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This study investigates the performance of solid-state dye- 
sensitized solar cells (ssDSSCs) employing four hole trans- 
port layer (HTL) candidates: cadmium telluride (CdTe) and 

three kesterite materials—copper-barium-tin sulfide (CBTS), 
copper-iron-tin sulfide (CFTS) and copper-manganese-tin sul- 
fide (CMTS). Electrical and optical parameters collected from 

the literature were incorporated into SCAPS-1D for device mod- 
elling. A comprehensive analysis examined the effects of HTL 

thickness, temperature, absorber and electron transport layer 
(ETL) thickness, capacitance, parasitic resistance and doping 
concentration on device performance. The results demonstrate 
that CdTe is a highly promising HTL, with the optimized 

fluorine-doped tin oxide (FTO)/ZnO/ruthenium complex dye 
(N719)/CdTe/Pt heterostructure achieving a power conversion 
efficiency (PCE) of 21.58%, a fill factor (FF) of 87.86%, an open- 
circuit voltage ( VOC ) of 1.106 V and a current density ( JSC ) of 
22.21 mA cm− 2 , exceeding previously reported values. Among 
kesterite-based HTLs, CBTS and CFTS exhibited notable PCEs 
of 16.42 and 14.80%, respectively, outperforming comparable 
studies. These findings indicate that CdTe, CBTS and CFTS are 
strong candidates for ssDSSC applications, offering enhanced 

efficiency and stability. Notably, CBTS emerges as a low-cost, 
Earth-abundant alternative with favourable band alignment 
and high thermal stability. This work provides valuable insights 
for advancing efficient and sustainable ssDSSC technologies. 
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1
I  gained significant momentum ow- 
i  security and the limited availabil- 
i sues, renewable energy technologies 
h chnologies, such as hydrogen energy, 
p bstantially, but their widespread de- 
p s, storage limitations and challenges 
r . To address these constraints, current 
r able generation with chemical fuels 
a al flexibility [3 ]. Material innovation 
p hotoactive layers and storage media 
d

lls (SCs) have emerged as one of the 
m ons. It is a promising and consistent 
a ion of clean, renewable energy while 
c ne in the transition towards sustain- 
a n, which is essentially composed of 
s norganic, homojunction, heterojunc- 
t nd the number of junctions between 
t al component of PV systems because 
o e converted into electrical energy [7 ]. 
S  bandgap and intermediate electrical 
c tion of photons to produce electron–
h ndent on the properties of the semi- 
c d on crystalline silicon with a doped 

h mance, dominated the market. 
eneration PV devices, have emerged 

a 1 ]. Introduced through the pioneer- 
i  and affordable way to convert solar 
l iconducting TiO2 and ZnO materials. 
N ely used semiconductor materials in 
D l transparency and low cost [13 –16 ]. 
O  crucial role in light absorption and 

e eria must be considered to optimize 
e o exhibit luminescence and have ab- 
s IR) regions. Additionally, the highest 
o 2 or ZnO conduction band, while the 
l higher in energy. The HOMO should 

a ve been sensitized with different or- 
g m complex dye (N719) gave the best 
p ncy of the DSSCs is still only approx- 
i

es. A transparent conductive oxide 
(  as the working electrode. It is then 
c dioxide (TiO2 ) or zinc oxide (ZnO) 
n spin coating, spray coating, sol–gel, 
e . This layer serves as the photoanode 
a lows, with organic or inorganic dyes 
a nitiating electron transport. A redox 
e the dye and facilitates electron trans- 
p  with a catalyst layer like platinum, 
r f deposited materials and thin films, 
v nd hot-compression, are used [23 ,24 ]. 
T ctricity in DSSCs. DSSCs are appeal- 
i osts, ease of fabrication, lightweight 
d nally, their transparency, colour ver- 
s pplications in optoelectronic devices. 
. Introduction 

n recent years, the pursuit of sustainable energy alternatives has
ng to growing global concerns regarding climate change, energy
ty of conventional fossil fuel resources. To tackle these pressing is
ave gained significant interest over the past century. Renewable te
hotovoltaics (PVs), bioenergy and wind power, have progressed su
loyment remains limited owing to intermittency, high capital cost
elated to grid integration and sustainable material availability [1 ,2 ]
esearch focuses on integrated energy systems that combine renew
nd advanced storage solutions to enhance reliability and operation
lays a crucial role in this transition, as improvements in catalysts, p
irectly affect system efficiency and scalability [4 –6 ]. 
Among contemporary renewable energy technologies, solar ce
ost significant and widely investigated renewable energy soluti
lternative to meet high energy demand. It also enables the generat
ausing minimal harm to the environment, making it a cornersto
ble energy systems. The core component of a SC is a p–n junctio
emiconductive elements. Solar cells are categorized as organic, i
ion and so on based on the semiconductive material employed a
he semiconductors. Therefore, semiconductors are the fundament
f their special electronic characteristics, which allow sunlight to b
emiconductors are distinguished by their well-structured energy
onductivity, which enable the effective absorption and manipula
ole pairs. The design and performance of SCs are critically depe
onducting materials used [8 ,9 ]. Solar cell technology initially base
omojunction structure, known for its efficiency and robust perfor
In recent years, dye-sensitized SCs (DSSCs), classified as third-g

s promising alternatives to conventional silicon-based SCs [10 ,1
ng work of O’Regan and Grätzel in 1991, DSSCs offer an efficient
ight into electrical power [12 ]. DSSCs are commonly based on sem
anocrystalline titanium oxide (TiO2 ) and zinc oxide (ZnO) are wid
SSCs owing to their excellent electron transport properties, optica
ne key component of DSSCs is the sensitizer dye, which plays a
lectron injection. During the selection of dyes, several critical crit
fficiency and stability. These include the requirement for the dye t
orption spectra covering UV–visible (UV-vis) and near-infrared (N
ccupied molecular orbital (HOMO) should be distant from the TiO
owest unoccupied molecular orbital (LUMO) should be close and 

lso be lower than that of redox electrolytes [17 ]. TiO2 and ZnO ha
anic sensitizers such as eosin dye and rose Bengal dye. Rutheniu
erformance as a sensitizer. However, the energy conversion efficie
mately 10–14% [18 ,19 ]. 

In DSSCs, the fabrication process involves several critical stag
TCO) substrate, typically fluorine-doped tin oxide (FTO), is used
oated with a layer of semiconducting material, often titanium 

anoparticles, using different techniques such as doctor blading, 
lectrophoretic deposition and chemical vapour deposition [20 ,21 ]
nd is essential for efficient electron transfer [22 ]. Sensitization fol
bsorbing light and injecting electrons into the conduction band, i
lectrolyte, typically containing iodide/triiodide ions, regenerates 
ort to the counter electrode. The counter electrode, usually coated
educes triiodide ions to iodide ions. To optimize the properties o
arious post-deposition methods, such as annealing, compression a
hese steps collectively enable the conversion of sunlight into ele
ng owing to their several advantages, including low production c
esign and increased efficiency in low-light conditions [25 ]. Additio
atility and mechanical flexibility enable a wide range of potential a
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U ged sunlight exposure, DSSCs exhibit 
g features, they come with major draw- 
b  absorption spectrum, issues related 

t e use of liquid electrolytes, which are 
p  performance and long-term stability. 
T f liquid electrolytes [28 ,29 ]. 

-state hole transport material is used 

i nces the thermal and chemical stabil- 
i ore suitable for practical applications 
u  enhanced performance, researchers 
h cluding organic and inorganic com- 
p s. The incorporation of these novel 
H exible and sustainable device archi- 
t HTMs in driving both efficiency and 

l elopment of reliable and scalable so- 
l cements in ssDSSC technology, with 
e ome instances [35 ]. The ssDSSC with 
C  under air mass 1.5 global (AM1.5G) 
c nI6 , PEDOT and spiro-MeOTAD as 
H

ased research in the development of 
h tricate nature of their fabrication pro- 
c me-intensive and financially burden- 
s tors offer a faster, more cost-effective 
a and design optimization, simulation 
t n set-ups and specialized laboratory 
e evelopment timeline compared with 
h h as density functional theory, enable 
p roperties of PV materials, providing 
e 41 –45 ]. SCAPS-1D, wxAMPS, COM- 
S ed tools for designing and analysing 
S % was theoretically reported for the 
I or the WS2 /N719/copper-barium-tin 
s ave also investigated various ssDSSC 

c nd 15% [49 –53 ]. 
nown as kesterite and stannite com- 

p aterials are recognized for their low 

c them as promising candidates for PV 

a sterite materials (Cu2 XSnS4 ) usually 
h ffective absorption of the solar spec- 
t  for SCs, establishing kesterites as a 
c s a hole transport layer (HTL), an ex- 
p cally copper-zinc-tin sulfide (CZTS), 
a onstrated the use of various other 
k d SCAPS-1D simulators. To the best 
o  a solid-state hole transport material 
i t al. [59 ] using the SCAPS-1D simu- 
l t is CZTS, Cu2 ZnSnSe4 (CZTSe) and 

C iency of 12.91%. 
e (CdTe), including a direct bandgap 

o idely used material in thin-film SCs. 
T  conversion of sunlight into electrical 
p ing it to absorb over 90% of incident 
s ose to the optimal value predicted by 
t o its commercial success in thin-film 

P ses carcinogenic risks, making CdTe 
r ve significantly reduced production 
c  recovery of valuable semiconductor 
nlike amorphous silicon SCs, which tend to degrade under prolon
reater photostability [19 ,26 ,27 ]. However, despite their promising 
acks that hinder their overall efficiency, including a narrow light
o charge recombination and corrosion of the counter electrode. Th
rone to leakage and evaporation, can also significantly impair cell
o address this problem, solid-state materials can be used instead o
Solid-state DSSCs (ssDSSCs) are a type of DSSC in which a solid

n place of the liquid electrolyte. This substitution significantly enha
ty of the device, thereby improving its durability and making it m
nder demanding environmental conditions [30 ,31 ]. In pursuit of
ave explored a wide range of hole transport materials (HTMs), in
ounds, ionic conductors, perovskites and doped molecular system
TMs not only contributes to higher efficiency but also supports fl

ectures. Current literature reviews underscore the importance of 
ongevity in ssDSSCs, marking them as key components in the dev
ar technologies [32 –34 ]. Recent studies have shown notable advan
fficiency levels exceeding 10% and approaching the 15% mark in s
u(II/I) complex as the HTM attained an 11% conversion efficiency
onditions [36 ]. In contrast, the conversion efficiencies using Cs2 S
TM were 7.1, 7.7 and 7.8%, respectively [37 –39 ]. 
Nowadays, researchers are increasingly turning to simulation-b

igh-efficiency SCs, primarily owing to the time-consuming and in
esses. Traditional fabrication processes of SCs are often complex, ti
ome, particularly when procedural errors occur. In contrast, simula
nd safer alternative for researchers [40 ]. Through virtual testing 
ools eliminate the need for expensive materials, intricate productio
nvironments, thereby significantly accelerating the research and d
ardware-based research. In addition, first-principles methods, suc
recise prediction of electronic, optical, thermal and structural p
ssential insights for material selection and device optimization [
OL and other simulation software are among the most widely us
Cs [46 ]. Using the SCAPS-1D simulator, a maximum PCE of 20.73
TO/PCBM/N719 dye/PEDOT:PSS/Pt configuration and 28.22% f
ulfide (CBTS)/Au configuration [47 ,48 ]. Many other researchers h
onfigurations, with most reported efficiencies ranging between 5 a
A class of materials comprising sulfide minerals, specifically k

ounds, has gained significant attention as SC absorbers. These m
ost, abundance in the Earth’s crust and high stability, positioning 
pplications [54 ,55 ]. Depending on their particular composition, ke
ave an average bandgap of 1.0–1.5 eV. These bandgaps enable e
rum and align with the Shockley–Queisser limit’s ideal bandgap
ompelling option for thin-film SCs [56 ,57 ]. In relation to their use a
erimental study demonstrated the application of kesterite, specifi
s an HTL in perovskite SCs [58 ]. Additionally, other groups dem
esterite materials as HTL in perovskite SCs using the wxAMPS an
f our knowledge, there have been no efforts to employ kesterite as
n DSSCs, with the exception of a study conducted by Abdullah e
ator, who explored the use of a few kesterite-based materials, tha
u2 NiSnS4 (CNTS), where CZTSe performed the best, with an effic
The outstanding optoelectronic properties of cadmium tellurid

f approximately 1.45 eV at room temperature, have made it a w
his bandgap closely matches the solar spectrum, enabling efficient
ower. In addition, CdTe exhibits a high absorption coefficient, allow
unlight within a thin layer (approx. 1–2 μm). Its bandgap is also cl
he Shockley–Queisser limit for single-junction SCs, contributing t
Vs [60 ,61 ]. Although tellurium (Te) is scarce and cadmium (Cd) po
elatively expensive and hazardous, increasing recycling efforts ha
osts [62 ,63 ]. Recycling CdTe from end-of-life modules enables the
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m  in next-generation SC technologies 
s ce on newly extracted raw materials, 
d  pilot-project stage [64 ,65 ]. To the best 
o us SC technologies, CdTe has not yet 
b

rite materials, that is copper-iron-tin 
s as HTLs in various ssDSSC configu- 
r orated FTO as the TCO, ZnO as the 
e atinum (Pt) as the back contact. The 
t pecific range. Employing SCAPS-1D 

s lexity by enabling virtual optimiza- 
t st device topologies and appropriate 
m positional variants. 

2 tate dye-sensitized solar 

2
T work and what factors are most im- 
p re, important one-dimensional semi- 
c 69 ]. One of these, Poisson’s equation 
[ tribution in the material, as shown in 
e

𝜌p − 𝜌n 
]
. (2.1) 

th 𝜀r and 𝜀0 denoting the relative per- 
m tively. ND and NA correspond to the 
d he electron and hole concentrations. 
T by 𝜌n and 𝜌p , and q represents the ele- 
m s a fundamental governing equation, 
i  and carrier production. For precise 
m representation is essential. Equations 
( ectron and hole density over time. 

(2.2) 

(2.3) 

ectrons and holes, respectively. Sim- 
i denote the recombination rates. The 
d  carrier transport by combining elec- 
t nts. These equations are essential for 
m vices. 

(2.4) 

(2.5) 

w nd holes, respectively, while the cor- 
r ccording to the Einstein relation, the 
d ty and lifetime [71 ]. Furthermore, the 
a  refined √Eg model, which is an up- 

d is relationship is formally described 
aterials and mitigates environmental risk, while its repurposing
upports a circular economy and reduces material toxicity and relian
espite large-scale recycling infrastructure remaining largely at the
f our knowledge, despite its advantages and extensive use in vario
een explored as a solid-state hole transport material in DSSCs. 
This study investigates the performance of CdTe and three keste

ulfide (CFTS), CBTS and copper-manganese-tin sulfide (CMTS), 
ations using SCAPS-1D software. The device architecture incorp
lectron transport layer (ETL), N719 as the sensitizing dye and pl
hickness of the HTLs and the dye has been optimized within a s
oftware offers a strategic approach to reduce experimental comp
ion of device parameters. SCAPS makes it easier to identify the be
aterial combinations by simulating a variety of structural and com

. Design and modelling of the proposed solid-s
cell configurations 

.1. Numerical analysis employing SCAPS-1D simulator 
he computational model makes it easier to understand how SCs 
ortant for improving their efficiency. Using the SCAPS-1D softwa
onductor equations can be solved through numerical methods [66 –
70 ], describes how the electric potential is related to the charge dis
quation 2.1 . 

d2 

dx2 
𝜓 =

q 
𝜀0 𝜀r 

[
p ( x) − n ( x) +ND −NA +

In this context, the electrostatic potential is represented by 𝜓, wi
ittivity of the material and the permittivity of free space, respec
ensities of ionized donors and acceptors, while n and p indicate t
he spatial charge distributions of electrons and holes are denoted 

entary charge. The continuity equation, which is acknowledged a
ncorporates the combined effects of drift, diffusion, recombination
odelling of carrier transport in semiconductors, a comprehensive 

2.2) and (2.3) offer a numerical elucidation of the fluctuations in el

𝜕n 
𝜕t 

= 1 
q 
𝜕Jn 
𝜕x 

+
(
Gn − Rn 

)
, 

𝜕p 
𝜕t 

= 1 
q 

𝜕Jp 
𝜕x 

+
(
Gp − Rp 

)
. 

In this context, Jn and Jp represent the current densities of el
larly, Gn and Gp indicate their generation rates, while Rn and Rp 

rift-diffusion model, detailed in equations (2.4) and (2.5) , outlines
ric field-driven drift and diffusion driven by concentration gradie
odelling and simulating the dynamics of charge carriers in PV de

Jn = q𝜇n n 𝜀 + qDn 𝜕n , 

Jp = q𝜇p p 𝜀 + qDp 𝜕p , 

here carrier mobilities are indicated by µn and µp for electrons a
esponding diffusion coefficients are represented by Dn and Dp . A
iffusion coefficient is intrinsically linked to both the carrier mobili
bsorption coefficient for the films was evaluated using the recently

ated adaptation of the conventional √ ( h 𝜐 − Eg ) formulation. Th
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Figure 1. (a) Crystal structure and (b) energy band alignment between different layers. 

b

 1 . (2.6) 

enotes the material’s bandgap, and 𝛼
c stablish the relationship between the 
r  and B , thereby relating the modified 

a  below. 

(2.7) 

(2.8) 

2
T n figure 1a . The cell starts with a TCO 

l nter the cell. A thin layer of zinc ox- 
i  surface area for dye attachment and 
y the ‘Tauc laws’, as presented in equation (2.6) [72 ,73 ]. 

𝛼 ( h 𝜐) =
( 

𝛼0 +
𝛽0 Eg 
h 𝜐

) 

.

√ 

h 𝜐
Eg 

−

In this formulation, h 𝜐 represents the photon energy, while Eg d
orresponds to the absorption coefficient. Equations (2.7) and (2.8) e
evised model parameters α0 and β0 and the traditional constants A
bsorption model to its conventional counterpart as demonstrated

𝛼0 = A
√
Eg , 

𝛽0 =
B √
E g 

. 

.2. Device structure 
he structure of a ssDSSC is composed of several layers, as shown i
ayer as the front contact, made from FTO, which allows light to e
de (ZnO) nanoparticles is deposited on the TCO, providing a large
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Table 1. Input optimization parameters of different layers employed in this study. 

HTLs 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

properties 
FTO 
[53 ,59 ] 

ZnO 
[51 ,75 ] 

N719 
[59 ,76 ] 

CdTe 
[77 ,78 ] CFTS [72 ] CBTS [72 ] CMTS [79 ] 

thickness (nm) 300 50 40–200 300 300 300 300 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bandgap, Eg (eV) 3.60 3.47 2.33 1.50 1.30 1.90 1.50 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

electron affinity, X (eV) 4.00 4.30 3.90 3.90 3.30 3.60 4.35 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

dielectric permeability 
(relative), Ɛr 

9.00 9.00 30 9.40 9.00 5.40 9.00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

conduction band effective 
density of states, NC (cm

− 3 ) 
2.2 × 1018 3.7 × 1018 2.4 × 1020 8.0 × 1017 2.2 × 1018 2.2 × 1018 2.2 × 1018 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

valence band effective density of 
states, Nv (cm

− 3 ) 
1.8 × 1019 1.8 × 1019 2.5 × 1020 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

electron thermal velocity 
(cm s− 1 ) 

1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

hole thermal velocity (cm s− 1 ) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

electron mobility, µn 
(cm2 V− 1 s− 1 ) 

20 100 5.00 320 21.98 30 16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

hole mobility, µh (cm
2 V− 1 s− 1 ) 10 25 5.00 40 21.98 10 16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

shallow uniform acceptor 
density, NA (cm

− 3 ) 
0.00 0.00 1.0 × 1017 1.0 × 1014 1.0 × 1018 1.0 × 1018 1.0 × 1017 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

shallow uniform donor density, 
ND (cm

− 3 ) 
1.0 × 1019 1.0 × 1018 0.00 0.00 0.00 0.00 0.00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

defect density, Nt (1/cm
3 ) 1.0 × 1015 1.0 × 1015 1.0 × 1015 1.0 × 1015 1.0 × 1015 1.0 × 1015 1.0 × 1015 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

f g sunlight. Ruthenium complex dye 
( n electron to the FTO semiconductor 
l es an electron to the dye, restoring it 
t inum (Pt) has been used as a counter 
e  from the external circuit to the HTL, 
e  preliminary analysis, approximately 
8 ned as HTLs for ssDSSCs. Most were 
e nO interface, availability of material 
d TS, CBTS and CMTS exhibited stable 
c e architectures employing these four 
c e layer arrangement of these experi- 
m  1a . The energy bandgap of each layer 
i

2
T er, absorber layer, ETLs and HTL are 
s e HTLs were varied relative to each 
acilitating electron transport. The dye is responsible for absorbin
N719) is widely used for this purpose [47 ]. When the dye releases a
ayer, it becomes oxidized. The p-type solid-state HTL then donat
o its original state so it can absorb light again [51 ,74 ]. Finally, plat
lectrode that completes the circuit. It facilitates electron flow back
nabling the recombination of electrons with the holes. During the
–10 conventional and kesterite (Cu2 XSnS4 ) compounds were scree
xcluded owing to unfavourable band alignment with the dye/Z
ata and numerical instability in SCAPS-1D simulations. CdTe, CF
onvergence and suitable band alignment; consequently, four devic
ompounds as the HTL are investigated in this study. Therefore, th
ental models is FTO/ZnO/N719/HTL/Pt, as illustrated in figure

s illustrated in figure 1b . 

.3. Simulation using SCAPS-1D software 
he input parameters configured in the simulation for the FTO lay
hown in table 1 . The thickness of the N719 dye absorber and th
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o ation ( NA ) constant. Four distinct SC 

s e as the absorber, each incorporating 
a entify the optimal value under these 
c  and N719/HTL interfaces were kept 
a efects were assumed to be electrically 
n  × 10− 1 9 cm2 . A single-level energetic 
d he valence band (VB) maximum. The 
i  interfaces. These default parameters 
w amics. To determine the best perfor- 
m nal parameters, such as temperature 
a r of the designed structures. The op- 
t d by altering the temperature, as SCs 
g g of significant scientific importance. 
A  ambient temperature fixed at 300K, 
a M1.5G solar spectrum. 

3
3 rformance 
T  of both the dye layer and the HTL. 
A on, which enhances the short-circuit 
c d to increased charge recombination 
a  vital role in efficient hole extraction 
a  and increased charge recombination, 
w ance, which adversely affects the fill 
f the thickness of the HTL was varied 

f , and the open-circuit voltage ( VOC ), 
s eviously mentioned ssDSSC config- 
u r plots presented in figures 2 –5 . VOC 

w  at a varied absorber thickness from 

4 m of 1.52 V at a 40 nm thickness of 
t gure 2c . CdTe and CMTS showed a 
s  thickness of above 140 and 100 nm, 
a C of 0.67 V at an absorber thickness 
o  in figure 2b , which is the minimum 

a y the four chosen HTLs is not equal, 
a d 4.35 eV, the VOC of each device also 
s en devices employing different HTL 

m use of their higher series resistance at 
d ncrease with the increase in absorber 
t seen in figure 2 . This is because these 
m t at various HTL thicknesses. In cer- 
t cient charge extraction and facilitate 
r hown in figure 2a . 

 . The highest JSC was observed in the 
r  of approximately 250 nm and a dye 
t 8.85 mA cm− 2 was obtained by CFTS 
H of absorber thickness among all four 
s a smaller JSC of 12.40 mA cm− 2 was 
o HTL thickness of just above 250 nm, 
a S- and CdTe-based structures is ow- 
i he dye, resulting in the allowance of 
t ayer and an improved JSC . However, 
C the increase in the HTL thickness and 

i ed with absorber thickness owing to 
ther while keeping the defect density ( Nt ) and acceptor concentr
tructures were developed based on ZnO as the ETL and N719 dy
 different HTL. The thickness was adjusted for each structure to id
onditions. The interfacial defect parameters at both the ZnO/N719
t their default values as provided by the simulation software. The d
eutral, with identical electron and hole capture cross-sections of 1.0
istribution was considered, with energy levels positioned above t
nterface defect density was uniformly set at 1.0 × 101 0 cm− 2 for both
ere retained to facilitate accurate modelling of charge carrier dyn
ance, all output parameters were analysed. Following this, additio
nd bandgap, were varied to assess their influence on the behaviou
imal operating temperature of the SC is experimentally determine
enerally perform most efficiently near room temperature, a findin
ll simulations are conducted under standard conditions, with the
n operating frequency of 1 MHz and illumination based on the A

. Result and analysis 
.1. Effect of dye and hole transport layer thickness on cell pe
he performance of DSSCs is strongly influenced by the thickness
n optimal dye thickness is crucial for maximizing light absorpti
urrent density ( JSC ); however, excessively thick dye layers can lea
nd hinder electron transport. Similarly, the HTL thickness plays a
nd transport. A thin HTL may lead to inadequate surface coverage
hereas an excessively thick HTL can result in higher series resist

actor (FF) and overall power conversion efficiency. In this study, 
rom 100 to 300 nm and the absorber thickness from 40 to 200 nm
hort-circuit current density ( JSC ), FF and efficiency of the four pr
rations were calculated. The results are illustrated in the contou
as maximum for each device at an HTL thickness of 300 nm and
0 to 200 nm. Among all devices, VOC was found to be a maximu
he N719 absorber and a 100 nm thick CBTS HTL, as depicted in fi
lightly smaller VOC of just above 1.171 V at an absorber and HTL
s shown in figure 2a , d , respectively. CFTS showed its highest VO

f 120 nm and an HTL thickness of 260 nm or above, as depicted
mong the four HTL materials. Since the built-in potential formed b
s defined by their electron affinity value, which is between 3.30 an
hows quite different values. This difference in terms of VOC betwe
aterials is mainly owing to their bandgap difference and also beca
ifferent thicknesses. However, the VOC of all the devices tends to i
hickness but shows a mixed trend in the case of HTL thickness, as 
aterials have a higher series resistance and a lower photocurren

ain cases, an increased thickness of the HTL layer may obstruct effi
ecombination, which consequently leads to a decrease in VOC , as s
The JSC for different HTL configurations is illustrated in figure 3

ange of approximately 12.40–28.85 mA cm− 2 at an HTL thickness
hickness of 140–200 nm, except for the CMTS. The highest JSC of 2
TL with a thickness of greater than or equal to 260 and 200 nm 

tudied ssDSSC structures, as seen in figure 3b . On the contrary, 
btained by CBTS HTL with an absorber thickness of 200 nm and 

s depicted in figure 3c . The relatively higher JSC observed in CFT
ng to their higher conduction and valence band compared with t
he higher number of holes to be recombined in the absorber dye l
dTe, CFTS and CBTS show a similar trend: JSC decreases owing to 
ncreases owing to the increase in the dye thickness. The J increas
SC 
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Figure 2. Contour mapping of VOC for different thicknesses of N719 dye absorber and HTLs ([a] CdTe, [b] CFTS, [c] CBTS and [d] CMTS). 

Figure 3. Contour mapping of JSC for different thicknesses of N719 dye absorber and HTLs ([a] CdTe, [b] CFTS, [c] CBTS and [d] CMTS). 
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Figure 4. Contour mapping of FF for different thicknesses of N719 dye absorber and HTLs ([a] CdTe, [b] CFTS, [c] CBTS and [d] CMTS). 

Figure 5. Contour mapping of PCE for different thicknesses of N719 dye absorber and HTLs ([a] CdTe, [b] CFTS, [c] CBTS and [d] CMTS). 
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Figure 6. Effect of (a) J–V and (b) QE for designed ssDSSC configurations. 

e  structure with CMTS, which shows 
t ment and very high electron affinity 
c HTL thickness owing to partial light 
a  capture longer-wavelength photons 
m  extraction and minimizing recombi- 
n

ere the highest FF was observed in 
t orber and HTL thickness of different 
l  is minimum and the dye thickness is 
a ed 88.18 and 76.24% FF, respectively, 
a at is, at an absorber thickness ranged 

b y obtained their highest FF and then 
i ss of around 160 nm with minimum 

H  decreases again. In the case of CBTS, 
i an or equal to 150 nm HTL thickness, 
t in figure 4d . Increasing the thickness 
o  in charge recombination or internal 
r

ed in figure 5 . Among the four struc- 
t  specifically at an absorber thickness 
o s illustrated in figure 5a . Among the 
t est efficiency of approximately 14.82 
a ickness above 260 nm, as depicted in 
fi g all four HTLs, that is 13.45% when 
t bove 250 nm, as shown in figure 5d . 
O mance increased up to a certain point, 
s

3 ristics 
T aracteristics of the ssDSSC structure 
( ed in figure 6 . A variable DC voltage 
( istic. Among the configurations, the 
( urrent, peaking around 0.69 V, while 
t .51 V, as illustrated in figure 6a . The 
c  gradually dropped to zero just after 
p ady at 22.5 mA cm− 2 from 0 to 1 V, 
t  HTL, the current density remained 

s  V. These variations in the J–V curves 
r  materials, influencing their electrical 
p

nhanced spectral sensitivity at longer wavelengths, except for the
he exact opposite trend, and it might be owing to its band align
ompared with the others. Typically, JSC decreases with increasing 
bsorption. However, in some cases, a moderately thicker HTL can
ore effectively, which can enhance JSC by facilitating better charge
ation. 
Figure 4 illustrates the FF for different HTL configurations, wh

he range of approximately 89.18–71.60%, corresponding to the abs
evels. CdTe obtained the highest FF of 89.18% when HTL thickness
pproximately 80 nm, as shown in figure 4a . CBTS and CFTS obtain
s depicted in figure 4c , b . They both showed a common nature, th
etween 100 and 120 nm and HTL thickness at 100 and 300 nm, the
t falls when absorber thickness increases, and at absorber thickne
TL thickness, both reach their highest FF value again. After that, it

t shows its highest FF at 40 nm of absorber thickness and greater th
hat is 71.60%, and it is the lowest among all four HTLs, as shown 
f the HTL layer decreases the FF value, indicating a potential rise
esistance within the device, which adversely affects FF. 
The percentage PCE of the designed ssDSSC structures is depict

ures analysed, the CdTe HTL demonstrated the highest efficiency,
f 80–90 nm and an HTL thickness of approximately 280–300 nm, a
hree kesterite HTL materials, CFTS and CBTS obtained their high
nd 16.42% at an absorber thickness of 155–165 nm and an HTL th
gure 5b , c , respectively. CBTS obtained the lowest efficiency amon
he absorber thickness is below 40 nm and the HTL thickness is a
verall, when absorber and HTL thickness increased, the PV perfor
ince the PCE is a function of the JSC , VOC and FF parameters. 

.2. Current density–voltage and quantum efficiency characte
he current density–voltage (J–V) and quantum efficiency (QE) ch
FTO/ZnO/N719/HTLs/Pt) with four different HTLs are illustrat
ranging from 0 to 1.7 V) was applied to analyse the J–V character
FTO/ZnO/N719/CFTS/Pt) structure produced the highest photoc
he (FTO/ZnO/N719/CBTS/Pt) structure showed the lowest at 1
urrent density for the CFTS HTL reached 28.5 mA cm− 2 at 0 V and
assing 5 V. For the CdTe HTL, the current density remained ste
hen began to decline, reaching zero at 1.1 V. In the case of CBTS
table at 12.5 mA cm− 2 until 1.4 V, before decreasing to zero at 1.51
eflect the differences in bandgaps and electron affinities of the four
erformance. 
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or the four proposed ssDSSC config- 
u epends on the light’s wavelength ( λ), 
r ons. The wavelength was varied from 

3 e CFTS-based configuration demon- 
s g to zero at 980 nm. CdTe and CBTS 
s orter wavelengths (830 and 640 nm, 
r ero even earlier. Though an ideal QE 

c t distinct wavelength-dependent de- 
v harge injection efficiency and recom- 
b he QE spectrum reflects wavelength- 
d  response. In conclusion, CFTS offers 
a its thicker absorber layer, while CdTe 
a

3 t resistance of different hole 

3

S  current flow through the interfaces 
b econd, the resistance at the interface 
b e of the front and rear metal contacts. 
S f extremely high resistance, it can also 
n g overall SC performance. The open- 
c ance, owing to the absence of current 
fl  JSC ) exhibits only minor sensitivity to 
v rt-circuit is relatively flat. 

formance of the ssDSSC, with a con- 
s al shunt condition and minimize the 
i  an RS range of 0–6 Ω cm2 . Among the 
f t voltage ( VOC ), short-circuit current 
(  in RS . As RS increased from 0 to 6 Ω
c %, 87.5 to 82.5%, 76 to 55% and 64% 

f TLs, while VOC and JSC remained rel- 
a /Pt and FTO/ZnO/N719/CMTS/Pt 
s  reduced significantly. However, the 
F res demonstrated the least change in 
F t on FF, and FF negatively affects the 
c

3

P y leakage current and non-geminate 
r  to flaw growth and metal infiltration 
a nded path, reducing both the voltage 
a nder low light conditions, where the 
l sistance. 

nge of 10–107 Ω cm2 on the PV per- 
f SC, with a fixed series resistance ( RS ) 
o ameters, that is open-circuit voltage 
( . Notably, as RSh increases from 10 to 
1 substantial improvement, with PCE 

r  highest PCE of around 22% is ob- 
s 07 Ω cm2 or higher. Therefore, a high 
v ighest PCE in the examined ssDSSC 

d

Figure 6b shows the relationship between wavelength and QE f
rations with CdTe, CFTS, CBTS and CMTS as HTLs. QE, which d
epresents the ratio of charge carriers generated to the incident phot
00 to 1000 nm to compare the performance of these materials. Th
trated the highest QE, nearly 97% at 380 nm, gradually decreasin
howed peak QE at the same wavelength but dropped to zero at sh
espectively). CMTS exhibited lower QE overall and declined to z
urve is depicted as square-shaped, these ssDSSC structures exhibi
iations because of variations in the absorption profile of the dye, c
ination losses during carrier transport and collection. As a result, t
ependent carrier collection probabilities rather than an ideal square
 broader wavelength range for charge carrier generation owing to 
nd CBTS showed similar yet more limited QE ranges [80 ]. 

.3. Effect of temperature variation, series resistance and shun
transport layers on cell performance 

.3.1. Effect of series resistance 

eries resistance in SCs arises from three primary factors: first, the
etween the ETL and dye, as well as between the dye and HTL; s
etween the metal contact and the FTO layer; and third, the resistanc
eries resistance primarily impacts the FF, reducing it, and in cases o
egatively affect the short-circuit current ( JSC ), thereby diminishin
ircuit voltage ( VOC ) remains essentially unaffected by series resist
ow under open-circuit conditions, while the short-circuit current (
ariations in series resistance as the current–voltage curve near sho
Figure 7 illustrates the impact of series resistance ( RS ) on the per

tant shunt resistance ( RSh ) of 105 Ω cm2 to approximate a near-ide
nfluence of leakage current pathways on device performance, over
our key performance parameters of solar cells, that is open-circui
 JSC ) and FF, the FF was most significantly affected by the changes
m2 , the FF showed a substantial decline, dropping from 87.5 to 72
or the ssDSSC configuration with CdTe, CBTS, CFTS and CMTS H
tively unchanged across all devices. The FTO/ZnO/N719/CFTS
tructures exhibited comparatively poor performance, as their FF
TO/ZnO/N719/CdTe/Pt and FTO/ZnO/N719/CBTS/Pt structu
F, respectively. Overall, the increase in RS has a pronounced impac
onversion efficiency in ssDSSC with different configurations. 

.3.2. Effect of shunt resistance 

ower losses in SCs owing to shunt resistance are mostly driven b
ecombination. Practical cells often experience partial shorts owing
t junctions. Low shunt resistance allows current to bypass the inte
nd current through the SC. This effect is particularly pronounced u
ight-generated current is lower, amplifying the impact of shunt re

Figure 8 illustrates the impact of shunt resistance ( RSh ) in the ra
ormance of the FTO/ZnO/N719/HTL/Pt heterostructure of ssDS
f 0.5 Ω cm2 . The figure shows significant changes in key PV par
 VOC ), short-circuit current density ( JSC ), FF and PCE, as RSh varies
02 Ω cm2 , these parameters, especially VOC , FF and PCE, see a 
ising from below 3% to approximately 22% for CdTe HTL. The
erved when RSh reaches 103 Ω cm2 , maintaining this level up to 1
alue of RSh greater than 103 Ω cm2 is preferable for achieving the h
evices. 
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Figure 7. Effect of series resistance, RS , on (a) VOC , (b) JSC , (c) FF and (d) η%. 

3

T  that is VOC , JSC , FF and PCE across 
f se metrics are measured at operating 
t TL/Pt heterojunction ssDSSC under 
1 most significantly impacted by rising 
t emperature increases. This reduction 
i climbs. Additionally, as temperature 
i  recombination rates. These enhanced 

r rent, thereby affecting overall device 
p

ibed by equation (3.1) [82 ], 

(3.1) 

Ea indicates the activation energy for 
r tant, J00 is a prefactor, and JPD repre- 
s e temperature T to 0K allows for the 
d at M , J0 0 and JPD remain temperature- 
i

uit voltage ( VOC ) declines, while the 
s nly a negligible variation. This slight 
c r conversion efficiency ( η%) are both 
d onding decrease in FF and PCE, as 
d nce decline is the increase in reverse 
s ong the different configurations, the 
.3.3. Effect of temperature 

he effect of temperature variations on key performance metrics,
our different ssDSSC configurations, is illustrated in figure 9 . The
emperatures ranging from 275 to 475K for an FTO/ZnO/N719/H
000 W m− 2 solar illumination. In conventional SCs, the parameter 
emperatures is the open-circuit voltage ( VOC ), which decreases as t
s owing to a steady rise in saturation current as the temperature 
ncreases, the intrinsic carrier concentration shifts, leading to higher
ecombination rates further contribute to the rise in saturation cur
erformance [81 ]. 
The relationship between VOC and temperature ( T ) can be descr

Voc =
Ea 
q 

−
MkT 
q 

ln 
(
J00 

)
JPD 

. 

In this context, T denotes temperature, M is the ideality factor, 
ecombination, q is the elementary charge, k is the Boltzmann cons
ents the photocurrent density. Based on equation (3.1) , setting th
etermination of the activation energy Ea , under the assumption th
ndependent [83 ]. 

In figure 9a , it is evident that as temperature rises, the open-circ
hort-circuit current ( JSC ) remains virtually unchanged, showing o
hange in JSC can effectively be disregarded. Since the FF and powe
ependent on VOC and JSC , a reduction in VOC leads to a corresp
emonstrated in figure 9c , d . The primary reason for this performa
aturation current, which escalates with higher temperatures. Am
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Figure 8. Effect of shunt resistance, RSh , on (a) VOC , (b) JSC , (c) FF and (d) η%. 

C .5 to 15%, yet it continues to outper- 
f  the kesterite group of HTLs, CBTS 
s s efficiency decreases to 13% at 475K, 
m e structure with CMTS HTL behaves 
s nt density, as it gains enough energy 
t e LUMO of the N719 dye. However, 
i

3 combination rate 

3

T 19-based ssDSSCs are illustrated in 
fi absorbed, an electron is excited from 

t ting in the formation of electron–hole 
p ices occur between 0.29 and 0.31 μm. 
A  HTL exhibits the highest generation 
r est. Both the CdTe and CMTS HTLs 
d e CFTS peak at the same wavelength 
p

e incoming photon flux. This photon 
fl he electron–hole pair generation rate 
f , providing a detailed understanding 
o  ]. 

 , (3.2) 
dTe-based HTL experiences a notable drop in efficiency, from 22
orm the other configurations in terms of overall efficiency. Within
hows superior performance compared with the others, although it
atching the efficiency of CFTS at that temperature. Interestingly, th
omewhat differently; a slight rise in temperature increases its curre
o overcome the energy barrier between its conduction band and th
ts efficiency also begins to decline after reaching 350K. 

.4. Effects of capacitance, Mott–Schottky, generation and re

.4.1. Effect of generation and recombination rate 

he carrier generation and recombination rates for ZnO- and N7
gure 10a , b over a range of 0.0–0.8 μm position. When a photon is 
he VB to the conduction band, leaving behind a hole in the VB, resul
airs [84 ]. The data reveal that the generation rate peaks for all dev
mong the configurations of the proposed ssDSSC, using a CFTS
ate at 0.3 μm, while the CBTS-based configuration shows the low
emonstrate nearly identical generation rates, slightly lower than th
osition. 
The electron–hole pair generation rate is computed based on th

ux is analysed using equation (3.2) , which calculates the value of t
or each specific wavelength and spatial location within the device
f the carrier generation dynamics throughout the SC structure [85

G ( 𝜆, x ) = 𝛼 ( 𝜆, x ) × Nphot ( 𝜆, x )
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Figure 9. Effect of variation in temperature on (a) VOC , (b) JSC , (c) FF and (d) η%. 

Figure 10. (a) Generation rate, (b) recombination rate, (c) the capacitance–voltage ( C –V ) response and (d) Mott–Schottky (1/ C2 ) re- 
sponse of ssDSSC configurations with four HTLs. 
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w ot ( λ, x ) refers to the incoming photon 
fl

ihilation of generated electrons and 

h . In ssDSSCs, the recombination rate 
i iers. A reduction in electron–hole re- 
c r and at the ETL and HTL interfaces, 
w xamined devices, the highest recom- 
b es incorporating the CdTe and CFTS 
H ther two structures also exhibit a re- 
c ndidates show another thick peak at 
a m, the peak of CFTS HTL was almost 
t ination is significantly influenced by 
m  conduction bands, leading to more 
n ombination rate in ssDSSCs can ex- 
h oundaries and imperfections arising 
d cture can result in localized areas of 
h

3

T s a biasing voltage range of − 0.5 V to 
0 s of the proposed ssDSSC structure, 
e 0c , the capacitance of the CFTS and 

C e exceeds 0.39 and 0.6 V, respectively. 
M  capacitance as the voltage increases. 
T lationship as the forward bias voltage 
i erials highlights its unique dielectric 
p configuration. CdTe, while similar to 
C r the same capacitance changes. This 
i storage and dielectric characteristics, 
a ge dynamics and performance of the 
s

aviour of electrodes and the doping 
l d MS method [86 ]. In this approach, 
t ance–voltage ( C –V ) curve. Addition- 
a  concentration of occupied trapping 
c se for a given device. In this study, 
t easing trend, while the correspond- 
i which validates the accuracy of the 
a

3 d solar cell configurations with 

W t of different ssDSSC structures. The 
q  Fp , respectively, with the conduction 
b  the structure. Along the x -axis the 
t is the level in electron volts (eV) are 
g

es, following the cell configuration: 
F ly in the HTLs, which serve as critical 
c erated holes. The HOMO of the dye 
a e LUMO should be close and higher 
i olid-state HTL [87 ]. The energy levels 
t presented by the quasi-Fermi levels 
here G ( x ) refers to the electron–hole pair generation rate, and Nph

ux. 
The recombination rate, which involves the merging and ann

oles, operates in direct contrast to the carrier generation process
s primarily determined by the lifetime and density of charge carr
ombination is often linked to defect states within the absorber laye
hich can trap carriers and prevent recombination. Across all the e
ination rates were observed between 0.39 and 0.51 μm, with devic
TLs showing the most pronounced recombination peaks. The o
ombination rate close to theirs. Devices with the three kesterite ca
 position just after 0 μm and slowly fall to 0 at 0.3 μm. Among the
he same as that of the stiff one at 0.52 μm. Electron–hole recomb
id-gap energy states that are positioned between the valence and
oticeable recombination within the devices. Additionally, the rec
ibit non-uniform distribution, which is often attributed to grain b
uring the fabrication process. These variations in the material stru
igher recombination, affecting the overall device performance. 

.4.2. Effects of capacitance and Mott–Schottky 

he impact of capacitance and Mott–Schottky (MS) behaviour acros
.8 V at a fixed frequency of 1 MHz for four different configuration
ach using a distinct ETL, is illustrated in figure 10c , d . In figure 1
dTe HTLs shows a pronounced increase when the applied voltag
eanwhile, the other two HTLs exhibit a more gradual, linear rise in
he capacitance of all the configurations maintains a constant MS re
s increased. Comparing the behaviour of CFTS with the other mat
roperties, suggesting distinct charge storage mechanisms in this 
FTS in its overall behaviour, requires a higher bias voltage to trigge
ndicates that both CFTS and CdTe demonstrate distinctive charge 
lbeit at different voltage thresholds, potentially impacting the char
sDSSC system. 
The built-in potential ( Vbi ), which reflects the operational beh

evel within a device, can be determined using the widely adopte
he Vbi is typically identified by the x -axis intercept of the capacit
lly, the intercept of the 1/ C2 –V curve provides insights into the
entres. As the Vbi increases, the corresponding MS values decrea
he curves of the capacitance–voltage ( C –V ) plot exhibit an incr
ng MS plot shows a decreasing trend for the simulated results, 
pproach. 

.5. Band alignment of the proposed solid-state dye-sensitize
different hole transport layer 

ith four distinct HTLs, figure 11a–d illustrates the band alignmen
uasi-Fermi levels of electrons and holes are represented as Fn and
and minima and VB maxima of EC and EV of each layer used in
hickness of each layer in the ssDSSC structure and along the y -ax
iven. 
The first three layers were kept the same in all the structur

TO/ZnO/N719/HTLs. As a result, variations were introduced on
omponents in ssDSSCs by facilitating the extraction of photo-gen
bsorber should be distant from the ZnO conduction band, while th
n energy. The HOMO of the dye should also be lower than that of s
hat electrons and holes typically inhabit under illumination are re
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Figure 11. Energy band diagram of the proposed ssDSSC structure with four different HTLs: (a) CdTe, (b) CFTS, (c) CBTS and (d) CMTS. 

( ted, Fn and Fp should ideally coexist 
b

( Fn ) are nearly identical, located just 
b  in every combination. Similarly, the 
q a ( EV ) for all layers across the differ- 
e HTLs, aligns closely with the LUMO 

o e other materials. This suggests that 
C port material. 

 levels higher than the LUMO of the 
d an easily pass through. Notably, the 
c gesting its expected superior perfor- 
m gnificantly lower than the LUMO of 
t transfer unless external energy, such 
a  ideal hole transport material for this 
s tions would be very poor, though it 
m  

eliver the best performance. Among 
t tter than CFTS and CMTS. This con- 
c Te and CBTS as the most promising 
c

3
T id-state HTL materials for ssDSSC in 
t  candidates studied, three performed 

e  same category. 
ted results and recent theoretical and 

s ed a maximum efficiency of 21.58% 
 Fn and Fp ), respectively. For charge carrier movement to be facilita
etween the energy bands of adjacent layers. 
In all four configurations, the quasi-Fermi levels for electrons 

elow or equal to the conduction band minima ( EC ) for each layer
uasi-Fermi levels for holes ( Fp ) are positioned above the VB maxim
nt structures. The conduction band level of CdTe, across all four 
f the N719 dye, which enhances hole extraction compared with th
dTe is likely to demonstrate superior performance as a hole trans
Among kesterites, CBTS and CFTS, possessing conduction band

ye, are also viable options for the proposed structure, as charge c
onduction band level of CBTS is closest to the dye’s LUMO, sug
ance over CFTS. In contrast, the conduction band of CMTS is si

he dye, creating a substantial energy barrier that hinders charge 
s elevated temperatures, is applied. Consequently, CMTS is not an
sDSSC configuration, and its performance under standard condi
ight show slight improvement at higher temperatures [22 ,25 ,26 ].
In summary, among the proposed HTLs, CdTe is expected to d

he three kesterite-based materials, CBTS is projected to perform be
lusion is further supported by previous analyses, confirming Cd
andidates for the proposed ssDSSC structure. 

.6. Output comparison with previous work 
he primary objective of our research was to explore alternative sol
he FTO/ZnO/N719/HTL/Pt configuration. Out of the four initial
xceptionally well when compared with existing alternatives of the
Table 2 provides a detailed comparison between our final simula

imulation studies on N719-based ssDSSCs. Our simulation achiev
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Table 2. Output comparison with previous works in SCAPS-1D. 

structure VOC ( V ) JSC (mA cm− 2 ) FF (%) PCE (%) year 

FTO/ZnO/N719 dye/CdTe/Pt 1.106 22.21 87.86 21.58 this work 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/ZnO/N719 dye/CFTS/Pt 0.679 28.82 75.58 14.80 this work 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/ZnO/N719 dye/CBTS/Pt 1.519 12.30 87.78 16.41 this work 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ITO/PC61 BM/N719 dye/PEDOT:PSS/Pt 1.069 22.38 86.64 20.73 2024 [47 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/ZnO/N719 dye/X60/Au 1.545 7.318 84.83 9.60 2024 [51 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/ZnOS/N719 dye/CZTSe/Au 0.875 20.83 70.86 12.91 2024 [59 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/ZnOS/N719 dye/CFTS/Au 0.555 16.84 59.09 5.53 2024 [59 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/PFN:Br/ZnPC:PC70BM/PEDOT:PSS/Au 0.858 27.45 62.77 14.61 2023 [52 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/PC61 BM/N719 dye/CuSCN/Au 0.885 8.563 70.94 5.38 2021 [53 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FTO/TiO2 /N719 dye/CuI/Au 1.452 26.50 48.12 17.72 2019 [76 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

w values reported in current research. 
M onfigurations using CBTS and CFTS 
d which are higher than those reported 

b
r ssDSSC configurations but also sets 

t in. 

4
T d three kesterite compounds (CFTS, 
C he SCAPS-1D simulator. Device per- 
f conditions, including HTL and dye 
t e investigated HTLs, CdTe achieved 

t nesses, attributed to favourable band 

a nsport. CBTS and CFTS also showed 

p MTS exhibited inferior performance 
o ort. 

ed by interfacial energetics and de- 
f ate. Nonetheless, CBTS represents a 
c ant composition and thermal stabil- 
i ased HTLs, particularly CBTS, hold 

s  should focus on experimental val- 
i sights into scalable, sustainable PV 

d

E  animal welfare committee. 
D SCAPS-1D software (v. 3.3.10), developed 
a tudy have been deposited in the Zenodo 
r investigate the work. 

D elp restructure and improve the wording 
i  and interpretation were solely developed 
b

ith CdTe as the HTL in this configuration, which exceeds the 
ore specifically, among the kesterite candidates for the HTL, the c
emonstrated efficiencies of 16.41 and 14.80%, respectively, both of 
y Abdullah et al. [59 ], except for CMTS. 
Therefore, this study not only highlights promising materials fo

he stage for future exploration of impactful materials in this doma

. Conclusion 

his study systematically evaluated cadmium tellurite (CdTe) an
BTS and CMTS) as solid-state HTLs in DSSCs (ssDSSCs) using t
ormance was examined under varying structural and operating 
hickness, parasitic resistances and temperature effects. Among th
he highest power conversion efficiency (21.58%) at optimized thick
lignment with the N719 dye LUMO level and efficient carrier tra
romising efficiencies (16.41% and 14.80%, respectively), whereas C
wing to unfavourable band positioning and limited charge transp
The results confirm that device performance is strongly govern

ect tolerance, identifying CdTe as the most efficient HTL candid
ompelling alternative owing to its cost-effectiveness, Earth-abund
ty. Overall, these findings demonstrate that CdTe and kesterite-b
trong potential for advancing ssDSSC technologies. Future work
dation and material optimization to translate these simulation in
evices. 

thics. This work did not require ethical approval from a human subject or
ata accessibility. All device simulations in this work were carried out using 
t the University of Gent, Belgium. All simulation data generated in this s
epository [88 ], ensuring that any interested researcher can reproduce or re

Supplementary material is available online [89 ]. 
eclaration of AI use. AI-assisted technologies (ChatGPT) were used only to h
n portions of the abstract and conclusion. All scientific content, data analysis
y the authors. 
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