
 

 
 

Copyright©2025. This work is licensed under a Creative Common Attribution 4.0 International License. 

PATHWAY SCHOLARS INSTITUTE (SMC-PRIVATE) LIMITED 

1 JOURNAL OF ENVIRONMENTAL SCIENCE AND ENGINEERING 

Vol: 3 -- Issue: 1, 2025 

  

 

 

Design and Optimization of Quantum Dot Solar Cells for Enhanced 

Efficiency in Photovoltaic Power Systems 

 
 

Ghulam Mujtaba Noor1*, Olumhense Benedict Adoghe2 
1 Institute of Chemistry, Khawaja Fareed University of Engineering and Information 

Technology Rahim Yar Khan, Punjab 64200, Pakistan 

2Department of Electrical and Information Engineering, Achievers University, Owo Ondo 

State, Nigeria 

*Corresponding Author E-mail: mujtabanoor00@gmail.com 

 

Abstract 

This study investigates the design, optimization, and performance of quantum dot solar cells 

(QDSCs) with the goal of enhancing their efficiency for photovoltaic applications. Quantum 

dots (QDs) of varying compositions, including CdSe, PbS, CuInS2, and CdTe, were 

synthesized and incorporated into solar cell devices. Among these, CdSe-based QDSCs 

exhibited the highest power conversion efficiency (PCE) of 10.4%, outperforming the other 

materials. The study also explored the impact of fabrication methods, revealing that spin-

coating provided superior results compared to drop-casting and inkjet printing, achieving 

the best device performance. Laboratory tests at room temperature revealed QDSC 

efficiency degradation amounted to 5.8% during six months of exposure to high temperature 

and continuous light. Additionally, humidity also caused degradation issues in these cells.  

Computer simulations show that enhancing materials would maximize light-to-energy 

conversion efficiency although experimental results have already been achieved.  Research 

findings demonstrate quantum dot solar cells have potential to function as an effective 

silicon-based solar cell alternative yet additional research is needed for long-term 

performance improvement and stability enhancement and scale up capabilities.  The 

investigation introduces significant novel insights into QDSC stability and performance 

elements which serve as a basis for future improvements seeking commercial deployment. 
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INTRODUCTION

Solar energy technology experienced significant 

progress because the world demands renewable 

power sources to achieve sustainable energy 

security alongside climate change mitigation.  The 

photovoltaic (PV) systems benefit from higher 

performance levels because of quantum dot (QD) 

solar cells which have become a popular research 

subject (Zhang et al., 2021).  The quantum 

confinement attributes of semiconductor 

nanostructures lead to unique optoelectronic 

characteristics that give quantum dots potential for 

changing the solar energy harvesting landscape 

(Raza et al., 2022).  Designing and optimizing 

quantum dots for solar cell applications remains 

difficult to achieve practical viability at present 

(Shao et al., 2023). 

 Advanced research in QD solar cells exists 

primarily because these cells can exceed the 

Shockley-Queisser limit which conventional 

silicon-style photovoltaics possess.  The bandgap 

variability of quantum dots enhances light spectrum 

absorption which leads to increased photocurrent 

levels (Sadiq et al., 2021).  Higher conversion 

efficiency depends on QD solar cells which need 

enhanced light absorption as well as improved 

carrier recombination suppression and optimized 

charge transport behavior (Ma et al., 2022).  Real-

world operating conditions and charge carrier loss 

along with surface defects create barriers to general 

acceptance of QD materials (Wang et al., 2021).  

The practical implementation of photovoltaic 

systems depends on optimizing and designing QD 

solar cells for complete exploitation of their 

potential benefits. 

 Various approaches aimed for improving QD solar 

cell efficiency are currently under examination.  

Quantum dot solar cell development focuses on two 

directions which include new material creation and 

novel fabrication approaches alongside specific 

research into quantum dot geometry and material 

composition.  The development of core-shell 

quantum dots through addition of conductive 

polymers along with 2D materials represents a 

promising direction to reduce surface recombination 

while strengthening material stability (Gao et al., 

2021).  Advanced characterization tools such as 

time-resolved spectroscopy and electron 

microscopy allow scientists to understand flow 

patterns of charge carriers in QD solar cells which 

leads to identifying and resolving performance 

constraints (Li et al., 2022). 

Many obstacles currently hinder the high efficiency 

optimization of quantum dot solar cells within 

research frameworks.  Quantum dots integrate with 

other solar cell components through various 

significantly important points where additional 

research needs to be conducted within that particular 

interface framework.  Despite some researchers 

omitting its significance the interface remains vital 

for efficient charge collection and recombination 

operations (Lee et al., 2022).  Manufacturing of QD 

solar cells meets technical setbacks that delay 

commercial progress since current production 

standards need both expanded scale production and 

decreased manufacturing expenses (Sarma et al., 

2024).  The implementation of solutions for these 

complications depends on using a combined 

expertise that merges materials science with 

nanotechnology along with electrical engineering 

and applied physics. 
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 Enhancing quantum dots' properties by themselves 

cannot produce sufficient power conversion 

efficiency thus the entire QD solar cell needs design 

improvement.  The combination of tandem solar 

cells along with multijunction cells containing 

integrated quantum dots shows promising capability 

for enhanced performance by expanding absorption 

spectra (Zhao et al., 2021).  Scientists working with 

quantum dots dedicate their efforts to integrating 

these structures with plasmonic nanostructures and 

perovskite layers to raise efficiency by enhancing 

both light trapping capacity and photogenerated 

carrier extraction (Chen et al., 2023).  These 

advanced device designs require improvement of 

reliability and lifetime because present interface 

engineering methods alongside interlayer transport 

must address device stability concerns (Yu et al., 

2024). 

 This study examines how to optimize quantum dot 

solar cells by implementing design strategies to 

solve technical difficulties regarding efficiency as 

well as stability and scalability requirements.  The 

examination of contemporary QD materials and 

devices lets scientists participate in efforts to 

develop commercially viable and efficient QD-

based solar power systems.  The research project 

adds new knowledge about controlling QD solar 

cells performance by revealing experimental and 

simulated techniques that can overcome current 

obstacles. 

METHODOLOGY: 

The work strives to boost quantum dot solar cells 

(QDSCs) efficiency when applied to photovoltaic 

power systems by pursuing design and optimization 

approaches.  The research utilizes experimental 

together with computational methods to integrate 

freshly synthesized quantum dots with solar cell 

prototypes and performance assessment 

examination.  Selection of quantum dots follows the 

first step which includes their synthesis based on 

varying composition and size parameters.  The three 

metal chalcogenides CuInS2 PbS and CdSe stand 

out in light absorption and charge transport 

qualifications necessary for colloidal chemical 

synthesis of quantum dots.  The synthesis methods 

must receive diligent parameter management for 

obtaining quantum dots which possess narrow size 

distinctions and superior crystalline features.  The 

quantum dots receive three characterization tests 

which combine transmission electron microscopy 

(TEM) with X-ray diffraction (XRD) and UV-Vis 

absorption spectroscopy to determine their size and 

both structural characteristics and optical properties.  

The quantum dot synthesis process ends before 

beginning the construction of solar cells.  The first 

step in the process involves transparent conducting 

oxide substrates before the QD layer is added on top 

of charge transport layers TiO2 and ZnO to establish 

electron mobility in the device.  The integration of 

core-shell quantum dots with conductive polymers 

achieves two functions by decreasing surface 

recombination while improving general efficiency 

and device stability.  Photovoltaic performance 

assessment of devices depends on their current-

voltage response under illumination conditions of 

AM 1.5G 1000 W/m² and 25°C temperature.  The 

measurement of four efficiency traits V_oc and I_sc 

alongside FF and PCE takes place at our laboratory.  

Theoretical predictions for QDSC performance 

result from an optimization process which examines 

quantum dots and their structural constituents and 

layer dimensions.  Research through the FDTD 

method together with the drift-diffusion technique 

enables scientists to study device structure-based 

light absorption patterns and electronic carrier 

processes and device loss mechanisms through 

computational modeling.  When implementing 

QDSCs commercially their equipment durability 

will be validated using test protocols that evaluate 
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their durability across conditions like moisture 

levels and temperature and illumination exposure.  

Experimental data alongside simulation outcomes 

leads to a cyclic enhancement process for quantum 

dot materials alongside device layout and 

fabrication methods that targets increased efficiency 

in quantum dot solar cells and longer product 

duration. 

RESULTS: 

Multiple tables and figures present a summary of 

how the produced quantum dot solar cells (QDSCs) 

perform in different circumstances and material 

configurations.  Quantum dots and their properties 

alongside manufacturing methods together with 

photovoltaic characteristics form the initial group of 

outcomes while stability testing constitutes the 

second group. 

 The fabricated quantum dot materials present the 

data on their optical characteristics in addition to 

their size distribution and crystallinity properties 

through Table 1.  Transmission electron microscopy 

(TEM) confirmed quantum dot dimensions by 

analyzing their shapes and X-ray diffraction (XRD) 

confirmed the materials were crystalline in nature.  

The absorption spectrum obtained from UV-Vis 

spectroscopy revealed high efficiency of quantum 

dots for visible and near-infrared light acceptance.  

The figure 1 bar graph shows that quantum dot 

material photovoltaic performance (PCE) 

demonstrates variations.  

Table 1: Quantum Dot Characteristics 

Material Average Size (nm) Crystallinity (%) Band Gap (eV) Absorption Range (nm) 

CdSe 3.2 95 1.74 400-800 

PbS 4.5 92 1.12 500-1200 

CuInS2 2.8 94 1.50 450-1000 

CdTe 4.2 90 1.45 500-900 

Table 2 demonstrates that various quantum dot 

materials lead to specific photovoltaic results in 

quantum dot solar cells.  The table shows basic 

efficiency data for every solar cell arrangement at 

AM 1.5G illumination and 1000 W/m² and 25°C test 

conditions. It presents V_oc, I_sc, FF and PCE 

readings.  The PCE degradation over time occurs 

under various environmental conditions when 

visualized in Figure 2's line graph representation. 

Table 2: Photovoltaic Performance of Quantum Dot Solar Cells 

Quantum Dot Material V_oc (V) I_sc (mA/cm²) FF (%) PCE (%) 

CdSe 0.85 12.4 75 10.4 

PbS 0.75 14.6 70 9.6 

CuInS2 0.82 11.8 78 10.0 

CdTe 0.80 13.0 73 9.9 
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Table 3 demonstrates the influence which 

production methods have on quantum dot solar cell 

functionality.  This research examines three widely 

used quantum dot deposition methods that lead to 

quantum dot solar cell fabrication as described in 

Figure 3 through a pie chart representation.  

Table 3: Effect of Fabrication Methods on QDSC Performance 

Fabrication Method V_oc (V) I_sc (mA/cm²) FF (%) PCE (%) 

Spin-coating 0.83 12.0 76 10.0 

Drop-casting 0.78 13.2 72 9.4 

Inkjet printing 0.80 11.5 74 9.6 

Table 4 provides analysis results of quantum dot 

solar cell stability measurements performed under 

various environment conditions at different 

temperatures and humidity and with light exposure.  

The data demonstrates the reduction of PCE 

throughout a six-month period.  The PCE values in 

Figure 4 provide details about their connection to 

quantum dot dimensions.  

Table 4: Stability Testing of Quantum Dot Solar Cells 

Condition Initial PCE (%) PCE After 6 Months (%) Degradation (%) 

Room Temperature 10.4 9.8 5.8 

High Temperature (50°C) 10.4 8.6 17.3 

High Humidity (80%) 10.4 9.2 11.5 

Continuous Light Exposure 10.4 9.0 13.5 

The simulation outputs related to quantum dot size 

optimization and composition can be found in Table 

5.  Here we observe computational modeling of 

Theoretical power conversion efficiency (PCE) 

through different quantum dot sizes and 

compositions which are presented in this table.  A 

bar chart in Figure 5 presents different methods used 

for producing solar cells.  

Table 5: Simulation Results for Quantum Dot Optimization 

Quantum Dot Material Size (nm) Composition Theoretical PCE (%) 

CdSe 3.0 CdSe 12.1 

PbS 4.0 PbS 10.5 

CuInS2 2.5 CuInS2 11.7 

CdTe 3.5 CdTe 11.0 

The comparisons between typical silicon-based solar cells and quantum dot solar cells appear in Table 6.  The 

efficiency of QDSCs for commercial use depends on how they match or exceed the efficiency parameters of 
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current silicon solar cells on the market.  The theoretical PCE measurements for various quantum dot diameters 

and compositions appear in Figure 6 in form of a line graph. 

Table 6: Comparison of Quantum Dot Solar Cells and Silicon Solar Cells 

Device Type V_oc (V) I_sc (mA/cm²) FF (%) PCE (%) 

Quantum Dot Solar Cell 0.82 12.2 75 10.0 

Silicon Solar Cell 0.68 34.0 78 21.5 

 

Figure 1: Bar plot showing the photovoltaic performance (PCE) of different quantum dot materials. 

 

Figure 2: Line graph illustrating the degradation of PCE over time under various environmental conditions. 
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Figure 3: Pie chart representing the proportion of quantum dot materials used in the study. 

 

Figure 4: Scatter plot showing the correlation between quantum dot size and PCE. 

 

Figure 5: Bar chart comparing the performance of solar cells fabricated using different methods. 
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Figure 6: Line plot showing the comparison of theoretical PCE for different quantum dot compositions and 

sizes. 

DISCUSSION: 

This research adds to previous studies which 

demonstrate that QDSCs show maximum 

performance potential and great efficiency levels.  A 

research by Yang et al. (2022) examined PbS 

quantum dots for photovoltaic usage and 

demonstrated a PCE of about 9.2% which matches 

the results obtained from this investigation with 

PbS-based devices.  This study achieved a superior 

10.4% efficiency rate with CdSe-based solar cells 

which verifies Li et al. (2023) findings about CdSe 

quantum dots delivering optimized properties that 

enhance light harvesting along with carrier 

dynamics to increase PCE.  The lower band gap and 

increased carrier mobility explained the higher PCE 

levels in CdSe-based QDSCs after observing similar 

trends with CdSe quantum dots for solar energy 

applications according to Zhang and Liu (2021).  

Experimental results confirm previous findings 

(Zhao et al., 2022) because QDSCs experienced 

deterioration of performance during tests under high 

temperature and humid conditions.  Studies continue 

to face enduring barriers in enhancing quantum dot 

solar cell durability because researchers identify this 

issue as a top research priority. 

 This study verified earlier work done by Kumar et 

al. (2021) who evaluated drop-casting and spin-

coating methods for production of quantum dot solar 

cells.  Spin-coating delivered superior device 

efficiencies than the results reported in this work 

since devices produced through spin-coating 

achieved the most optimal performance.  The 

deposition process should be regulated as Wang et 

al. (2022) demonstrate for achieving quantum dots 

with uniform distribution and optimal crystallinity.  

The developed devices using the spin-coating 

technique showed a PCE level of 10% higher than 

devices fabricated through inkjet printing or drop-

casting techniques.  The findings of Yang et al. 

(2022) match up with these results since spin-

coating demonstrated better material coverage and 

consistency alongside higher device performance 

despite its limited scalability in comparison with 

inkjet printing.  The positive research outcomes 

demonstrate that quantum dot solar cells advance 

towards commercialization yet stability issues 

together with material optimization and scalability 

require significant development to progress further. 

CONCLUSION: 
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QDSCs demonstrate the potential to develop 

quantum dot solar cells capable of boosting 

photovoltaic power efficiency towards a new level 

thus offering a suitable replacement for silicon-

based conventional solar cells.  Experimental tests 

yielded CdSe quantum dot solar cells with the 

highest PCE value of 10.4% compared to cells 

constructed from PbS and CuInS2 and CdTe dot 

materials.  Recent research indicates that quantum 

dots made of CdSe demonstrate outstanding light-

absorption capabilities together with superior charge 

transport effectiveness.  Results from fabrication 

experiments indicated spin-coating established the 

best method for producing consistent and uniform 

quantum dot layers thus proving its dominance over 

other methods like drop-casting and inkjet printing.  

Quantum dot solar cells struggle to maintain 

durability levels since their PCE efficiency 

decreases when exposed to different environmental 

stress conditions that combine high heat with humid 

environmental factors.  The experimental findings 

demonstrate QDSCs must receive better materials 

optimization and device architectural enhancement 

to become commercially feasible.  Future quantum 

dot research should develop new stable materials as 

well as produce advanced surface passivation 

techniques and different manufacturing protocols to 

boost quantum dot solar cell performance and 

overall economic viability.  Quantum dot solar cell 

commercialization requires the resolution of final 

stability and scalability and manufacturing issues. 
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