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A B S T R A C T   

Owing to low production cost and ease of processing, hole-transport layer (HTL) free carbon electrode-based 
perovskite solar cells (c-PSCs) have emerged as a potential photovoltaic (PV) technology. Despite this, c-PCSs 
still have to achieve the high photon conversion efficiency exhibited by standard PSCs using HTLs. In the present 
work, device modeling of Csx(FA0.4MA0.6)1-xPbI2.8Br0.2 based HTL-free c-PSC was presented using the simulation 
program Solar Cell Capacitance Simulator (SCAPS). Output results were successfully replicated in the simulation 
that were comparable to experimentally reported values. Furthermore, several parameters affecting device 
performance, such as the absorber layer, the electron transport layer (ETL), front contact thicknesses, and doping 
concentrations, are studied and optimized. Additionally, the defect density at the perovskite/ETL interface is 
investigated. Under optimized conditions, a high open-circuit voltage of 1.13 V, short-circuit current density of 
22.54 mA/cm2, fill factor of 79.75%, and photon conversion efficiency of 20.43% is achieved. Results demon
strate the promising features of the proposed HTL-free c-PSC. Lastly, the impact of temperature and work 
function of back metal contacts were also examined. The simulation results suggest a direction to design low-cost 
and highly efficient HTL-free c-PSCs.   

1. Introduction 

In recent years, the scientific community has shown a significant 
research interest in perovskite solar cells (PSCs) owing to their cost- 
effectiveness and high performance. The key features attributed to 
PSCs include light absorption through a broad-spectrum range [1], 
direct and tunable bandgap [2], long charge carriers diffusion lengths 
[3], and excellent carrier mobilities [4]. Thanks to their remarkable 
features, the efficiency values upsurged from 3.8% [5] to a decent value 
of over 25% [6], beating the maximum efficiency of copper indium 
gallium selenide (CIGS) and achieving one of the crystalline-silicon solar 
cells. 

Most highly efficient PSCs employ organic hole transport layers 
(HTLs) and back metal electrodes such as silver or gold [7,8]. However, 
instability issues caused by organic HTLs and higher fabrication costs 
associated with back metal contacts hinder the viability of PSCs towards 
entry into the photovoltaic (PV) market [9]. The PSCs have evolved 

through the mesoporous configuration [10], the planar configuration 
[11], the hole transport layer free configuration [12], and electron 
transport layer free configuration [13]. Interestingly, owing to the 
perovskite distinctive ambipolar nature, it was revealed that HTL-free 
PSCs may also perform well [14]. Therefore, tremendous research ef
forts have been dedicated to design stable and cost-effective HTL-free 
PSCs in recent years. 

To date, a few HTL-free PSCs structures have been reported [15–18]. 
Among those, carbon-based PSCs (c-PSCs) are considered the potential 
contenders for highly stable, cost-effective, and large-scale solutions 
processed PSCs [19]. In 2013, the first report on c-PSC was presented 
with an efficiency of 6.6% [20]. A year later, a 12.8% efficiency was 
reported by Mei et al. [12] with improved stability. So far, the highest 
reported power conversion efficiency (PCE) values of 15.9% [21] and 
14.88% [14] have been reported by c-PSCs based on MAPbI3 and 
FAMAPbI3 compounds, respectively. However, degradation issues in 
MAPbI3 under thermal and moisture conditions and phase instability in 
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FAPbI3 restrict their applications in high-performance PSCs [22,23]. 
It was revealed that the incorporation of cesium (Cs) with for

mamidinium (FA) or methylammonium (MA) could enhance the sta
bility and performance of PSCs [23]. In our previous report, we 
employed Cs/FA/MA triple cation perovskite composition in HTL-free 
c-PSC and reported 13.3% efficiency [24]. In 2017, Liu et al. [14] 
have developed a fully printable c-PSC by incorporating Csx(FA0.4

MA0.6)1-xPbI2.8Br0.2 along with metal oxides mesoporous TiO2/Al2O3/
NiO (PIN) layer. They demonstrated 17.02% efficiency with 1000 h of 
device stability. This is the record maximum PCE value ever achieved in 
c-PSC structures. This demonstrates the potential of Cs-based triple 
cation perovskite composition towards highly efficient and stable PSCs. 
However, the PCE values in HTL-free structures are lagging than their 
counterparts with HTLs. This motivates us to investigate, optimize our 
experimentally reported c-PSC device structure with 13.39% PCE using 
Csx(FA0.4MA0.6)1-xPbI2.8Br0.2 absorber layer and enhance its perfor
mance further [24]. 

In addition, a small number of efforts based on simulation work have 
been reported on HTL-free c-PSCs. For instance, 14.7% efficiency was 
reported by Rai et al. [25] with uniform doping. Lin and co-workers 
demonstrated efficiency values of 25.07% and 25.15% by employing n 
and p-type perovskite homojunction and gradient doping, respectively 
[26,27]. It is worth mentioning that in this work, we show a realistic and 
experimentally achievable approach to develop HTL-free c-PSCs, as well 
as showing that uniform doping can achieve over 20% efficiency. 

2. Device modeling and input parameters 

In the present study, the Csx(FA0.4MA0.6)1-xPbI2.8Br0.2 as an active 
absorber layer was employed in HTL-free c-PSC configuration. The 
simulation program solar cell capacitance simulator (SCAPS, ver. 
3.3.07) was used to model and optimize the experimentally reported 
HTL-free c-PSC. The software was developed by the research team at the 
Department of Electronics and Information Systems (ELIS), University of 
Gent, Belgium [28]. It solves three fundamental equations: Poisson and 
continuity equations for electrons and holes. 

The HTL-free device configuration, as shown in Fig. 1a, is based on 
TCO/ETL/interface defect layer (IDL)/absorber layer/back metal con
tact. Here, TCO is for fluorine-doped tin oxide (FTO), ETL is for titanium 
dioxide (TiO2), the absorber layer is Csx(MA0.17FA0.83)1-xPb(I0.83Br0.17)3, 
and back metal contact is carbon (C). The IDL is assumed to consider the 

interface recombination. The energy band diagram is shown in Fig. 1b. 
Parameters such as variation in thickness of the absorber layer, TiO2, 

and FTO have been optimized to enhance device performance. Likewise, 
doping concentrations of the absorber, TiO2, and FTO were changed, 
and their impact on device performance was investigated. In addition, 
the absorber defect density and interface quality at perovskite/TiO2 are 
also analyzed. Lastly, the impact of operating temperature and work 
function of back metal was investigated. 

The device input parameters for the various layers used in this study 
are presented in Table 1. The thickness of each layer and basic input 
parameters are extracted from different literatures, including experi
mental work [24,26,29–31]. Here, Eg denotes bandgap energy, χ rep
resents electron affinity, εr shows relative permittivity, NC is the 
effective density of states for conduction band, NV is the effective density 
of states for valence band, μn is the mobility of electron, μp is the 
mobility of hole, NA is the acceptor density and ND represents donor 
density, and Nt represents defect density. Additional device parameters 
not defined in Table 1 are discussed as: Defect type is neutral with en
ergy level as the center of Eg. Capture cross-section for electron and hole 
is 2.0 × 1014 cm2. The energetic distribution is Gaussian, having 

Fig. 1. (a) Device schematic of HTL-free carbon-based PSC (b) energy band diagram of c-PSC.  

Table 1 
Device Input parameters used in this simulation.  

Parameters FTO TiO2 IDL Perovskite 

Thickness 
(nm) 

500 (Variable) 25 (Variable) 10 430 (Variable) 

Eg (eV) 3.5 3.2 1.60 1.60 
χ (eV) 4 4 3.9 3.9 
εr 9 10 6.5 6.5 
Nc (cm− 3) 2.2 × 1018 1.0 × 1021 1.0 ×

1017 
1.0 × 1017 

Nv (cm− 3) 1.8 × 1019 2.0 × 1020 1.0 ×
1017 

1.0 × 1017 

μn (cm2/vs) 20 20 2.0 2.0 
μp (cm2/vs) 10 10 2.0 2.0 
NA (cm− 3) 0 – 1.0 ×

1013 
1.0 × 1013 

(Variable) 
ND (cm− 3) 2.0 × 1019 

(Variable) 
5.0 × 1019 

(Variable) 
0 0 

Nt (cm− 3) 1.0 × 1016 1.0 × 1016 1.0 ×
1016 

2.60 × 1013 

(Variable) 
Reference [32] [26] [24,29, 

30] 
[24,29–31]  
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characteristic energy of 0.1 eV. The thermal velocity for electron and 
hole is 1.0 × 107 cm s− 1. For the carbon layer back electrode, 5.0 eV is 
used as the work function. For new materials, precise values of the de
vice physical parameters are challenging to retrieve. Here, we gathered 
and considered them to the best of our understanding. The simulation 
study was carried out under the illumination with standard AM 1.5G 
spectrum. 

3. Results and discussion 

3.1. Simulation results validation 

To validate our simulation model measurements, we designed the 
HTL-free structure in SCAPS and compared the results with experi
mentally reported FTO/TiO2/CsFAMAPbI3/C configuration [24,29]. 
Fig. 2a presents the J-V curves of experimental and simulated values, 
while the energy level diagram of the simulated device is illustrated in 
Fig. 2b. Table 2 provides a detailed comparison of J-V parameters. Our 
simulated results are pretty well with the experimentally reported values 
[24]. Thus, it confirms the reliability and validity of the present simu
lation study and suggests that the modeling parameters listed in Table 1 
are comparable to realistic values. 

3.2. Absorber layer thickness variation effect 

The perovskite absorber layer is vitally essential to the PSC perfor
mance, as charge carriers are generated at this layer. Increasing the 
absorber layer thickness may result in charge carrier recombination 
before approaching the electrodes, whereas decreasing the absorber 
layer thickness will result in ineffective absorption of incident radiation. 
Consequently, the overall device performance will be reduced. There
fore, optimizing the absorber layer thickness is critical for an efficient 
PSC. Fig. 3a depicts variation in J-V curves as the absorber thickness 
changes from 100 to 1000 nm. Results indicate that the Jsc and Voc are 
improving with an optimization in the thickness of the absorber. As 
absorber thickness increases, many electron-hole pairs are generated, 
resulting in improved Jsc and Voc values. External quantum efficiency 
(EQE) describes the extent to which a solar cell can accumulate charge 
carriers from photons energy. Fig. 3b presents the spectral response of 
the HTL-free structure relative to wavelength with absorber thickness 
varying from 100 to 1000 nm. Results reveal that as absorber thickness 
decreases, photon absorption at longer wavelengths decreases. Because 
there are lesser photo-induced electron-hole pairs generation within the 
absorber layer. Furthermore, at wavelengths greater than 780 nm, EQE 
drops to zero because of inefficient light absorption below bandgaps at 
longer wavelengths with low energy. 

Fig. 3c shows that the absorber layer thickness significantly affects 

the J-V parameters. The Jsc value increases from 13.81 mA/cm2 to 
22.62 mA/cm2 as the absorber layer thickness increases from 100 to 
600 nm. Beyond 600 nm absorber thickness, the Jsc grows slowly and 
saturates to 23 mA/cm2. The growing behavior of Jsc is attributed to the 
increased number of long-wavelength light absorption resulting in 
enhanced charge carrier generation. At a small absorber thickness, the 
small number of long-wavelength photons are absorbed resulted in low 
charge carrier generation and hence the low value of Jsc. The Voc also 
increases from 0.84 to 0.91 V by increasing the absorber layer thickness 
up to 600 nm. Beyond that, it saturates at 0.91 V. It could be correlated 
with the high electron-hole pairs generation with increased light ab
sorption and smaller absorber layer thickness. However, as thickness 
increases, the recombination rate increases, that affects Voc. In contrast 
to Jsc and Voc values, the FF value decreases drastically with increased 
absorber thickness. The increased thickness of the absorber causes high 
series resistance resulting in a decrease in FF. With absorber thickness 
ranging from 100 to 400 nm, PCE value increases from 8.68% to 
13.15%. Beyond 400 nm, the PCE becomes saturated at 13%. Our 
simulation results present that the 700–800 nm thick absorber layer is 
suitable for high-performance HTL free c-PSCs. We performed further 
optimization of our simulated device by considering an 800 nm thick 
absorber layer. Additionally, the optical absorption coefficients graphs 
of all the layers are plotted and shown in Fig. S1. 

3.3. Absorber doping concentration (NA) and defect density (Nt) 
variation effect 

The doping process has a substantial influence on the performance of 
semiconducting devices. In the present section, the absorber acceptor 
doping density (NA) is varied, and its effect on the PV parameters is 
investigated. The NA values have been changed from 1013 to 1017 cm− 3, 

and obtained results are illustrated in Fig. 4a. The results reveal that all 
Voc, FF, and PCE vary as the NA value increases. The Jsc remains con
stant up to 1015 cm− 3, and then a decreasing behavior is observed from 
1015 to 1017 cm− 3. This decrease in Jsc value is attributed to Auger 
recombination that dominates at higher doping concentration levels 
causes low device performance [30]. Results also show that Voc im
proves significantly up to 1017 cm− 3. However, up to 1016 cm− 3, the 
increase in Voc causes the improvement in FF and PCE. Whereas, beyond 
1016 cm− 3, the FF and PCE values drop. The increased doping levels 
result a built-in electric field (Vbi) [33]. This Vbi causes better separation 
of charge carriers towards their respective electrodes, thereby 
improving Voc. In the present study, the highest PCE value has been 
achieved for NA as 1016 cm− 3; therefore, 1016 cm− 3 is considered for 
further device optimization. 

The number of defects (Nt) present in the active absorber layer de
fines the device performance. Therefore, the understanding of defects is 

Fig. 2. (a) J-V characteristics of experimental and simulated results, inset shows the device configuration (b) energy level diagram of simulated results demonstrating 
perovskite, TiO2 and FTO layers. 
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essential to develop and analyze the highly efficient PSC. Here, the value 
of Nt is varied from 1013 to 1017 cm− 3, and the variation in device pa
rameters is plotted in Fig. 4b. Results show that J-V parameters remain 
unchanged up to 1014 cm− 3 and decrease as the Nt value increases. The 

Jsc drops from 21.87 to 11.63 mA/cm2 as the Nt increases beyond 1014 

cm− 3. The decrease in Jsc is attributed to higher number of trap states 
and thereby recombination mechanism with increased Nt values that 
causes losses in generated charge carriers [34]. Similarly, the Voc 

Table 2 
Comparison between J-V parameters of simulated and experimental devices.  

Work Mode Jsc (mA/cm2) Voc (V) FF (%) PCE (%) RS (Ωcm2) RSH (Ωcm2) Ref. 

Experimental 21.45 ± 0.65 0.9 ± 0.2 69 ± 0.1 13.39 ± 0.3 – – [24] 
Simulation 21.45 0.8953 69.06 13.26 2.35 1.0 × 1030 This work  

Fig. 3. Impact of variation in absorber layer thickness on (a) J-V curves (b) EQE curves (c) J- V parameters.  

Fig. 4. (a) J-V parameters with varying absorber doping concentration (NA) (b) absorber defect density (Nt) variation effect on J-V parameters.  
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decreases from 1.08 to 0.96 V. The FF, and PCE values degrade from 
73.47 to 50.01% and 17.3 to 5.59%, respectively. This behavior could be 
described by the relation between Nt and the charge carriers (electron, 
hole) diffusion length (Ln, Lp), as explained by (1): 

Ln, p =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μn, p kT

q
1

σn, pVthNt

√

(1) 

Equ. 1 explains that Ln, p is inversely proportional to Nt. Low Nt re
sults in longer diffusion lengths, causes low recombination, and im
proves device performance. In contrast, the higher Nt causes shorter 
diffusion lengths, resulting in higher recombination and causes device 
performance degradation. In Table 3, the varying Nt values effect and 
the corresponding change in Ln, p is demonstrated. The results are 
satisfying Equ. 1. In the present work, the Nt value is set as 2.6 × 1013 

cm− 3, that leads to Ln, p as 1.00 μm, as reported experimentally [35]. 

3.4. TiO2 thickness and doping variation effect 

The electron transport layer (ETL) is an important component of the 
PSC that allows the transmission of electrons and blockade of holes. TiO2 
is an n-type material widely used in HTL-free PSCs, and its thickness 
significantly affects the device performance [23]. To analyze the effect 
on HTL-free c-PSC structure, the ETL (TiO2) thickness is varied from 10 
to 100 nm, and obtained results are presented in Fig. 5a. Results reveal 
that Jsc, Voc, and PCE values decrease as the thickness of TiO2 increases. 
In contrast, there is no considerable change in FF as it varies from 74.36 
to 74.56 with increasing TiO2 thickness from 10 to 100 nm. The 
reduction in performance of simulated device structure with increasing 
TiO2 thickness is due to the lower transmittance in the wavelength range 
of 300–360 nm, as shown in Fig. S2. Also, the thick TiO2 layer absorbs 
the incident light significantly and reduces the charge generation, hence 
decreases Jsc and PCE [36]. The thinner TiO2 layer could not be a 
considerable choice as it could cause poor reproducibility. Similarly, the 
thinner layers may lead to recombination at the perovskite/FTO inter
face resulting in the leakage current. In addition, a thicker TiO2 layer 
affects the device performance by reducing the Jsc, Voc, and hence PCE, 
as depicted in Fig. 5a. Therefore, we considered a 20 nm thick TiO2 layer 
for further device performance optimization in the present study. This 
20 nm thickness is in accordance with the experimentally reported value 
[37,38]. 

The TiO2 donor doping density (ND) effect on J-V parameters was 
analyzed by varying the doping concentration from 1013 to 1021 cm− 3. 
The obtained results are drawn in Fig. 5b. Our results exhibit that with 
increasing the ND values, there is no change in J-V parameters. All pa
rameters remain constant from 1013 to 1018 cm− 3. However, over 1018 

cm− 3, the Jsc and Voc reduce and then saturate up to 1021 cm− 3. 
Similarly, the FF and PCE values follow an increasing pattern and 
remain stable up to 1021 cm− 3. In the present work, we considered 
1.0×1020 cm− 3 for further device performance optimization. 

3.5. FTO thickness and doping variation effect 

The impact of FTO thickness variation on HTL-free c-PSC perfor
mance is essential. The variation in J-V parameters with FTO thickness 
ranging from 100 to 1000 nm is shown in Fig. 6a. From the results, Jsc, 
Voc, and PCE values initially grow, after which they saturate and then 

start decreasing. Whereas the FF initially decreases and then follows an 
increasing pattern. With less thickness (<300 nm) of FTO, more light is 
transmitted to the absorber layer. With the absorbance of more light by 
the active layer, more charge carriers are generated, resulting in the 
increased current generation and consequently high Jsc. In contrast, 
beyond the 300 nm thickness of the FTO layer, the incident light is 
absorbed by the FTO that causes internal scattering and lengthening the 
direction of light [39]. Increased absorption by the FTO reduces the 
number of photons approaching the absorber layer, thus, reducing the 
generated current and, as a result, lowering the Jsc. 

Results show that the Voc remains constant with increasing the FTO 
thickness. This is because the charge excitation, a primary process in PV, 
occurs in the absorber layer. Also, the absorber layer fermi level splitting 
is within the FTO band edges, hence causes constant Voc. As the FTO 
thickness increases from 100 to 1000 nm, the results show a minimal 
enhancement in FF from 74.31 to 74.67%. PCE, on the other hand, de
creases as FTO thickness increases. As previously stated, a drop in effi
ciency is linked to a decrease in Jsc. Charge extraction can also be used 
to explain the reduction in Jsc. To be extracted through the FTO, the 
generated charges must have a longer lifetime, which is impossible. The 
increase in diffusion length causes increased charge recombination at 
the FTO and the TiO2/FTO interface. The simulation results suggest that 
the FTO with 300 nm thickness will enhance the HTL-free c-PSC per
formance significantly. 

In the present study, the donor doping concentration (ND) of the FTO 
layer has been changed from 1013 to 1021 cm− 3, and obtained results are 
plotted in Fig. 6b. The results demonstrate that the values of Jsc, Voc, 
and PCE initially increase slowly up to 1015 cm− 3. Beyond this point, 
these values increase linearly up to 1017 cm− 3 and then saturates. The 
reverse saturation current decreases as the doping density increases, 
resulting in an increase in the Voc and, as a result, the PCE. The FF starts 
to increase up to 1015 cm− 3, from where it decreases with increasing 
doping concentration up to 1017 cm− 3. Beyond 1017 cm− 3 doping value, 
the FF becomes constant, and no further change is observed, as depicted 
in Fig. 6b. In this work, we have set 1.0 × 1019 cm− 3 as the FTO doping 
level value for further device performance optimization. 

3.6. Interface (Perovskite/TiO2) defect density variation effect 

The interface quality is of particular importance towards the highly 
efficient solar cell. The reports show that, compared to the back inter
face, the interface defect density (Nt) close to the illuminated path 
significantly influences solar cell performance [27,40]. Thus, in the 
present study, the impact of Nt at TiO2/perovskite interface on the PV 
performance of the designed solar cell is examined. The Nt values have 
been varied from 1013 to 1021 cm− 3, and obtained results are depicted in 
Fig. 7. The results reveal that for Nt value below 1014 cm− 3, there is no 
change in device performance. The Jsc remains constant up to 1017 

cm− 3; after that, it reduces, and beyond 1019 cm− 3 it shows constant 
behavior. Similarly, the Voc remains constant up to 1015 cm− 3; after 
that, it falls, and then beyond 1019 cm− 3 it follows the same trend as Jsc. 
The FF and PCE are severely influenced when the Nt increases over 1014 

cm− 3. The decrease in the device PCE is correlated with increased Nt 
values, resulting in a high charge carrier recombination rate at the 
perovskite/TiO2 interface [41]. Therefore, the Nt is selected at 1 × 1013 

cm− 3 to achieve highly efficient HTL-free c-PSCs. 

3.7. Effect of variation in temperature and metal work function 

The operating temperature is a significant factor towards the solar 
cells performance. Typically, solar panels operate over a temperature of 
300 K. Therefore, the operating temperature effect on the HTL-free c- 
PSC performance is analyzed under a temperature range of 300–700 K. 
Fig. 8a shows the obtained J-V parameters with temperature variation. 
Results show that Jsc increases while Voc, FF, and PCE reduce with 
rising temperature. The growing trend in Jsc with increasing 

Table 3 
Variation in the diffusion lengths of electron and hole with defect density (Nt).  

Defect Density, Nt (cm− 3) 1 ×
1013 

1 ×
1014 

1 ×
1015 

1 ×
1016 

1 ×
1017 

Hole Diffusion Length Lp 
(μm) 

1.6 0.51 0.16 0.051 0.016 

Electron Diffusion Length 
Ln (μm) 

1.6 0.51 0.16 0.051 0.016  
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temperature is attributed to the reduction in the energy bandgap that 
leads to the generation of additional charge carriers and consequently 
increased Jsc [42]. Similarly, the drop in Voc can be clarified by forming 
interfacial defects, including increased series resistance and reduction in 
carrier diffusion length [42]. The reduced pattern of Voc results in 
degradation of the overall device performance. Table 4 shows a com
parison between the obtained simulated and experimentally reported 

results at 673.15 K [29]. The results show that the simulated and 
experimentally reported data are in decent agreement and validate our 
simulated model. 

Fig. 8b depicts the device performance as the work function of the 
back metal contact varies from 4.6 to 5.7 eV. This range of work func
tions is for different metal contacts such as silver (Ag), iron (Fe), carbon 
(C), gold (Au), nickel (Ni), and platinum (Pt). The associated work 
functions of these metals are mentioned in Table 5. Results reveal that 
all parameters improve with increasing back metal work function. As 
metal work function increases, the barrier height of the majority carriers 
(concerning fermi level energy) lowers because of band bending at the 
metal-semiconductor interface, resulting in more ohmic contact [43]. 
With increasing the work function, the Voc increases sharply. Hence, the 
increase in Voc leads to improvement in PCE of HTL-free c-PSC. From 
the results, excellent performance is achieved for Pt (5.7 eV). However, 
the increased cost related to Pt may limit its application towards 
cost-effective HTL-free c-PSCs. Therefore, C (5.0 eV) can be used as an 
adequate substitute for expensive metal electrodes. 

The results also show that an efficiency of 20.43% can be obtained 
using the FTO/TiO2/Perovskite/C for cost-effective and efficient HTL- 
free PSCs. 

In Table 6, a detailed comparison of our simulated results with 
already reported experiment results is summarized. Our simulated re
sults show a substantial improvement in overall device performance. 
The Jsc and FF values in our simulated work are in well agreement with 
the experimental reported work [44]. In addition, the step-by-step 
optimization from initial to the final optimized values, including the 
absorber, TiO2, FTO thicknesses, and doping variations, is presented in 
Fig. S3. The J-V parameters are also given in Table S1. 

Fig. 5. The effect on J-V parameters with (a) variation in TiO2 thickness (b) variation in TiO2 doping concentration.  

Fig. 6. The effect on J-V parameters with (a) variation in FTO thickness (b) variation in FTO doping concentration.  

Fig. 7. Interface defect density (Nt) effect on J-V parameters.  
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4. Conclusion 

To conclude, the device modeling of Csx(FA0.4MA0.6)1-xPbI2.8Br0.2 
based HTL-free c-PSC was carried out using SCAPS. Initially, the 
modeling was verified with the experimental results and found to be in 
decent agreement. Several elements that can affect device performance 
were thoroughly investigated. Simulation results suggest the optimized 
thicknesses of the Csx(FA0.4MA0.6)1-xPbI2.8Br0.2, TiO2 and FTO are 800 
nm, 20 nm, and 300 nm, respectively. Similarly, 1.0 × 1016 cm− 3, 1.0 ×
1020 cm− 3 and 1.0 × 1019 cm− 3 doping concentrations for 
Csx(FA0.4MA0.6)1-xPbI2.8Br0.2, TiO2 and FTO, respectively, exhibited 
enhanced device performance. The optimal defect density value as 2.60 
× 1013 cm− 3 for the absorber is consistent with the experimental data. 
The results also propose that the IDL at the perovskite/TiO2 interface 

should be minimum to achieve high-performance HTL-free c-PSC. 
Therefore, the 1.0 × 1013 cm− 3 is the optimized value of IDL. These 
optimal values enhanced our experimentally reported HTL-free c-PSC 
PCE from 13.39% to over 20%. In addition, the temperature effect and 
back metal contact work function were also studied. The results 
demonstrate that a 300 K operating temperature is ideal for achieving 
high efficiency of HTL-free c-PSC. Also, platinum with a work function of 
5.7 eV was found as a highly efficient back metal contact material. 
However, we considered carbon a low-cost and stable back metal con
tact layer for stable and cost-effective HTL-free c-PSC. Based on opti
mized results, the highest Voc, Jsc, FF, and PCE values are observed as 
1.13 V, 22.54 mA/cm2, 79.75%, and 20.43%, respectively. Finally, the 
present study indicates the future directions for an efficient, simple, 
stable, and cost-effective HTL-free Csx(FA0.4MA0.6)1-xPbI2.8Br0.2 based c- 
PSCs. 
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Fig. 8. (a) Temperature effect on J-V parameters (b) work function variation effect on J-V parameters.  

Table 4 
Comparison of simulated and experimental reported results (400 ◦C = 673.15 
K).  

Working 
Mode 

Temperature Jsc 
(mA/ 
cm2) 

Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Ref. 

Experimental 400 ◦C 21.45 
± 0.65 

0.9 
± 0.2 

69 ±
0.1 

13.39 
± 0.3 

[24] 

Simulated 673.15 K 22.66 0.86 70.94 13.91 This 
work  

Table 5 
Detail of work functions of different back metal contacts.  

Metal 
Contacts 

Silver 
(Ag) 

Iron 
(Fe) 

Carbon 
(C) 

Gold 
(Au) 

Nickel 
(Ni) 

Platinum 
(Pt) 

Work 
Function 
(eV) 

4.74 4.81 5 5.1 5.5 5.70  

Table 6 
Comparison of different HTL-free PSC structures J-V parameters of experimental 
and simulated work.  

S. 
No. 

Working 
Mode 

Jsc (mA/ 
cm2) 

Voc 
(V) 

FF (%) PCE (%) Ref. 

1 Experiment 21.45 ±
0.65 

0.9 ±
0.2 

69 ±
0.1 

13.39 ±
0.3 

[24] 

2 22.69 0.9 79 16.21 [44] 
3 Simulation 22.30 1.06 60.36 14.27 [25] 
4 22.32 0.96 80.22 17.21 [45] 
5 22.54 1.13 79.75 20.43 This 

work  
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