
Thermal, Resistive, Optical, And Recombinati…      Sani et al., NJAP2026 2(3): 32-45 

32 

NIGERIAN JOURNAL OF APPLIED PHYSICS 

 
 

 
 

Thermal, Resistive, Optical, And Recombination Loss Mechanisms In Coumarin-343-

Based Solid State Dye Sensitized Solar Cells: A Numerical Performance Analysis  
 

*1Sani Marwan, 1Adeyemi Joshua Owolabi, 2Eli Danladi, 1Christiana Onma, 
1Rabiu Abubakar Tafida and 3Abdulahi Lawal  

 
1Department of Physics, Faculty of Science, Nigerian Defence Academy, Kaduna State, Nigeria. 

2Department of Physics, Federal University of Health Science, Benue State, Nigeria. 
3Department of Physics, Ahmadu Bello University Zaria, Kaduna State, Nigeria. 

 

*Corresponding author’s email: marwansani21@gmail.com  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Keywords: 

Coumarin-343,  

Solid-State Dye-Sensitized 

Solar Cell,  

Thermal Loss,  

Series Resistance,  

Shunt Resistance. 

ABSTRACT 
Solid-state dye-sensitized solar cells (ssDSSCs) based on organic sensitizers offer a 

low-cost route to photovoltaic conversion, but their practical performance is limited 
by thermal, optical, resistive, and recombination losses. This study numerically 

investigated these loss mechanisms in a Coumarin-343 (C343)-based ssDSSC using 

SCAPS-1D version 3.3.10. A reference FTO/TiO₂/C343/Spiro-OMeTAD/Au device 

was first established and then optimized through transport-layer selection, thickness 

variation, and defect-density analysis. The optimized simulated architecture was 

FTO/Tm-TiO₂/C343/PEDOT:PSS/Au, with 0.5 μm Tm-TiO₂, 0.7 μm C343, 0.5 μm 

PEDOT:PSS, and a C343 defect density of 1 × 10¹⁵ cm⁻³. Under standard simulated 

conditions, the optimized device achieved Voc = 1.294 V, Jsc = 9.430 mA cm⁻², FF 

= 81.90%, and PCE = 9.99%, compared with 3.40% for the reference device. 

Thermal analysis from 300–360 K showed that PCE increased slightly to 10.08% 

around 330 K before declining at higher temperature because of voltage loss. 

Increasing series resistance mainly reduced fill factor, while low shunt resistance 

caused severe voltage and efficiency degradation. Optical reflection reduced current 

generation, whereas radiative and Auger recombination lowered Jsc and PCE. Under 

combined non-ideal conditions, the simulated PCE decreased to 0.068%. These 

results show that shunt suppression, defect/interface passivation, low series 

resistance, optical management, and thermal control are critical for translating 

simulated C343 ssDSSC performance into realistic device designs. 

 

INTRODUCTION 
Dye-sensitized solar cells separate the tasks of light 

absorption and charge transport of a molecular dye 

captures incident photons, while a semiconductor and a 

whole transport medium provide the pathways for 

electron and hole extraction. This architecture has made 

DSSCs attractive as a low cost photovoltaic technology, 

particularly because their fabrication can be simpler than 

that of crystalline silicon devices and their performance 

under diffuse illumination can remain useful (Hagfeldt et 

al., 2010; Kokkonen et al., 2021). The replacement of the 

liquid electrolyte by a solid hole transport material has 
further addressed problems associated with solvent 

evaporation, leakage, corrosion, and sealing. These 

changes, however, do not remove the electronic and 

thermal losses that ultimately determine the delivered 

power of a practical device (Benesperi et al., 2018; Wang 

et al., 2020). 

Coumarin dyes are particularly interesting because they 

are metal free organic sensitizers whose molecular 

structure can be modified to tune light absorption and 

charge transfer characteristics. Coumarin-343 (C343) has 

been investigated as a representative sensitizer, but its 

photovoltaic response remains strongly dependent on the 

dye and semiconductor interface, charge injection, and 

recombination kinetics (Koops et al., 2010; Liu et al., 

2013). The literature survey places experimental C343-

based DSSCs mainly in the few percent efficiency range, 
with reported PCEs of about 3.7–5.6% depending on the 

transport materials and co-sensitization strategy as shown 

in Table 1. These values provide a useful context for 

assessing how much of the simulated performance is 

gained by device optimization and how much can 
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subsequently be lost when non ideal operating conditions 

are introduced. 

 

Table 1. Reported Photovoltaic Performance of C343 Based Devices  
Device/configuration Voc (V) Jsc (mA cm⁻²) FF PCE Reference 

TiO₂/C343/I⁻/I₃⁻ DSSC 0.68–0.72 7.8–8.5 0.69–0.73 3.7–4.2% Wang et al. (2014) 

TiO₂/C343 + Co(II/III) electrolyte 0.80–0.84 6.5–7.0 0.70 4.0–4.3% Karaca et al. (2025) 

TiO₂/C343 + D131 co-sensitizer 0.75 10.2 0.73 5.6% Zhang et al. (2012) 

DFT-optimized TiO₂/C343 0.73–0.78 8.0–8.8 0.75 4.8–5.0% Liu et al. (2013) 

C343/ZnO DSSC 0.64 5.3 0.65 2.2% Kumari Shukla & Sekar (2024) 

 
Because the optimized efficiencies obtained in SCAPS-

1D can exceed experimentally reported values when 

idealized parameters, low defect densities, or weak 

parasitic losses are assumed, simulated results must be 

interpreted as performance limits rather than direct 

experimental predictions. Saidarsan et al. (2025) 

emphasized that unrealistic SCAPS-1D outputs can arise 

when simulations are not benchmarked against 

experimental ranges or tested under non-ideal electrical 

and optical conditions. In this context, the present study 

uses the optimized C343-based efficiency as a reference 

ceiling and then evaluates how temperature, resistance, 

reflection, and recombination lower the attainable 

performance. 

The central issue addressed here is not simply how to 

obtain a high simulated efficiency, but how that efficiency 

responds when the device is exposed to conditions that 
represent real losses. In a solar cell, series resistance 

dissipates electrical power that bends the current voltage 

curve, whereas shunt resistance provides a leakage path 

that can severely reduce voltage and fill factor. 

Temperature affects carrier populations, recombination 

rates, transport, and the quasi Fermi level splitting. 

Optical reflection reduces the photon flux reaching the 

sensitizer, while radiative, Auger, and defect assisted 

recombination remove carriers before they can be 

collected. These mechanisms act through different 

physical pathways, so treating them separately provides a 

clearer indication of which engineering variable should 

receive priority (Bisquert, 2002; Green, 1982; Maçaira et 

al., 2015). 

 

MATERIALS AND METHODS 

Device structure and simulation framework 
The device was modeled with SCAPS-1D version 3.3.10 

using a one dimensional drift diffusion description. The 

simulator solves Poisson's equation together with the 

electron and whole continuity equations and incorporates 

optical generation, carrier transport, and recombination 

within the layered structure (Burgelman et al., 2000). The 

basic architecture was FTO/ETL/C343/HTL/Au. The 
reference configuration used TiO₂ and Spiro-OMeTAD, 

while the optimization stage compared alternative metal 

doped TiO₂ electron transport layers and solid whole 

transport materials. All standard simulations were 

performed at AM1.5G illumination, 100 mW cm⁻², and 

300 K. 

 

 
Figure 1. Device architecture and energy level representation used in the numerical study  

 

Table 2 summarizes the principal material parameters 
used for the baseline FTO/TiO₂/C343/Spiro-OMeTAD 

stack. The C343 layer was treated as the absorbing active 

layer, with an initial thickness of 200 nm, bandgap of 2.5 

eV, electron affinity of 3.6 eV, and electron mobility of 

100 cm² V⁻¹ s⁻¹. The interface model contained neutral 
defect states at both the ETL/C343 and C343/HTL 

boundaries, each specified as a two-dimensional interface 

density of 1 × 10¹⁵ cm⁻², with electron and whole capture 

cross sections of 1 × 10⁻¹⁹ cm². The trap level was 
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positioned at Et = 0.6 eV below the conduction-band 

edge, Ec, for both interfaces. These interface states are 

important for the research because the baseline generation 

and recombination profiles show that the interfaces are 

active regions for carrier loss. 

 

Table 2: Principal C343 ssDSSC Simulation Parameters  

Parameter FTO TiO₂ C343 Spiro-OMeTAD 

Thickness (nm) 20 100 200 100 

Bandgap, Eg (eV) 3.5 3.2 2.5 2.8 

Electron affinity, χ (eV) 4.0 3.9 3.6 2.52 

Relative permittivity, εr 9 9 3.5 3 

Electron mobility, μe (cm² V⁻¹ s⁻¹) 20 20 100 100 

Hole mobility, μh (cm² V⁻¹ s⁻¹) 10 10 25 25 

Acceptor density, NA (cm⁻³) 0 0 1.0 × 10¹⁶ 1.0 × 10¹⁷ 

Donor density, ND (cm⁻³) 1.0 × 10²¹ 1.0 × 10¹⁶ 1.0 × 10¹⁶ 0 

Defect density, Nt (cm⁻³) 1.0 × 10¹⁵ 1.0 × 10¹⁵ 1.0 × 10¹⁵ 1.0 × 10¹⁵ 

 

Table 3: Interface State Parameters Used To Represent Surface Recombination 

Interface parameter ETL/C343 interface C343/HTL interface 

Defect type Neutral Neutral 

Total interface density (cm⁻²) 1.0 × 10¹⁵ 1.0 × 10¹⁵ 

Electron capture cross-section (cm²) 1.0 × 10⁻¹⁹ 1.0 × 10⁻¹⁹ 

Hole capture cross-section (cm²) 1.0 × 10⁻¹⁹ 1.0 × 10⁻¹⁹ 

Trap energy level, Et, relative to Ec (eV) 0.6 0.6 

 

Transport Layer Selection and Parameter 

Optimization 
The subsequent loss analysis is performed on an 

optimized device while the material and thickness 

screening results are retained only where they establish 

the electrical baseline. Four doped TiO₂ variants such as 

Mg-TiO₂, Nb-TiO₂, Tm-TiO₂, and Sn-TiO₂ were 

compared with pristine TiO₂. The parameter sets used in 

this screening are given in Table 4. Tm-TiO₂ had a 2.6 eV 

bandgap, electron affinity of 3.9 eV, electron mobility of 

20 cm² V⁻¹ s⁻¹, and donor density of 1 × 10¹⁶ cm⁻³. The 

corresponding HTL comparison included CuI, Cu₂O, 

PEDOT: PSS, and PTAA alongside Spiro-OMeTAD as 

shown in Table 5. 

 

Table 4: Parameters of the alternative electron transport materials   

Parameter Mg-TiO₂ Nb-TiO₂ Tm-TiO₂ Sn-TiO₂ 

Bandgap, Eg (eV) 3.22 3.18 2.6 3.0 

Electron affinity, χ (eV) 4.2 4.15 3.9 3.9 

Relative permittivity, εr 13.6 10 9 9 

Electron mobility, μe (cm² V⁻¹ s⁻¹) 20 15 20 20 

Hole mobility, μh (cm² V⁻¹ s⁻¹) 10 10 10 10 

Donor density, ND (cm⁻³) 9.0 × 10²⁰ 1.0 × 10¹⁸ 1.0 × 10¹⁶ 1.0 × 10¹⁹ 

Defect density, Nt (cm⁻³) 1.0 × 10¹⁵ 1.0 × 10¹⁵ 1.0 × 10¹⁵ 1.0 × 10¹⁵ 

 

Table 5: Parameters of the Alternative Whole Transport Materials   

Parameter CuI Cu₂O PEDOT:PSS PTAA 

Bandgap, Eg (eV) 3.1 2.17 1.6 2.96 

Electron affinity, χ (eV) 2.1 3.2 3.4 2.3 

Relative permittivity, εr 6.5 7.11 3 9 

Electron mobility, μe (cm² V⁻¹ s⁻¹) 100 80 4.5 × 10⁻² 1 

Hole mobility, μh (cm² V⁻¹ s⁻¹) 43.9 80 4.5 × 10⁻² 40 

Acceptor density, NA (cm⁻³) 1.0 × 10¹⁸ 1.0 × 10¹⁸ 1.0 × 10¹⁸ 1.0 × 10¹⁸ 

Donor density, ND (cm⁻³) 0 0 0 0 

Defect density, Nt (cm⁻³) 1.0 × 10¹⁵ 1.0 × 10¹⁵ 1.0 × 10¹⁵ 1.0 × 10¹⁵ 
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Table 6: Recombination Coefficients Used For the Explicit Radiative and Auger Loss Simulations 

Parameter C343 TiO₂ 

Radiative recombination coefficient, Br 3.125 × 10⁻¹⁰ cm³ s⁻¹ 2.00 × 10⁻⁸ cm³ s⁻¹ 

Electron Auger coefficient 1.221 × 10⁻²⁸ cm⁶ s⁻¹ 2.00 × 10⁻²⁴ cm⁶ s⁻¹ 

Hole Auger coefficient 1.221 × 10⁻²⁸ cm⁶ s⁻¹ 2.00 × 10⁻²⁴ cm⁶ s⁻¹ 

 

The optimization used a one at a time sweep, in which one 

parameter was varied while the remaining parameters 

were held at their baseline values. This approach was then 

followed by a consolidated optimized device calculation. 

The purpose was to separate changes caused by optical 

harvesting from those caused by transport and 

recombination. For the present loss study, the resulting 

architecture was FTO/Tm-TiO₂/C343/PEDOT: PSS/Au 

with 0.5 μm Tm-TiO₂, 0.7 μm C343, 0.5 μm PEDOT:PSS, 

and C343 bulk defect density of 1 × 10¹⁵ cm⁻³. The 

subsequent non ideal simulations introduced temperature, 

Rs, Rsh, front reflection, and explicit radiative/Auger 

recombination sequentially before combining them. 

 
 

RESULTS AND DISCUSSION 

 

 
Figure 2: Reference C343 ssDSSC: (a) illuminated and dark J–V characteristics, (b) EQE 

spectrum, (c) energy band diagram, and (d) generation/recombination profiles  

 

The reference FTO/TiO₂/C343/Spiro-OMeTAD/Au cell 

produced PCE at 3.399%, Jsc at 3.184 mA cm⁻², Voc at 

1.238 V, and FF at 86.216% at 300 K and 100 mW cm⁻². 

These values are shown directly in Figure 2 and provide 

the starting point for the optimization. The relatively high 

FF indicates that the reference simulation contains limited 

ohmic distortion under the initial assumptions, whereas 

the much smaller Jsc points to incomplete photon 

harvesting and charge collection as the more immediate 

limitation. The EQE response is concentrated in the 

visible region, while the response falls at longer 

wavelengths because C343 and the wide bandgap TiO₂ do 

not efficiently use the lower energy part of the incident 

spectrum. More importantly for the present study, the 

generation and recombination curves in Figure 2d show 

that recombination is concentrated near the TiO₂/C343 

interface.  
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Figure 3. Comparison of pristine and doped TiO₂ electron transport layers: (a) J–V characteristics and 

(b) EQE spectra  

 

Figure 3 shows that Tm-TiO₂ gave the strongest response 

among the investigated ETLs. Its peak EQE reached 

89.3% at 300 nm, while the other doped variants followed 

at lower levels. The research attributes this improvement 

to the modification of the TiO₂ electronic structure by Tm 

incorporation and to associated changes in charge 

injection and trap related recombination (Tsotetsi et al., 

2025). For a loss mechanism study, this selection matters 

because an ETL with weak extraction would make it 

difficult to distinguish intrinsic resistive losses from poor 

charge injection. The use of Tm-TiO₂ therefore 

establishes a relatively efficient electron pathway before 

temperature and parasitic resistance are deliberately 

introduced. 

 

 
Figure 4. Comparison of solid state whole transport materials: (a) J–V characteristics and (b) EQE 

spectra  

 

 
Figure 5. Effect of Tm-TiO₂ thickness on the optimized device: (a) J–V, (b) EQE, (c) PCE/FF, 

and (d) Jsc/Voc  
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Figure 5 shows that increasing the Tm-TiO₂ thickness 

from 0.1 to 0.5 μm increased Jsc from 6.32 to 6.99 mA 

cm⁻² and raised Voc slightly from 1.2891 to 1.2900 V. 

The PCE increase was accompanied by an almost constant 

FF, indicating that the thicker ETL did not introduce a 

large ohmic penalty within the tested range. The near 

overlap of the 0.4 and 0.5 μm EQE curves also indicates 

that the optical benefit begins to saturate. Consequently, 

0.5 μm was retained as the ETL thickness for the 

optimized device. This result is important for the series 

resistance analysis because it establishes that the selected 

ETL thickness was not itself producing a strong resistance 

driven loss in the optimization. 

 

 
Figure 6. Effect of PEDOT:PSS thickness: (a) J–V, (b) EQE, (c) PCE/FF, and (d) Jsc/Voc  

 

The PEDOT: PSS thickness sweep in Figure 6 produced 
a stronger electrical response as the layer increased from 

0.1 to 0.5 μm. PCE rose from 6.89% to 9.21%, while Jsc 

increased from 6.32 to 8.44 mA cm⁻² and Voc from 1.289 

to 1.298 V. At the same time, FF declined slightly from 

84.64% to 84.13%. The simultaneous improvement in 

current and voltage and the small reduction in FF indicate 

a competition between better interface coverage and 
increasing transport resistance. The 0.5 μm layer was 

selected because it gave the highest PCE in the tested 

range. The result also provides an early indication that 

resistive losses in the hole conducting layer should be 

evaluated separately after optimization. 

 

 
Figure 7. Effect of C343 absorber thickness: (a) J–V, (b) EQE, (c) PCE/FF, and (d) Jsc/Voc  

 
As shown in Figure 7, increasing C343 thickness from 0.2 

to 0.7 μm increased Jsc from 6.32 to 7.62 mA cm⁻² and 

PCE from 6.89% to 8.13%. The EQE at 0.7 μm reached 

99.3% at 360 nm. However, FF fell from 84.62% to 

82.95%, and Voc decreased slightly from 1.289 to 1.286 

V. The result illustrates a central feature of the device, 
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more absorber material that improves photon capture, but 

increasing thickness also increases the opportunity for 

recombination and transport related losses. The 0.7 μm 

absorber was therefore adopted as the best value within 

the tested interval, rather than being treated as an absolute 

thickness optimum. 

 

 
Figure 8. Effect of C343 bulk defect density: (a) J–V, (b) EQE, (c) PCE/FF, and (d) Jsc/Voc  

 

The defect density sweep in Figure 8 gives a clearer 

indication of the recombination threshold. PCE remained 

about 9.99% at Nₜ ≤ 10¹⁵ cm⁻³ but declined to 4.38% at 

10¹⁹ cm⁻³. The most pronounced FF deterioration 

occurred between 10¹⁷ and 10¹⁸ cm⁻³, where FF fell from 

67.73% to 43.85%. Jsc remained close to 9.26 mA cm⁻² 

up to 10¹⁷ cm⁻³ but declined to 4.07 mA cm⁻² at 10¹⁹ cm⁻³. 

Voc changed less dramatically, from about 1.293 to 1.283 

V. This contrast between Jsc/FF and Voc is consistent 

with a defect controlled reduction in carrier lifetime and 

diffusion length, which first affects collection and 

maximum power operation before producing a 

comparably large voltage change (Hodes & Kamat, 2015; 

Jena & Bhargava, 2013). Maintaining Nₜ at or below 10¹⁵ 

cm⁻³ was used in the optimized device. 

 

 
Figure 9. Optimized versus unoptimized device: (a) J–V, (b) EQE, (c) optical generation 

rate, and (d) recombination rate (source Figure 4.8). 

 

Table 7. Comparison of the Unoptimized and Optimized C343 ssDSSC  

Configuration Voc (V) Jsc (mA cm⁻²) FF (%) PCE (%) 

Unoptimized reference 1.238 3.184 86.22 3.40 

Optimized 1.294 9.430 81.90 9.99 
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The broader EQE tail observed in the optimized device 

should not be interpreted as a reduction in the intrinsic 

bandgap of C343. The HTL-screening results show that 

the extension toward longer wavelengths becomes 

pronounced after the introduction of PEDOT: PSS. In the 

SCAPS parameterization, PEDOT: PSS has a lower 

bandgap (𝐸𝑔 = 1.6 eV) than C343 (𝐸𝑔 = 2.5 eV), so the 

calculated spectral response reflects the complete 

multilayer device rather than the C343 absorber alone. 

The long-wavelength tail is therefore attributed to the 

simulated response of the transport-layer environment, 

including possible photogeneration within PEDOT: PSS, 

rather than to a red-shift of the intrinsic C343 absorption 

edge. 

 

 
Figure 10. Temperature dependence of the optimized device: (a) J–V curves from 300–360 K, (b) 

EQE, (c) PCE/FF, and (d) Jsc/Voc (source Figure 4.9). 

 

The thermal response in Figure 10 reveals a trade-off that 

is easy to miss when only the room temperature efficiency 
is considered. Between 300 and 360 K, Jsc increased from 

9.43 to 9.69 mA cm⁻², corresponding to a positive 

coefficient of approximately 0.046% K⁻¹. The EQE 

spectra changed little across the temperature interval, with 

peak values near 97.2% at 400 nm. This means that the 

principal thermal penalty does not arise from a collapse of 

the spectral response. Instead, it appears mainly through 

voltage loss. 

Voc decreased almost linearly from 1.294 V at 300 K to 

1.216 V at 360 K, giving a temperature coefficient of 

approximately 1.3 mV K⁻¹. As temperature increases, the 

simulated device experiences greater carrier excitation 

and recombination, which increases the effective reverse 

saturation current and reduces the quasi-Fermi level 

splitting at open circuit (Green, 1982; Maçaira et al., 

2015). At the same time, the PCE did not decrease 

immediately. Figure 10c shows an increase to about 
10.08% at 330 K, followed by deterioration at higher 

temperature. The FF continues to improve toward the 

higher part of the range, which is associated with 

improved conductivity of PEDOT:PSS and electron 

transport in Tm-TiO₂. The combined result is therefore 

not a simple monotonic thermal response; modest 

transport gains initially compensate for the voltage 

penalty, but beyond about 330 K the voltage loss becomes 

dominant. 

This temperature behavior is particularly relevant to 

deployment because a cell operating under strong sunlight 

can experience a temperature substantially above the 

nominal 300 K simulation point. The present results 

indicate that thermal management should be considered a 

performance variable rather than only a stability measure.  
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Figure 11: Series-resistance sensitivity: (a) J–V curves for Rs = 0–5 Ω cm², (b) EQE, (c) 

PCE/FF, and (d) Jsc/Voc  

 

Figure 11 provides a clean separation between current 

generation and electrical dissipation. When Rs was 

increased from 0 to 5 Ω cm², the PCE decreased from 

9.99% to 9.58%. The decline was approximately linear 

over the tested range and was driven mainly by FF. The 

Jsc changed only from 9.429 to 9.428 mA cm⁻², while Voc 

changed only within the numerical precision of the 

calculation. At the same time, the EQE curves remained 

almost identical and retained a peak near 97% at 400 nm. 

These three observations such as stable EQE, stable Jsc, 

and a declining FF identify Rs as an electrical rather than 
optical loss channel. 

The practical significance of the result is that a device may 

retain an excellent spectral response while delivering less 

power because of internal voltage drops. This research 

identifies 2.0 Ω cm² as a useful critical resistance 

benchmark for experimental device development. Below 

this level, the change in PCE is comparatively modest; as 

resistance increases further, the fill-factor loss becomes 

more pronounced. This behavior agrees with the 

established dependence of fill factor on series resistance 

(Dadu et al., 2002; Green, 1982). Consequently, the 

selected 0.5 μm PEDOT:PSS layer should not be regarded 

simply as an optical or interfacial optimization. Its 

thickness also determines the electrical path through 
which holes reach the back contact. 

 

 
Figure 12: Shunt-resistance sensitivity: (a) J–V curves for Rsh = 10¹–10⁶ Ω cm², (b) EQE, 

(c) PCE/FF, and (d) Jsc/Voc  
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The effect of Rsh in Figure 12 is much stronger than the 

effect of Rs over the ranges tested. At Rsh of 10¹ Ω cm², 

PCE was only 0.22%, but it increased to 9.99% at 10⁶ Ω 

cm². Voc increased from 0.094 V at 10¹ Ω cm² to 

approximately 1.292 V at Rsh ≥ 10³ Ω cm², whereas Jsc 

remained close to 9.429 mA cm⁻². The EQE curves were 

also nearly unchanged, with peak values around 97% 

between 360 and 400 nm. The separation between the 
stable EQE/Jsc and the rapidly changing Voc/FF shows 

that shunt leakage acts principally under finite bias and 

near open-circuit operation rather than by changing the 

amount of light absorbed. 

At low Rsh, the leakage current bypasses the intended 

junction, so the quasi-Fermi level splitting cannot build to 

the value expected from the intrinsic material alignment. 

This explains why a device can have a favorable band 

structure and still produce a very low Voc. The rapid 

recovery of voltage once Rsh exceeds about 10³ Ω cm² 

also suggests that suppressing physical shunts at 

interfaces and contacts should be a priority during 
fabrication. In contrast with Rs, which mainly reduces FF, 

low Rsh simultaneously attacks Voc and FF and can 

therefore produce a much larger PCE loss (Bisquert, 

2002; Qin et al., 2024). 

 

 
Figure 13. Effect of a 10% front optical reflection loss: (a) J–V characteristic and 

(b) EQE spectrum  

 

Although reflection is not an electrical resistance, its 

effect is useful for separating photon-loss mechanisms 

from transport losses. With a 10% wavelength-

independent reflection applied at the FTO front surface, 
Figure 13 shows that Voc was 1.291 V while Jsc fell from 

the ideal cumulative-loss baseline value of 9.565 to 8.486 

mA cm⁻². The peak EQE was reduced from about 97% to 

87% around 400 nm. The proportional decrease in current 

and EQE is consistent with a reduction in the number of 

photons entering the device rather than a change in the 

intrinsic charge-transfer energetics. Within the 

cumulative-loss sequence, the corresponding PCE 

decreased from the ideal baseline value of 10.081% to 

8.996%, as shown in Table 8.  

Because front reflection reduces the incident photon flux 
before it reaches the C343 layer, the generation rate 

throughout the principal photoactive region is reduced. 

Thus, an anti-reflective treatment can improve current 

without altering the absorber or transport-layer band 

structure. This is different from the Rs and Rsh cases, 

where the incident photon population and EQE can 

remain almost unchanged. 

 

 
Figure 14: Explicit radiative and Auger recombination losses: (a) J–V 

characteristic and (b) EQE spectrum  
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Figure 14 isolates the effect of explicitly activating 

radiative and Auger recombination. Voc decreases 

slightly from 1.294 to 1.289 V, a change of 5 mV, but Jsc 

decreases much more strongly from 9.430 to 7.134 mA 

cm⁻², a reduction of 24.35%. The PCE falls to 7.492%, 

while FF remains close to 81.5% as shown in Table 8. 

This contrast shows that recombination is principally 

removing photogenerated carriers before collection rather 
than producing a large additional resistive distortion of the 

J–V curve. 

The EQE response in Figure 14b is not uniformly scaled 

in the same way as the reflection case. The suppression 

becomes somewhat stronger toward longer wavelengths. 

Within the simulated structure, longer wavelength 

photons generate carriers deeper in the active layer, 

increasing the distance over which carriers must travel 

before reaching selective contacts and therefore 

increasing the opportunity for recombination. The result 

is consistent with the carrier density dependence of 

radiative and Auger processes and with the broader role 

of recombination in limiting charge collection (Bisquert, 

2002; Yang et al., 2024). Taken together with the defect 
density sweep in Figure 8, the result confirms that 

recombination operates on more than one scale, showing 

bulk defects shorten carrier lifetime, while explicit 

radiative/Auger channels provide additional loss routes 

when carrier populations are sufficiently high. 

 

 
Figure 15. Ideal versus fully non-ideal device: (a) J–V, (b) EQE, (c) generation rate, 

and (d) recombination rate  

 

Table 8: Simulated Ideal and Non-Ideal Performance States  

Simulation condition Voc (V) Jsc (mA cm⁻²) FF (%) PCE (%) 

Idealized loss-analysis baseline 1.254 9.565 84.039 10.081 

10% reflection 1.291 8.486 82.092 8.996 

Radiative + Auger recombination 1.289 7.134 81.485 7.492 

Series + shunt resistance 0.094 6.285 24.795 0.147 

Fully non-ideal condition 0.064 6.421 24.582 0.068 

 

The cumulative comparison in Figure 15 and Table 8 is 

the clearest indication of which losses dominate the 

modeled device. The ideal configuration gives 10.081% 

PCE with Jsc = 9.565 mA cm⁻², Voc = 1.254 V, and FF = 

84.039%. Adding 10% reflection reduces PCE to 8.996%, 

mainly through the loss of current. Adding radiative and 

Auger recombination reduces PCE further to 7.492%, 

with a pronounced reduction in Jsc. By contrast, 

introducing the modeled resistance terms reduces PCE to 

only 0.147%, with Voc falling to 0.094 V and FF to 

24.795%. The fully non-ideal case then reaches only 

0.068% PCE, with Voc = 0.064 V and FF = 24.582%. 

The scale of the resistance penalty is striking because the 

earlier individual sweeps showed that moderate Rs alone 

produces only a small PCE change, whereas very low Rsh 

causes catastrophic degradation. The combined resistance 

case therefore reflects the dominance of shunt leakage in 

the severe non-ideal regime. The drop in Jsc from 9.565 

to 6.421 mA cm⁻² in the fully non-ideal device also shows 

that once leakage and recombination are present together, 
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current collection is no longer protected by the favorable 

ideal optical response. 

The EQE comparison in Figure 15b reinforces this 

conclusion. The ideal device reaches a peak EQE of 

97.4% at 400 nm, whereas the non-ideal device has a peak 

of about 75.3% near 480 nm. The suppression across the 

absorption range indicates that the loss mechanisms are 

not confined to a narrow spectral interval. Figure 15c 
further shows the reduction of the optical generation 

profile in the active region when reflection is present, 

while Figure 15d shows the emergence of strong 

recombination features near the front interface and within 

the bulk. The resulting picture is therefore a coupled one: 

optical loss reduces carrier generation, defects and 

explicit recombination reduce carrier survival, and 

parasitic resistance prevents the surviving carriers from 

being converted efficiently into useful electrical power. 

 

CONCLUSION 
This numerical study examined the thermal and resistive 

limits of a Coumarin-343-based solid-state dye-sensitized 

solar cell by building the loss analysis around an 

optimized FTO/Tm-TiO₂/C343/PEDOT:PSS/Au 

structure. The reference device produced 3.399% PCE, 

while systematic material and geometrical optimization 
raised the simulated efficiency to 9.99%, with Voc = 

1.294 V, Jsc = 9.430 mA cm⁻², and FF = 81.90%. The 

improvement was obtained by selecting Tm-TiO₂ and 

PEDOT: PSS, using 0.5 μm and 0.5 μm transport-layer 

thicknesses, respectively, a 0.7 μm C343 layer, and a 

C343 defect density of 1 × 10¹⁵ cm⁻³. 

The loss analysis shows that temperature, series 

resistance, shunt resistance, optical reflection, and 

recombination do not affect the device in the same way. 

Between 300 and 360 K, Jsc increased slightly but Voc 

fell by 78 mV, giving a temperature coefficient of −1.3 

mV K⁻¹; the highest simulated PCE occurred around 330 

K. Series resistance from 0 to 5 Ω cm² reduced PCE only 

from 9.99% to 9.58% and acted mainly through FF. Shunt 

resistance was far more consequential when PCE 

increased from 0.22% at 10¹ Ω cm² to 9.99% at 10⁶ Ω cm², 

while Voc rose from 0.094 to about 1.292 V. Ten-percent 
front reflection reduced Jsc by 10%, whereas explicit 

radiative and Auger recombination reduced Jsc by 

24.35% and PCE to 7.492%. 

The most important result is the cumulative loss response. 

The ideal cumulative-loss baseline reached 10.081% 

PCE, but the fully non-ideal configuration fell to 0.068%. 

The severe degradation was dominated by parasitic 

resistance, particularly low shunt resistance, and was 

reinforced by recombination and optical losses. However, 

the study remains a numerical SCAPS-1D analysis and 

has not yet been experimentally validated for fabricated 

C343-based ssDSSCs. In addition, the combined loss case 

was used to show the cumulative impact of selected non-

ideal inputs, but it does not fully resolve possible non-

additive or synergistic interactions among loss 

mechanisms, such as temperature-dependent 

recombination coefficients or field-dependent leakage 

pathways in a real device. For future experimental work, 

the numerical results therefore point to four priorities: 

suppressing interfacial shunts, keeping series resistance 

low, maintaining C343 and interface defect densities near 

the optimized values, and controlling operating 
temperature and front-surface reflection. These measures 

are more important than simply increasing layer thickness 

once the main optical and transport gains have already 

been obtained. 
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