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ABSTRACT: Organic solar cells (OSCs) based on polymer-donor and fullerene-acceptor blends have garnered significant 

attention due to their cost-effectiveness, flexibility, and ease of fabrication. However, challenges such as low power conversion 

efficiency (PCE) and poor stability hinder their commercial viability. This study focuses on optimizing the thickness of various 

layers in a P3HT:PCBM-based OSC with the structure ITO/PEDOT:PSS/P3HT:PCBM/ZnSe/Al, employing OghmaNano 

simulation software. Additionally, non-geminate recombination effects and temperature stability were analyzed to understand 

their impact on device performance. The thickness of the active material (P3HT:PCBM) was varied between 100–300 nm, 

while transport and electrode layers were optimized to achieve balanced charge transport and effective light absorption. Our 

results demonstrate that the optimized structure achieved a PCE of 9.60%, with an open circuit voltage (VOC) of 0.64 V, a 

short circuit current density (JSC) of 206.70 A/m², and a fill factor (FF) of 72.13%. Moreover, recombination analysis revealed 

that mitigating non-geminate recombination could significantly enhance device performance. ZnSe was identified as an 

effective electron transport layer due to its transparency, favorable energy band alignment, and high electron mobility. This 

study highlights the importance of layer thickness optimization and recombination control in improving the efficiency and 

stability of OSCs. The findings pave the way for further advancements in OSC technology, potentially bridging the gap toward 

their commercialization. 
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1. INTRODUCTION 
 

The escalating global demand for energy, fueled by rapid 

industrialization and population growth, has necessitated the 

exploration of alternative energy sources to mitigate the issue 

of energy scarcity [1, 2]. Traditional energy generation 

methods, primarily dependent on fossil fuels, face significant 

challenges, including resource depletion, environmental 

pollution, and greenhouse gas emissions [3]. To address these 

challenges, renewable energy technologies such as solar 

energy have emerged as a promising solution. Among the 

various solar energy harvesting methods, flexible thin-film-

based solar cells are gaining considerable attention due to 

their lightweight nature, adaptability, and potential for 

integration into unconventional surfaces [4, 5]. These 

advancements underscore the paradigm shift towards 

sustainable and innovative energy solutions. 

In the realm of thin-film solar cells, organic bulk 

heterojunction (BHJ) solar cells represent a groundbreaking 

development. Unlike their silicon-based counterparts, 

organic solar cells (OSCs) offer unique advantages such as 

low-cost fabrication, mechanical flexibility, and lightweight 

architecture [6, 7]. These features make OSCs an ideal 

candidate for diverse applications, including wearable 

electronics, portable power devices, and building-integrated 

photovoltaics. Despite these advantages, the 

commercialization of OSCs is hindered by inherent 

limitations, primarily their relatively low power conversion 

efficiency (PCE) and stability under operational conditions 

[8, 9]. Addressing these challenges has become a focal point 
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of research within the scientific community, driving 

advancements in materials, device architecture, and 

optimization strategies. 

Organic solar cells typically consist of a blend of 

electron-donating and electron-accepting materials, forming 

the active layer responsible for light absorption and charge 

generation. Among the widely studied material combinations, 

poly(3-hexylthiophene) (P3HT) serves as the electron-

donating polymer, while [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) functions as the electron acceptor [10, 

11]. This P3HT:PCBM blend has become a model system for 

investigating the fundamental aspects of OSCs due to its 

well-defined molecular structure, ease of processing, and 

moderate efficiency [12]. However, achieving a high-

performance OSC requires careful consideration of several 

critical factors, including active material thickness, transport 

layers (TLs) design, electrode configurations, energy level 

alignment, exciton dissociation, and charge transport 

dynamics [13]. These parameters play a pivotal role in 

determining the efficiency and stability of the device. 

The optimization of OSC architecture has led to 

significant improvements in performance. One key approach 

involves the incorporation of transport layers, which facilitate 

efficient charge extraction and reduce energy losses [14]. The 

electron transport layer (ETL) and hole transport layer (HTL) 

are essential components in an OSC, as they ensure selective 

charge transport, suppress charge recombination, and 

establish energy barriers that prevent reverse current flow. 

The alignment of the lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) 

energy levels between the active material and the transport 

layers is crucial for efficient charge transfer [15]. Moreover, 

the thickness and material properties of the TLs directly 

impact the optical and electrical performance of the device. 

Various materials have been explored as transport layers 

in OSCs, each selected based on specific properties such as 

energy level alignment, charge mobility, and transparency 

[16]. Commonly used ETL materials include titanium 

dioxide (TiO₂), tungsten disulfide (WS₂), tungsten trioxide 

(WO₃), and zinc oxide (ZnO) [17, 18]. Similarly, HTL 

materials such as molybdenum trioxide (MoO₃), copper 

oxide (CuO), and PEDOT:PSS (poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate) have 

demonstrated favorable properties for OSC applications. 

However, zinc selenide (ZnSe) remains relatively 

underexplored as an ETL in OSCs, particularly in 

combination with P3HT:PCBM active layers [19]. ZnSe 

offers several advantages as an ETL material, including high 

optical transparency, excellent electron mobility, and well-

aligned HOMO and LUMO energy levels with the active 

layer. These characteristics make ZnSe a promising candidate 

for enhancing OSC performance [20]. Additionally, 

PEDOT:PSS, a widely used HTL material, exhibits high hole 

mobility, good optical transparency, and suitable energy level 

alignment with the active layer. The synergy between ZnSe 

and PEDOT:PSS in OSCs has the potential to improve charge 

transport efficiency, reduce recombination losses, and 

enhance overall device performance [21, 22]. 

In this study, we investigate the use of ZnSe as an ETL 

in combination with PEDOT:PSS as an HTL to fabricate 

P3HT:PCBM-based OSCs. By leveraging the 

complementary properties of these materials, we aim to 

address the challenges of low PCE and stability in OSCs. Our 

research focuses on optimizing the thickness and energy level 

alignment of the transport layers, studying their impact on 

charge transport dynamics, and evaluating the resulting 

device performance. Furthermore, we explore the influence 

of ZnSe's material properties, including its transparency, 

electron mobility, and interfacial compatibility with the 

active layer, on the overall efficiency of the OSC. This work 

contributes to the growing body of knowledge on OSCs by 

demonstrating the potential of ZnSe as an effective ETL 

material and providing insights into the design and 

optimization of OSC architectures. By addressing the 

fundamental challenges associated with OSCs, our findings 

pave the way for the development of high-performance, 

stable, and cost-effective organic solar cells, advancing the 

prospects of renewable energy technologies for a sustainable 

future. 

 

 

 

2. DEVICE ACHITECHURE AND SIMULATION 

DETAILS 
 

2.1. Device Structure and Energy Alignments 

 

In this work we have simulated P3HT:PCBM based 

conventional organic solar cell with the device structure that 

consist of ZnSe, PEDOT:PSS, Indium tin oxide (ITO) and 

Aluminium (Al) as ETL, HTL, anode and cathode 

respectively. The stack of all layers in OSC is in the sequence, 

i.e. ITO/PEDOT:PSS/P3HT:PCBM/ZnSe/Al. P3HT:PCBM 

based OSC has received considerable interest, in both 

conventional and inverted configurations with PEDOT:PSS 

as HTL. The electron affinity (-2.9 eV) of PEDOT:PSS aligns 

with the LUMO (-3.8 eV) of active layer in such a way that 

creates an energy barrier for electrons. The minimum energy 

off-set between LUMO of P3HT:PCBM (-3.8 eV) and 

LUMO of ZnSe (-4.09 eV) allows effective electron transfer 

to cathode while its HOMO (- 6.9 eV) consist of large offset 

with active layer’s HOMO (-4.9 eV), blocking hole transfer to 

the cathode. All the materials except ZnSe, are taken from 

OghmaNano material database. The material optical 

constants for ZnSe are taken from reference [11]. The initial 

device thickness is 100 nm, 20 nm, 170 nm, 10 nm, and 100 

nm for ITO, PEDOT:PSS, P3HT:PCBM, ZnSe and Al 

respectively. The Schematic diagram of studied device 

structure is presented in Figure 1(a). The diagram of energy 

band alignment of materials in device is shown in Figure 1(b). 

 

 

2.2. Description of OghmaNano Simulation Model 

 

The “Organic and hybrid material nano” (OghmaNano) is an 

open access simulation software that supports general 
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purpose modelling of photovoltaic devices and other devices 

such as Organic Field Effect Transistors, Organic Light 

Emitting Diodes and devices related to optics and electronics. 

The OghmaNano simulator has been used in obtaining all the 

results in this work. The snap-shot of simulated device 

structure is presented in Figure 1(c).The poisson equation, 

drift-diffusion equations and the current continuity equations 

for the charge carriers are numerically executed in electrical 

model of the program [12-14].The conduction band i.e. 

LUMO and valance band also called HOMO of the active 

material in the program is defined using relation (1) and (2), 

respectively. The expression for potential distribution (𝜑) 

within OSC is governed by relation (3), which is also known 

as Poisson’s equation:  

 

𝐸𝐿𝑈𝑀𝑂 =  − − 𝑞𝜑                  (1) 

 

𝐸𝐻𝑂𝑀𝑂 =  − − 𝐸𝐺 − 𝑞𝜑                  (2) 

 
𝑑

𝑑𝑥
𝜀0𝜀𝑟

𝑑𝜑

𝑑𝑥
= 𝑞(𝑛𝑓 − 𝑝𝑓 + 𝑛𝑡 − 𝑝𝑡)            (3) 

 

Where, the permittivity of free space is represented by 𝜀0 and 

𝜀𝑟 expresses the relative permittivity of active material. The 

values nf /pf denotes free electron/hole density and nt /pt 

defines trapped electron/hole densities. The drift and 

diffusion processes are governed by (4), (5) and continuity 

equations are given as (6), (7):  

 

𝐽𝑛 =  qμ𝑒 n𝑓
∂𝐸𝐿𝑈𝑀𝑂

∂x
 +  q𝐷𝑒

𝜕𝑛𝑓

𝜕𝑥
             (4) 

 

𝐽𝑝 =  q𝜇𝑝 p𝑓
∂𝐸𝐻𝑂𝑀𝑂

∂x
 +  q𝐷ℎ

𝜕𝑝𝑓

𝜕𝑥
            (5) 

 
∂𝐽𝑛

∂x
= q(𝑅𝑒 − 𝐺)                   (6) 

 
∂𝐽𝑝

∂x
= q(𝑅ℎ − 𝐺)                   (7) 

 

Where 𝐽𝑛 /𝐽𝑝 are electron/hole current densities and De /Dh 

show diffusion coefficients of electron /hole. The rate of 

generation for free electrons or holes is shown as G and R(e/h) 

is the total recombination. 

 

 

 
 

Fig. 1. (a) The device structure of OSC (b) Energy band alignments of used materials (c) Snapshot of simulated device from 

OghmaNano software. 
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Table 1. Density of states parameters for active material. 
 

Simulation parameters of P3HT:PCBM Values 

Density of trapped electron (m-3 eV-1 ) 3.8×1026 

Density of trapped hole (m-3 eV-1) 1.45×1025 

Tail slope of electron (eV) 0.04 

Tail slope of hole (eV) 0.06 

Electron Mobility (m2 V-1 s-1) 2.48×10-7 

Hole Mobility (m2 V-1 s-1) 2.48×10-7 

Relative permittivity of active material 3.8 

Number of traps (bands) 20 

Free electron to trapped electron (m-2) 2.5×10-20 

Trapped electron to free hole (m-2) 1.32×10-22 

Trapped hole to free electron (m-2) 4.67×10-26 

Free hole to trapped hole (m-3) 4.86×10-22 

Effective density of states for free electron (m-3) 1.28×1027 

Effective density of states for free hole (m-3) 2.86×1025 

Affinity of Electron (eV) 3.8 

Energy gap (eV) 1.1 

 

 

Table 2. Simulation Parameters used for ETL and HTL. 
 

Name PEDOT:PSS [17] ZnSe [18] 

Electron affinity (eV) 2.9 4.09 

Band gap (eV) 2.2 2.81 

Relative permittivity 3 8.6 

Effective DOS in conduction band (m-3) 2.2 x 1021 2.2 x 1024 

Effective DOS in valance band (m-3) 1.8 x 1024 1.8 x 1024 

Electron mobility (m2 V-1 s-1) 2 x 10-6 2.5 x 10-3 [19] 

Hole mobility (m2 V-1 s-1) 2 x 10-8 1 x 10-2 [19] 
 

 

 

The OghmaNano software applys Shockley-Read-Hall 

recombination model to find the charge carrier trapping and 

recombination, moreover to simulate the optical aspects of 

the device transfer matrix method is executed [13, 14]. The 

material parameters for active layer and transport layers are 

given in Table 1 and Table 2, respectively. 

 

 

 

3. RESULTS AND DISCUSSION 
 

3.1. Thickness Optimization 

 

Improving the power conversion efficiency of solar cells 

depends on their specific characteristics. These 

characteristics parameters primarily include the open circuit 

voltage (Voc), short circuit current density (Jsc) and FF. The 

value of Jsc depends on electron-hole pair generation during 

exposure to light and charge separation capability. The Jsc 

can be adjusted by either altering the device materials or 

changing the thickness of the layer stack. The thickness of 

materials impacts the power conversion efficiency of OSC. 

We have altered the material thicknesses of the proposed 

OSC device and analyzed variations in device electrical 

parameters accordingly. 

Role of Active Layer Thickness: Active material is the most 

significant component of an organic solar cell since it 

generates excitons in response to light absorption and effects 

the electrical parameters of OSC. The thickness of active 

material (P3HT:PCBM) has been changed from 100 nm to 

300 nm to investigate the variation in related characteristic 

parameters. Figure 2(a) depicts the acquired characteristic 

parameters with variation in active layer thickness. The short 

circuit current density (JSC) depends on the light absorption 

and charge carrier generation, very thin layer of active 

material does not facilitate effective photon to electron 

generation due to minimum material available for light 

absorption resulting in low JSC values. The thicker active 

layer shows increase in JSC but it also increases the series 

resistance of the device which degrades the Fill Factor (FF) 

which is clearly depicted in Figure 2(a). The thickness change 

has a very small impact on the open circuit voltage (VOC), 

which is determined by the energy difference between the 

HOMO of P3HT (donor) and the LUMO of PCBM (acceptor), 
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it cannot exceed beyond that limit. The results reveal that as 

the thickness changes from 100 nm to 300 nm, first short 

circuit current density (JSC) changes from 203.90 A/m2 to 

198.96 A/m2 then JSC increases as thickness goes beyond 170 

nm due to more photon to charge carrier generation in the 

active material but at the same time excess of generated 

charge carriers also go through recombination, decreasing 

power conversion efficiency (PCE). Also the increase in 

thickness degrades the FF due to series resistance increment. 

The PCE of OSC is govern by the relation (8) [2]. 

Considering the PCE dependency from equation (8), we have 

taken the combined role of Voc, JSC and FF to determine the 

optimized thickness of active layer which turned out 100 nm, 

resulting in 9.44% PCE for the studied structure. The current- 

voltage characteristics for active material is depicted in 

Figure 2 (d). The power conversion efficiency can be 

calculated from the below equation:  

 

𝑃𝐶𝐸 (𝜂) =  
𝑉𝑂𝐶 ×𝐽𝑆𝐶× 𝐹𝐹

𝑃𝑖𝑛
                 (8) 

 

Role of Transport Layer Thicknesses: The results obtained 

from change in transport layer thicknesses are plotted in 

Figure 2 (b) and (c). The current-voltage characteristics for 

transport material namely, HTL and ETL are given in Figure 

2 (e) and (f), respectively. The thickness of HTL(PEDOT:PSS) 

plays an important role in extracting charge carriers, as HTL 

acts like a spacer between anode and active material 

transmitting light through it.  
 

 
 

Fig. 2. The electrical parameters (VOC, JSC, FF, PCE) effected by change in: (a) Active material thickness (b) ETL thickness 
(c) HTL thickness and Current versus voltage characteristics at different layer thicknesses: (d) Active layer, and (e) HTL (f) ETL. 
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Figure 2(c) shows that JSC contributes in enhancement of 

PCE due to good transmission of light through PEDOT:PSS 

enhancing photon harvesting. The result shows HTL thickness 

impacts JSC and FF.  The increment in thickness reduces the 

PCE from 9.44% to 5.23%. The possible cause behind this 

reduction is the increment in series resistance of the OSC, 

deducting FF. The change in all electrical parameters are 

considered and the best PCE is obtained as 9.44% for 40 nm 

thick HTL.  

The ETL thickness versus characteristic parameters are 

shown in Figure 2(b). The slightly decreased PCE is due to 

the possibility of recombination. A thick ETL facilitates the 

longer path for charge carrier promoting recombination loss 

before charge extraction at cathode. The low energy offset 

between ZnSe ETL and Al boost electron collection to 

cathode. The thicker ETL (15 nm) results in 9.14% PCE 

while at optimized thickness (7 nm) the attained PCE is 

9.53%. 

Role of Electrode Thicknesses: Indium Tin Oxide based anode 

are most widely used in solar cells due to their crucial role in 

improving device output [15, 16]. We have selected ITO as 

anode in our device due to its transparency and work function 

matching with the PEDOT:PSS. The low energy off-set of 

ITO and PEDOT:PSS are reason for efficient hole collection 

at anode. On the other hand, energy off-set between work 

function of Al (-4.7 eV) and ZnSe LUMO plays significant 

role in negative charge collection at cathode. The thickness 

of ITO and Al is changed from 50-100 nm and the results are 

plotted in Figure 3 (a) and (b). It has been noted that thin ITO 

films show significant change in JSC as the transmission of 

light is good at lower thicknesses. Also this results in higher 

charge generation rates in active material. The results in 

Figure 3 (a) and (b) show that PCE is 9.58% at 50 nm thick 

anode while increasing the thickness lowers the PCE to 9.46%. 

The cathode’s thickness, when increased, slightly affects the 

PCE. At 50 nm PCE drops to 9.53% but at higher thicknesses 

PCE increases. The back reflection of light from metal 

cathode to active material at different thicknesses also 

impacts the PCE. The best PCE obtained is 9.59% at 90 nm 

thick cathode. The current-voltage curves for anode and 

cathode thicknesses are plotted in Figure 3 (c) and (d), 

respectively.

 

 

Fig. 3. The electrical parameters (VOC, JSC, FF, PCE) effected by variation in: (a) Anode thickness (b) Cathode thickness and 

Current versus voltage characteristics at different thicknesses: (c) Anode, and (d) Cathode. 
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Fig. 4. The role of recombination coefficient (k) on (a) Electrical parameters and (b) Current-voltage characteristics 

of OSC. 

 

 
 

Fig. 5. The role and influence of temperature on: (a) the OSC characteristics parameters and (b) current voltage curves of 

OSC. 

 

 

 

3.2. Recombination Analysis 

 

Photo-induced charges (excitons) goes through separation at 

charge transfer states. These states either separates the 

excitons or they recombine. If the two random photon-

induced and separated charges meets and recombine at the 

donor-acceptor interface, then this process is stated as non-

geminate recombination. The results depicted in Figure 4 (a) 

shows the role of non-geminate recombination and current-

voltage curves are plotted in Figure 4 (b). The results show 

that at lower values of recombination coefficient (k), JSC is 

significantly high, which indicates low free to free career 

recombination and efficient charge collection at electrodes 

At 1e-15 m3/s value of k the lowest PCE (5.02%) is obtained 

showing a drop in JSC. At high recombination coefficient 

values, the low concentration of free charge carriers indicates 

the domination of non-geminate recombination. The PCE of 

9.60% is obtained at the lower value of k, i.e. 1e-21 m3/s. Other 

OSC parameters such as FF and VOC are not affected at 

varied values (1e-18 to 1e-23 m3/s) of K. 

 

 

3.3. Role of Temperature 

 

The changes seen in OSC parameters (JSC, VOC, FF, and 

PCE) in Figure 5 (a), are caused by increase in temperature 

(T). The temperature has been risen from 300 K to 400 K to 

study its influence on OSC parameters.  
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Table 3. Electrical parameters of different OSC architecture reported in the literature. 

 

VOC (V) JSC (mA/cm2) FF (%) PCE (%) Ref.  

0.59 15.21 45.50 4.07 [20]  

0.55 19.8 50.00 5.30 [21]  

0.66 12.01 59.00 4.65 [4]  

0.34 7.58 56.50 2.13 [22]  

0.61 13.20 64.08 5.46 [12]  

0.64 20.67 72.13 9.60 This

work 

 

 

 

Table 4. Initial versus optimized device parameters. 

 

ITO/PEDOT:PSS/P3HT:PCBM/ZnSe/Al 

 

Parameters VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Initial Device 0.54 199.05 68.79 7.44 

Optimized Device 0.64 206.71 72.13 9.60 

 

 

 

The simulation results show noteworthy changes occurs in 

Voc, FF and PCE. The drop in VOC from 64.35 V to 48.56 V, 

in FF from 72.13% to 65.39% and in PCE from 9.60% to 

6.56% has been obtained. A slight variation in Jsc is obtained 

due to thermally generated charge carriers with rise in 

temperature. The dropping in Voc is caused by increase in 

saturation current and PCE goes low with increasing 

temperature, due to recombination triggered by thermally 

generated charge carriers. Since the rate of decrease in VOC, 

and FF over shadows the slight increment in JSC. The overall 

effect of OSC characteristic parameters is considered in 

results and Figure 5 (a) and (b) show the best operating 

temperature is 300K for stable working of OSCs. 

The study focuses on simulating and optimizing the 

thickness of layers in a P3HT:PCBM-based bulk 

heterojunction organic solar cell (BHJ-OSC) with the 

structure "ITO/PEDOT:PSS/P3HT:PCBM/ZnSe/Al." The 

optimization process aimed to enhance the overall 

performance of the device. Table 3 presents a comparative 

analysis of the optimized OSC's power conversion efficiency 

(PCE) with values reported in the literature. The electrical 

parameters of the simulated OSC were analyzed under 

varying thicknesses, temperatures, and non-geminate 

recombination rates. The findings demonstrate that 

optimizing the thickness of all layers in the device 

significantly improves OSC efficiency. The optimized 

thickness values were determined to be 100 nm for the active 

layer (P3HT:PCBM), 40 nm for the hole transport layer 

(PEDOT:PSS), 7 nm for the electron transport layer (ZnSe), 

50 nm for the anode (ITO), and 90 nm for the cathode (Al). 

These optimized values are detailed in Table 4 and 

visually represented in Figure 6. Furthermore, the results 

revealed a degradation in OSC performance with increasing 

temperature and free charge carrier recombination. The ideal 

operating temperature for optimal performance was 

identified as 300 K. The comparative results, as shown in 

Table 4 and Figure 10, highlight that further improvements 

in power conversion efficiency can be achieved by carefully 

optimizing the device's layer thickness. 

 

 
 

Fig. 6. The current versus voltage curves for initial and final 

device thickness. 

 

 

 

4. CONCLUSION 

 
The optimization of layer thicknesses in organic solar cells 

(OSCs) plays a pivotal role in enhancing their power 

conversion efficiency (PCE) and overall performance. In this 

work, we investigated the performance of a P3HT:PCBM-

based OSC with the structure ITO/PEDOT:PSS/ 

P3HT:PCBM/ZnSe/Al, using Oghma-Nano simulation 

software. By systematically varying the thickness of the 
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active material, transport layers, and electrodes, we observed 

significant improvements in critical device parameters, 

including open circuit voltage (VOC), short circuit current 

density (JSC), and fill factor (FF). The optimized device 

exhibited a PCE of 9.60%, which is a substantial 

improvement for OSCs. This enhancement can be attributed 

to the efficient light absorption and exciton generation within 

the optimized active material thickness range (170 nm). 

Furthermore, the ZnSe electron transport layer contributed to 

the efficient collection of electrons at the cathode due to its 

suitable energy band alignment and high electron mobility. 

The hole transport layer, PEDOT:PSS, effectively facilitated 

hole extraction while blocking electron recombination at the 

anode. Non-geminate recombination analysis revealed that 

recombination significantly impacts PCE, particularly under 

suboptimal conditions. Temperature stability studies showed 

that the device maintained performance within acceptable 

limits, suggesting improved stability compared to 

conventional OSCs. These findings underscore the 

importance of comprehensive optimization strategies, 

including material selection, energy band alignment, and 

thickness tuning, to achieve higher efficiencies and stability 

in OSCs. Future studies should focus on integrating 

alternative transport layer materials and advanced device 

architectures to further enhance performance. This work 

provides valuable insights into overcoming efficiency and 

stability barriers in OSCs, paving the way for their practical 

applications in sustainable energy solutions. 
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