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Abstract— Capacitance response of perovskite solar cells 

(PSCs) can be oppressed to deduce underlying physical 

mechanisms, both in the materials at external interfaces and in 

bulk materials. Accordingly, this paper investigates the 

Capacitance-Voltage (C-V) characteristic curves of cesium lead 

halides (CsPbX3: X = I, Br, or Cl) used as an active layer in 

PSCs. The SCAPS-1D simulator harnessed the actual device 

(CsPbX3: X = I Br, or Cl) with material parameters from 

previous experimental work. Three main simulation parameters 

were investigated: the thickness of the active layer, the doping, 

and the defects impacts.  

Keywords—Perovskite Solar cell, CsPbX3, SCAPS-1D, Power 

Conversion Efficiency, C-V characteristics.  

I. INTRODUCTION 

Perovskite solar cells (PSCs) are a class of novel third-

generation photovoltaic (PV) solar cells. PSCs can replace 

conventional solar cells due to their significant absorption 

coefficient, long carrier diffusion length, small exciton 

binding energy, lower cost, ease of fabrication, and high 

device performance. They can be fabricated as multi-junction 

(tandem) cell and single junction architectures. The 

optoelectronic, mechanical, and physical properties of 

perovskites are appropriate for the PV application [1-8]. A 

typical PSC employed organic-inorganic halide material as 

active/absorber material. The power conversion efficiency 

(PCE) of PSCs has increased progressively over the last ten 

years, from 3.8% in 2009 to 25.5% in 2022 [9].  

Alternatively, the perovskite absorber layer is thermally 

and chemically unstable due to the essential instability of the 

organic cation present in it [10-12]. Thus, reducing the shelf 

life of the perovskite compound and leading to the limitation 

of its widespread commercialization. Recent studies state that 

the stability of PSCs can be improved by substituting the 

hybrid organic-inorganic absorber layer with an inorganic 

halide perovskite layer without compromising the device 

performance [6, 8, 11-13]. Lately, Cesium (Cs+) has replaced 

the volatile organic components due to their intrinsic 

inorganic stability with no crystal lattice distortion, chemical 

degradation, and superior PV performance [11-13]. Inorganic 

cesium lead halide (CsPbX3, X = I, Br, and Cl) perovskites 

have been reported as early as 1893, have good thermal 

stability, and are considered among the most promising 

materials suitable for the development of inorganic PSCs [8, 

11, 13]. CsPbI3 with the cubic phase exhibits the most 

suitable bandgap of 1.73 eV for PV applications with 

excellent potential for high-efficiency inorganic PSCs [8, 12, 

13]. However, CsPbI3 still has exceptional stability under 

moist circumstances. Thus, vital contributions are still 

essential for achieving long-term stability. CsPbBr3 holds 

excellent moisture stability with a high bandgap of 2.3 eV. It 

has been used to fabricate PSCs with high PCEs up to 10.5%. 

CsPbCl3 shows the lowest efficiency with the greatest 

bandgap of 3 eV among all cesium lead halides [6, 8, 11-13].  

This work aims to provide a deep understanding of the 

effect of doping density, thickness, and defect density of the 

absorber layer on the PSC performance for enhancing and 

optimizing the performance of PSCs. The simulation and 

modeling of PSC provide a deep understanding of the physics 

of the device and elucidate the inter-relationship between the 

performance of the device and the material properties of each 

layer.  

Discovering and analyzing the PV performance of Cesium 

lead halides through simulation studies allow the research 

community to recognize the pros and cons of using them as 

absorber layers in PSCs. The results presented in this work 

deliver cooperative guidance for fabricating all-inorganic 

PSCs with high efficiency and good stability.  

II. C-V SIMULATION MODELS  

SCAPS is used for the present study on perovskite 

inorganic halides (CsPbI3, CsPbBr3, and CsPbCl3) and to 

understand the performance of PSC via computational 

investigations [2, 3, 14-16].  

The stack of simulated PSC consists of several layers: 

Ag/NiO/Perovskite layer/TiO2/FTO, as shown in Figure 1. 

The default generation model of SCAPS is used and the solar 

illumination for all simulation is considered to be AM 1.5G 

(1000 Wm−2) at 300 K temperature. No Auger recombination 
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and radiative band-to-band recombination are considered.  

PSC used in the simulation is an n-i-p structure laid between 

the p-type NiO as an hole transport layer (HTL) with a total 

defect density Nt of 1 x 1015 cm-3, which transports holes in 

PSC and performs as an electron blocking layer (EBL) for 

reducing charge recombination, and (compact and 

mesoporous) n-type semiconductor Titanium Oxide (TiO2) as 

electron transport layer (ETL) with total defect density Nt of 

1 x 1015 cm-3. They have deposited on the top of Fluorine 

doped Tin Oxide (FTO) substrate, the transparent conductive 

oxide (TCO) that serves as an s window layer, forming the 

photo-anode. The compact layer of TiO2 was used to prevent 

electrode shorting. Au (Gold) is the contact layer with a work 

function of 5.1 eV. The absorber layer (CsPbI3, or CsPbBr3, 

or CsPbCl3) or called the active layer, which is the heart of 

the solar cell device. The bandgaps of CsPbI3, CsPbBr3, and 

CsPbCl3 are 1.73 eV, 2.3 eV, 3 eV, respectively that make 

them favorable for PV applications. The three different 

absorber layers are CsPbI3, CsPbBr3, and CsPbCl3, which are 

n-type, p-type material, and p-type, respectively, as proved in 

several works [2, 3, 14-16]. The thermal velocity of holes and 

electrons for all various layers is set as 1 x 107 cm/s. The 

valence band and conduction band offsets among 

absorber/HTL and buffer/absorber layers are set to be 0.0 eV 

by adjusting the electron affinity of the buffer and HTL, 

respectively. The absorption coefficient (α) is used as the 

default value is 106 m-1. The numerous simulation parameters 

adopted from different experimental and theoretical studies 

are shown in Table 1.   

 
Figure 1. The schematic diagram for perovskite solar cell simulated 

using SCAPS. 

II. SIMULATION RESULTS AND DISCUSSIONS  

A. C-V curve characteristic of the simulated device 

Capacitance-Voltage (C-V) characteristic curve is 

beneficial and helpful in attaining a better insight of 

capacitance on the PSC, which depends on the applied 

voltage. The association was done by scanning a dc voltage 

from 0 to 3 V at 1 M Hz. The extension of the depletion region 

starts at the perovskite layer/Au interface as the voltage bias 

increases from 0 V, then it goes through the perovskite layer 

and finally to TiO2. Subsequently, more charges will be 

accumulated at the interfaces (perovskite/TiO2 and 

NiO/perovskite) by increasing the applied voltage bias that 

induces higher capacitance until a specific voltage (Voc) as 

1.3 V, 2.257 V, and 1.6 V for CsPbI3, CsPbBr3, and CsPbCl3, 

respectively. As shown in Figure 2, CsPbI3-based PSC has 

the least accumulated capacitance on both interfaces as it has 

the most nominal peak voltage compared to CsPbBr3-based 

PSC and CsPbCl3-based PSC. CsPbBr3-based PSC has the 

highest built-in voltage (Vbi) among other PSCs, with the 

maximum accumulation capacitance at the interfaces. 

 
Figure 2. C-V curves for the three cesium lead halides discussed in 

this paper.  

B. Thickness impact on the C-V characteristics  

     As the active layer thickness increases from 100 nm to 

2µm, the sandwiched layer absorbs more incident photons 

from the light to generate the electron-hole pairs. Therefore, 

more charges are accumulated at the NiO/perovskite and 

perovskite/TiO2 interfaces due to the weakening of Vbi that 

leads to an increase in the accumulated capacitance at 

interfaces until reaching peak voltage (Vpeak) for the three 

absorber layers. Afterwards, the charge carriers start to 

recombine when Vbi is totally dimensioned by the further 

increase beyond Vpeak. In addition, there is a little decrement 

in the value of Vbi by increasing the thickness.The C-V curve 

variation concerning the thickness of the absorber layer has 

been drawn as shown in curves (a) CsPbI3, (b) CsPbBr3, and 

(c) CsPbCl3 in figure 3.  

C. Doping impact on the C-V characteristics  

       As the doping density increases till the defect density as 
1x1015 cm-3, 1x1019 cm-3 and 1x1015 cm-3 for CsPbI3, CsPbBr3, 
and CsPbCl3, respectively, the C-V curve remains constant. 
This means that the doping density less than the defect density 
has no effect on the behavior of the C-V curve for the three 
absorber layers as the generation rate of photogenerated 
carriers does not alter with dopant densities under the incident 
of the same photon number. The fermi energy level of the 
charge decreases with increasing the dopant concentration. As 
the doping density increases beyond the defect density, the 
electric field and Vbi increases as shown in Figure 4(a) for 
CsPbI3, (b) for CsPbBr3, and (c)CsPbCl3. Charge seperation 
take place rapidly with an increase in the value of electric field 
charge carriers, leading to improved device efficiency and 
hence increase in Voc.  Therefore, the C-V curves are shifted 
with higher Vbi and Voc as well as higher accumulated 
capacitance on both interfaces. Moreover, capacitance value 
increase with less peak voltages as shown in Figure 4(a) for 
CsPbI3, (b) for CsPbBr3, and (c)CsPbCl3. 

D. Defects impact on the C-V characteristics  

  The variation of defect density may play a vital role in 
improving the performance of the low-quality absorbing layer 
that leads to the maximum recombination rate of the carrier 
that affects the device output, see figure 5.  
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Table I: Simulation parameters of PSCs devices.  

 

Parameters TCO ETL (TiO2) 
Absorber 

(CsPbI3) 

Absorber  

(CsPbBr3) 

Absorber  

(CsPbCl3) 
HTL(NiO) 

Thickness (μm) 0.300 – 3.50 0.030 0.500 0.500 0.500 0.245 

Band gap energy Eg 

(eV) 
3.5 3.2 1.73 2.32 3.06 3.6 

Electron affinity χ 

(eV) 
4 4.26 3.95 3.6 3.3 1.8 

Relative 

permittivity er 
9 9 6 6.5 5.355 11.75 

Effective 

conduction band 

density Nc (cm−3) 
2.2 � 10

��    1 � 10
��    1.1 � 10

	
   4.94 � 10
�   1 � 10

��    2 � 10
��    

Effective valance 

band density Nv 

(cm−3) 
1.8 � 10

��    1 � 10
��    8 � 10

��    8.47 � 10
��   1 � 10

��    2 � 10
��    

Electron mobility μn 

(cm2 V−1 s−1) 
20 0.05 16 4500 90 0.2 

Hole mobility μp 

(cm2 V−1 s−1) 
10 0.025 16 4500 90 0.2 

Donor 

concentration ND 

(cm−3) 
2 � 10

��    1 � 10
��    0 1 � 10

��  
 

0 
0 

Acceptor 

concentration NA 

(cm−3) 

0 0 1 � 10
��    0 1 � 10

��  1 � 10
��  

Defect density Nt 

(cm−3) 
1 � 10

��    1 � 10
��    2.07 � 10

��    1 � 10
��    1� 10

��    1 � 10
��    

 

 

 
Figure 3. The C-V curve variation with respect to thickness of absorber layer of (a) CsPbI3-based PSC, (b) CsPbBr3-based PSC, and 

(c) CsPbCl3-based PSC  

 

 
Figure 4. The C-V curve variation concerning the doping density of the absorber layer has been drawn as shown in curves (a) CsPbI3, 

(b) CsPbBr3, and (c) CsPbCl3-based PSC.   
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Clearly, the capacitance value remains the same as the defect 
density increases from 1x105 cm-3 till it reaches its doping 
density as 1x1015 cm-3, 1x1015 cm-3, and 1x1015 cm-3 for 
CsPbI3, CsPbBr3, and CsPbCl3-based PSC, respectively. 
Afterward, when the defect density exceeds the doping 
density, the capacitance value decreases as the absorber layer 
absorbs fewer photons and generates fewer electron-hole 
pairs. This will lead to fewer charges being accumulated at the 
interfaces. The C-V curve variation concerning the defect 
density of the absorber layer has been drawn as shown in 
curves (a) CsPbI3, (b) CsPbBr3, and (c) CsPbCl3 in figure 5.   

III. CONCLUSION 

     This study explores the effect of the performance of 
CsPbX3-based PSCs. Simulations were processed using 
SCAPS, C-V curves, of three PSC structures with CsPbI3, 
CsPbBr3, and CsPbCl3. The impact of three main simulation 
parameters on the C-V curves was deeply studied. The work 
demonstrated the capacitive behavior for the voltage, where 
various physical  interpretations can be concluded. 
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