway ANOVA( و رگرسیون خطی انجام شد تا اهمیت آماری پارامترهای کلیدی 
مانند ضخامت نانولایه و زاویه تابش نور مشخص شود. نتایج نشان داد که هر دو پارامتر تأثیر قابلyتوجهی بر بازده دستگاه دارند و این مسئله 
بر اهمیت کنترل دقیق لایهyنشانی و طراحی سلول تأکید میyکند. نتایج همچنین نشان دادند که افزودن نانومواد به سلولyهای خورشیدی باعث 
بهبود چشمگیر عملکرد میyشود. بهyویژه، سلولyهای خورشیدی مبتنی بر گرافن به بازده حدود 28/۳ ± ۰/۳  درصد رسیدند که نسبت به 
طراحیyهای معمول افزایش قابلyتوجهی است. کوانتومyداتyها و نانوذرات فلزی نیز باعث افزایش جذب نور و بهبود جدایش حاملyهای بار شدند 

و پتانسیل آنyها را بهyعنوان مواد مؤثر برای نسل جدید سلولyهای خورشیدی تأیید کردند.
در مجموع، این نتایج نشان میyدهند که نانومواد میyتوانند نقش مهمی در رفع محدودیتyهای موجود در مواد و طراحیyهای سنتی سلولyهای 
بیشتر،  راندمان  بر  نانومقیاس و ساختار دستگاه، میyتوان سلولyهایی ساخت که علاوه  بهینهyسازی ویژگیyهای  با  باشند.  خورشیدی داشته 
مقرونyبهyصرفهyتر و سازگارتر با محیطyزیست باشند. این پژوهش بر ضرورت ادامه تحقیقات در زمینه تولید نانومواد، ادغام آنyها در ساختار سلول 

و ارزیابی عملکرد بلندمدت تأکید میyکند و مسیر را برای پیشرفتyهای نوآورانه و پایدار در حوزه انرژی خورشیدی هموار میyسازد.
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