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ABSTRACT Perovskite solar cells (PSCs) have drawn significant consideration as a competing solar cell 

technology because of the drastic advance in their power conversion efficiency (PCE) over the last two 
decades. The interfaces between the electron transport layer (ETL) and the absorber layer and between the 

absorber layer and the hole transport layer (HTL) have a major impact on the performance of the PSCs. In 

this paper, we have investigated the defect interfaces between ETL/absorber layer and absorber layer/HTL 

of calibrated experimental lead-based and lead-free PSCs. The influence of the defect interfaces is studied in 

order to find the optimum value for the maximum possible PCE. While the PCE has not been enhanced 

considerably for the lead-based, it is boosted from 1.76% to 5.35% for lead-free PSCs. Also, bulk traps were 

found to have minor role in comparison with interface traps for the lead-free cell while they have a significant 

impact for the lead-based cell. The results presented in this work would shed some light on designing 

interface defects of various types of practical PSC structures and demonstrates the crucial impact of the 

interface defects on lead-free vs lead-based PSCs. All simulation studies are performed by using SCAPS-1D 

simulator.  
 

INDEX TERMS Interface defects; Lead based Perovskite Solar Cell; Lead free Perovskite Solar Cell; SCAPS-1D. 

 

 
I. INTRODUCTION 

Recently, an urgent demand for the substitution of fossil fuels 

by clean energy sources is universally considered. Solar 

energy is one of the most best replacement renewable energy 

resources [1]. Silicon solar cells demonstrate about 90% of the 

solar cells market [2, 3]. Silicon solar cells offer high PCEs 

above 25%; however, these cells are suffering from the 

relatively high cost of fabrication. Consequently, efficient, and 

low-cost solar cells (SCs) are required [2]. In this regard, 

perovskite solar cells (PSCs) have been introduced because of 

their high PCE and low-cost fabrication methods [4]. PSCs 

have an exceptionally electronic properties like bandgap 

tunability, low-cost fabrication techniques, wide absorption 

spectrum and long diffusion lengths of carriers.  

Perovskite materials are materials with ABX3 structure 

where ABX3 is the structure of calcium titanium oxide 

(CaTiO3). During the years 2009 to 2016, PSCs fabricated 

from methylammonium lead halides (CH3NH3PbX3, where 

X = Iodine (I), Bromine (Br), or Chlorine (Cl)) have a fast 

improvement in PCE from 3.8% to more than 22% [5-7]. 

Although this high PCE of lead-based PSCs, toxicity of lead 

has a severe issue. Two methods are used to alleviate toxicity 

of lead-based PSCs. Firstly, mixing lead with other metals 

like tin CH3NH3SnxPb1-x [8]. Secondly, replace lead with 

analogous metals. The innocuous Tin is considered the most 

appropriate material to replace lead because the two 

materials are from the same group in the periodic table. Tin-

based devices suffer from instability and SnF2 is added to 
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make the system more stable [9]. Formamidinium tin iodide 

(HC(NH2)2SnI3 = FASnI3) has been used to make the 

perovskites more solid and stable. FASnI3 has an energy gap 

(Eg) of 1.41 eV and wide spectrum up to 880 nm. Lately, 

many methodologies have been proposed to enhance the 

performance of solar cells based on FASnI3. Using SnF2-

pyrazine composite or an inverse are achieved PCE of 4.8% 

and 6.22%, respectively [10, 11]. The open circuit voltage is 

increased when using cascaded electron transport materials 

(ETMs) (TiO2–ZnS) [12]. TiO2 and Spiro-OMeTAD are the 

most famous ETM and hole transport material (HTM), 

respectively. Other materials like ZnSe, CdS, ZnS, ZnO and 

ZnOS are used as ETMs and CsSnI3, CuI, Cu2O, CuO, 

CuSCN and NiO are used as HTMs along with other organic 

materials [5, 12, 13-15]. 

The interfaces between electron transport 

layer/perovskite/hole transport layer were known as crucial 

factors for determining the functioning of the perovskite 

solar cell which also affect the stability of the cell. In the 

normal structure PSCs, electron transport layers provide 

paths for electron extraction and have a crucial effect on the 

interface defects of the following perovskite layer. Hao Sun 

et al. proposed a method to enhance the conductivity of TiO2 

electron transport layer which improves the contact of the 

TiO2/perovskite interface by using Na2S-doped TiO2 layer. 

This method results in an efficiency of 21.25% [16]. Another 

technique to improve perovskite performance up to 19.7% is 

inserting CsBr buffer layer between NiOx perovskite and 

hole transport layer to alleviate the lattice mismatch caused 

by interface stress [17]. 

Moreover, to relieve the impact of interface traps, defect 

passivation strategies have been extensively studied [18, 19]. 

Passivation involves terminating dangling bonds so as to 

eliminate the recombination centers either within the crystals 

or on the surfaces. In perovskite materials, several organic 

molecules have been used, which are demonstrated to 

improve the open circuit voltage [20]. It was verified that the 

presence of PbS [21] or C60 [22] passivates the interface and 

grain boundary defects, and, as a result, reduces the 

nonradiative recombination. Another technique is performed 

by using a triple passivation of the two in-between surfaces 

of the perovskite and hole transport layer by using inorganic 

salt of Potassium thiocyanate. This improves both the 

stability and device performance with a record of 21.23% 

efficiency [23].   

 A lot of work has been devoted to study the bulk defects 

and their impact on the solar cell performance [24-27]; 

however, very little efforts were directed to study the 

interface defects between the different layers of the cell [16, 

17, 28, 29]. In this work, we have investigated thoroughly 

the influence of the interface defects on the performance of 

lead-based and lead-free PSCs. The study shows the crucial 

role of this type of defects that govern the performance of the 

solar cell. In this current study, firstly, we calibrated our 

simulation vs practical published lead-based and lead-free 

PSCs using SCAPS-1D simulator. Then, we investigated the 

defect interfaces ETL/absorber layer and absorber layer 

/HTL in order to get the maximum possible PCE taking the 

practical values of defects into consideration. In optimizing 

the efficiency, we investigate the impact of defect density, 

energy position with respect to reference level, capture cross-

section area of electrons and holes.  

II. Calibration of the Lead Based and Lead-Free 
Perovskite Solar Cells 

Before studying the impact of interface defects on the 

performance of the CH3NH3PbX3 lead-based solar cell and 

FASnI3 lead-free PSC, a calibration step is performed. 

SCAPS-1D is verified with practical lead-based and lead-free 

PSCs with a design of (Au) as a back contact, ZnO as ETL for 

the lead-based PSC, TiO2 as ETL for the lead-free PSC, 
absorber perovskite layer, Spiro-OMeTAD as HTL and 

Fluorine-doped tin oxide (FTO) as a transparent conducting 

oxide (TCO) [30, 31]. A temperature of 300 K and air mass 

(AM 1.5) illumination spectrum have been used for all 

simulations. The CH3NH3PbX3 absorption coefficient (𝛼) is 

extracted from practical results [32]. A neutral defects type 

with Gaussian distribution is chosen to achieve practical data 

[24]. Equation (1) is used for the calculations of the absorption 

coefficients (α) of TCO, ETM, FASnI3 and HTM with a pre-

factor (Aα) which is selected to be 105 cm-1eV-1/2 [33],  

𝛼(𝐸) = 𝐴𝛼√ℎ𝜈 − 𝐸𝑔

 

 (1) 

The main structure and the energy band diagram of the PSC 

different layers are demonstrated in Fig. 1(a) and Fig. 1(b), 

respectively. The material parameters of SCAPS-1D are listed 

in Table 1 while Table 2 shows the various defect properties 

and their parameters. FASnI3 has a p-type charge carrier 

density [11]. The bulk defect density in FASnI3 is selected to 

be 2×1015 cm-3 to get a carrier lifetime of 2.5 ns which match 
the theoretical range (1 ns- 4 ns) [46, 47]. For the lead-based 

cell a flat band model is utilized for the interfaces 

TCO/semiconductor and metal/semiconductor. The work 

functions of TCO and Au for the lead-free cell are set to 4 and 

5.1 eV, respectively. Also, the bulk defect density is adjusted 

at 7×1013 cm-3 to give the best fit with experimental results. 

Further, the series resistance is estimated to be 5.4 Ω.cm2 [26]. 

Fig. 2 demonstrates the J-V curves of the practical PSCs [30, 

31] against the simulated cells of the lead-based PSC (Fig. 

2(a)) and the lead-free PSC (Fig. 2(b)). The performance 

parameters of the simulated cells and the practical work are 

listed in Table 3 showing good accuracy with absolute errors 
between measurements and simulations less than 5%. 
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(a) 

 
(b) 

Figure 1. (a) A generic device structure for PSC and (b) Energy diagrams 
of ETL (ZnO or TiO2), active layer (CH3NH3PbI3 or FASnI3) and HTL (Spiro-
OMeTAD). 
 

TABLE 1. Materials parameters of the lead-based and lead-free PSCs  
Parameters 

 

TCO ZnO 

 

TiO2 

 

MAPbI3 

 

FASnI3 

 

Spiro-

OMeTAD 

Thickness 

(nm) 
500 500 30 400 350 200 

Eg (eV) 3.5 3.3[35] 3.2[34] 1.57[25] 1.41[28] 3[26, 44] 

Electron 

affinity (eV) 
4 4[35] 4[38] 3.9[40] 3.52[41] 2.45[37, 44] 

Relative 

permittivity 
9 9[35] 9[35] 18[40] 8.2[42] 3[41] 

Effective 

conduction 

band density 

Nc (cm-3) 

2.2E+18 2.2E+18 2E+18 2.2E+18 1E+18 2.2E+18 

Effective 

valence band 

density Nv 

(cm-3) 

1.8E+19 1.9E+19 1.8E+19 1.9E+19 1E+18 1.9E+19 

Thermal 

velocity of 

electrons vth,n 

(cm/s) 

1E+7[34] 1E+7[34] 1E+7[34] 1E+7[34] 1E+7[34] 1E+7[34] 

Thermal 

velocity of 

holes vth,p 

(cm/s) 

1E+7[34] 1E+7[34] 1E+7[34] 1E+7[34] 1E+7[34] 1E+7[34] 

Electron 

mobility µe 

(cm-2 V-1s-1) 

20 100[35] 20[37] 3[40] 22[43] 2E-4 [44] 

Hole mobility 

µp (cm-2 V- s-

1) 

10 25[35] 10[37] 17[40] 22[43] 2E-4[44] 

Acceptor 

concentration 

NA (cm-3) 

0 0 0 0 7E+16 
1E+18 
[37, 39] 

Donor 

concentration 

ND (cm-3) 

2E+19 1E+18 9E+16 0 0 0 

Nt (cm-3) 1E+15 1E+15[36] 1E+15[39] 7E+13 2E+15 1E+15[32] 

 

 

 

TABLE 2. Parameters of defect interfaces 

Parameters 

ETL/ 

absorber 

layer 

absorber 

layer /HTL 

Defect type neutral[42] neutral[42] 

Electrons capture cross section (cm²) 1E-15[45] 1E-15[45] 

Holes capture cross section (cm²) 1E-15[45] 1E-15[45] 

Energetic distribution Single[45] Single[45] 

Reference for defect energy level Et 
Above  

Highest EV
[45] 

Above 

Highest EV
[45] 

Energy level with respect to Reference (eV) 0.6[45] 0.6[45] 

Total density (integrated over all energies) 

(1/cm2) Lead-based 
1E+11 1E+11 

Total density (integrated over all energies) 

(1/cm2) Lead-free 
1E+16 1E+16 

 

TABLE 3 Comparison between practical lead-based and lead-free 

PSCs vs the simulated cells using SCAPS-1D.   

Parameters  
Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Lead-based 

PSCs 

Experimental 

data [30] 
1.120 21.13 69.68 16.60 

Simulated data 1.114 21.17 70.03 16.53 

Lead-free 

PSCs 

Experimental 

data [31] 
0.264 15.85 42.00 1.75 

Simulated data 0.2649 15.607 42.59 1.76 

 

 

 

FIGURE 2. Calibration of practical PSCs utilizing SCAPS-1D (a) Lead-
based PSC and (b) Lead-free PSC. 

II. NUMERICAL TECHNIQUE USED in SCAPS-1D      

Simulation tools are valuable methods for design, studying 

and expecting the efficiency of SCs. Moreover, simulation 

tools can help optimize various technological and geometric 

parameters of solar cells. SCAPS-1D is a useful program to 

design and study various types of SCs which has been widely 

verified vs experimental SCs. It can simulate SCs with up to 

seven layers. Most materials parameters can be assigned such 

as thickness, energy gap, affinity, permittivity, mobility, and 

concentration of doping and other physical or geometrical 

parameters [48-50]. 

The numerical solution in SCAPS-1D solves the basic 

physical differential equations in steady state. The main 

equations are the continuity equations (Eq. 2 and 3) and 

Poisson equation (Eq. 4) which are solved self consistently 

until convergence occurs. 

1

𝑞

𝑑𝐽𝑛

𝑑𝑥
= 𝑈𝑛 − 𝐺(𝑥) (2) 

1

𝑞

𝑑𝐽𝑝

𝑑𝑥
= 𝐺(𝑥) − 𝑈𝑝 (3) 
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𝑑2𝜓

𝑑𝑥2
=

𝑞

𝜀
(𝑛 − 𝑝 + 𝑁𝐴

− − 𝑁𝐷
+ + 𝑛𝑡 − 𝑝𝑡) (4) 

Where G(x) is carrier generation rate, generated from the sun, 

at a distance x below the surface which is given by [51, 52], 

𝐺(𝑥) = ∫ 𝐺(𝜆, 𝑥)d𝜆
∞

0

= ∫ 𝛼(𝜆). (1 − 𝑟(𝜆)) · 𝑁(𝜆, 0)
𝜆2

𝜆1

· 𝑄(𝜆) · e[−𝛼(𝜆) · 𝑥]d𝜆 
 

 

 

(5) 

Moreover, the recombination through deep traps in Eg is 

modeled by the Shockley Read Hall (SRH) model [53, 54]. 

The SRH recombination for bulk and interface defects is 

defined by bulk minority carrier lifetimes (𝜏𝑛 and 𝜏𝑝) and 

interface recombination velocities (𝑆𝑛 and 𝑆𝑝), respectively, 

utilizing the following equations, 

𝑅𝑅𝑆𝐻,𝑏𝑢𝑙𝑘 =
(𝑛𝑝 − 𝑛𝑖

2)

𝜏𝑝(𝑛 + 𝑛1) + 𝜏𝑛(𝑝 + 𝑝1)
 (6) 

𝑅𝑅𝑆𝐻,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =
(𝑛𝑖𝑓𝑝𝑖𝑓 − 𝑛𝑖

2)
𝑝𝑖𝑓 + 𝑝1

𝑆𝑛
+

𝑛𝑖𝑓 + 𝑛1

𝑆𝑝

 (7) 

𝑛1 = 𝑛𝑖exp (
𝐸𝑇 − 𝐸𝑖

𝐾𝐵𝑇
) (8) 

𝑝1 = 𝑛𝑖exp (
𝐸𝑖 − 𝐸𝑇

𝐾𝐵𝑇
) (9) 

𝜏𝑛 =
1

𝜎𝑛𝑁𝑡𝐵𝑣𝑡ℎ
 (10) 

𝜏𝑝 =
1

𝜎𝑝𝑁𝑡𝐵𝑣𝑡ℎ
 (11) 

𝑆𝑛 = 𝜎𝑛𝑁𝑡𝑣𝑡ℎ (12) 

𝑆𝑝 = 𝜎𝑝𝑁𝑡𝑣𝑡ℎ (13) 

The symbols used in the aforementioned equations along with 
their definitions are summarized in Table 4. 

Fig. 3 illustrates a flow chart of the numerical solution of 

SCAPS-1D. Firstly, the cell geometry is inserted. Then, the 

materials parameters are defined. Poisson equation and 

continuity equations are discretized into different mesh points. 

Discretization is executed by implying the finite difference 

method (FEM), and the current densities are modeled using 

the Scharfetter–Gummel process [55]. In the assigned mesh 

points, ψ, n and p are iteratively computed by the Gummel 

method [56]. Physical models such as G, U, µn and µp are 

enhanced after each iteration. Finally, we can get J-V, C-V, C-
F, QE, AC, G, U and energy diagrams [57]. 

In should be emphasized here that, in SCAPS-1D, an 

interface can be studied between any two layers. The model 

used for this implementation is thermionic emission. The 

thermal velocity in an interface is equal to the least thermal 

velocity of the two layers. An interface defects are like bulk 

defects. Recombination states can be found at an interface like 

bulk layer. The recombination in interface states is evaluated 

by the Pauwels-Vanhoutte theory [58], which is an extension 

of the SRH theory. 

 
TABLE 4. Definition of physical quantities used in SCAPS simulator  

Symbol Definition Unit 

q  Electron charge C 

 ε  Permittivity of the materials of the different 

layers 

F/cm 

Jn and Jp Electron and hole current densities, 

respectively. They are calculated based on 

the drift-diffusion model 

A/cm2 

Un and Up Electron and hole recombination rate. This 

includes Auger, radiative, deep traps, and 

impact ionization.  

cm-3s-1 

ψ Electrostatic potential V 

ND
+ and 

NA
− 

Shallow donor and acceptor ionized 

concentrations 

cm-3 

nt and pt Trapped electron and hole concentrations cm-3 

n and p Electron and hole densities cm-3 

NtB and Nt Bulk and interface defect density cm-3 

σn and σp Electron and hole capture cross-section cm2 

Sn and Sp Electron and hole surface recombination 

velocity  

cm/s 

Et Trap energy level  eV 

λ1 and λ2 lower and upper limits of the wavelengths of 

absorbed photons, respectively 

µm 

α(λ) and 

r(λ)  

the absorption coefficient and reflection 

coefficient, respectively 

cm-1 

Q(λ)  Internal quantum efficiency  

N(λ, 0)  incident photon flux  Photons/

s.m2 

 

 
FIGURE 3. Flow chart of the numerical solutions in SCAPS-1D 

 

The traps act as recombination centers lead to losses in the 

photocurrent and an increase in the dark current. Both effects 

contribute to the decrease in the photo conversion efficiency. 

The key physical parameters that ascertain how a specific trap 
affects the nonradiative recombination rate are the trap 

density, energy level, and electron and hole capture cross 

sections. Regarding the density Nt, its value can be 

technologically controlled by reducing the crystallographic 

defects as grain boundaries and surface defects at the 

interfaces throughout the fabrication processes [59].  

The electron and hole capture cross sections depend mainly 

on the static dielectric constant of the material [60]. Also, they 

depend on the physical and chemical uniqueness of the trap 

and more prominently on the trap charge state. If the dielectric 

constant is high, the screening is strong, and it is less likely 

that a charge becomes captured. In [61], it was shown the 
liquid-like molecular reorientation motions in the perovskite 

allow the effective carrier screening. In addition, in [62], the 
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potassium halide species at the grain boundaries was observed 

to lower the capture cross section. 

It is reported that neutral vacancy pairs and elementary 
vacancy defects do not create deep energy states inside the 

perovskite bandgap. Only shallow traps are most likely 

generated which are not anticipated to act as powerful 

recombination centers [63]. Further, some impurities in the 

PbI2 precursor and traces of Au in the perovskite layer, 

resulting from electrode diffusion, have been reported to 

decrease the cell performance [64]. The trap energy levels 

could also be affected by whether the perovskite layer is p-

type or n-type [65]. So, to avoid such impurities which may 

produce deep traps, careful manufacturing processes and 

tuning the film composition and morphology are required. 

In the following sections, we will study the impact of each 
interface parameters to determine the most important 

parameters that can be tuned to get the best performance. Also, 

the impact of bulk traps on the performance will be 

investigated to give a complete picture of the traps effect and 

to demonstrate the dominant traps the have the most 

significant role in controlling the efficiency of the lead-based 

and lead-free PSCs. 

V. Optimization of ETL/PSK and PSK/HTL Defect 
Interfaces of the Lead Based Cell 

A. Optimization of ETL/PSK Defect Interface 

In this subsection, the influence of defect density Nt between 

ETL and perovskite interface is studied. It has a substantial 

impact on the functioning of the solar cell as the quality of 

the interface ETL/absorber layer has shown a pronounced 

influence on the performance of the PSC [66]. Consequently, 

the recombination rate of carriers increases which alters Voc 

of the PSC. Fig. 4(a) illustrates the efficiency vs interface 

defect density where the computation is based on the Fermi 
level (Efn). The performance is improved with reducing Nt 

with no considerable impact below Nt of 1×1011 cm-2. As 

lowering Nt means increasing the cost of fabrication, a value 

of Nt of 1×1011 cm-2 could be chosen as a design parameter 

which gives PCE = 16.53%. 

In the next simulations, two distinct values of Nt are used: 

a low concentration value of 1011 cm-2 and a high 

concentration value of 1014 cm-2. The variation of the defect 

position (Et) with respect to the highest EV is inspected. It can 

be inferred from Fig. 4(b) that the change of Et does not 

affect the PCE for the low value of Nt. On the other hand, for 

the high concentration value of Nt, the PCE starts with a high 
value of about 16% when Et coincides with the valence band 

edge, Ev, then it has a lower constant value of 15.41% up to 

the defect position, Et of 1.3 eV. The PCE is then increased 

reaching about 16% for Et matched with the conduction band 

edge, Ec. There are two types of defects; the shallow defects 

with position of higher and lower than the mid of the Eg of 

PSK and nearer to Ec and Ev, respectively which have low 

destructive impact on performance in comparison to deep 

defects which are near the mid of Eg [67]. 

In addition, the PCE variation vs ETL/PSK cross-section 

area of electrons (σn) is investigated for the same two levels 

of Nt. As discussed herein, the capture cross-section signifies 

the likelihood of the trap capturing the free charge carrier. 

When light is irradiated to the PSC, carriers are generated in 
the absorber layer [36]. The electrons will be in the direction 

from the absorber layer to ETL and the holes will be in the 

direction from the absorber layer to HTL. Consequently, in 

ETL/PSK interface the cross-section area of electrons has no 

significant effect upon the performance parameters and the 

cross-section area of holes has a significant impact. 

However, in the PSK/HTL interface the cross-section area of 

electrons has significant influence on the performance 

parameters and the cross-section area of holes has no 

significant impact. So, the PCE dependence on σn is the same 

as the previous calculations. It can be inferred from Fig. 4(c) 

that the change of σn does not affect the PCE for the low 
value of Nt. But for the large value of Nt, the PCE is 

decreasing with increasing the capture cross section, σn. The 

PCE is about 15.45% for σn greater than 1×10-22 cm². For Nt 

of 1011 cm-2, σn of 1×10-15 cm² is chosen as a practical value. 

Furthermore, the effect of ETL/PSK cross-section area of 

holes (σp) is investigated. Fig. 4(d) illustrates the efficiency 

vs σp. Increasing the cross-section has a significant impact on 

the performance. For Nt of 1011 cm-2, the PCE is decreasing 

for σp greater than 1×10-14 cm² but for Nt of 1014 cm-2, the 

PCE is decreasing for σp greater than 1×10-18 cm². So, σp of 

1×10-16 cm² may be chosen. 

 

 
FIGURE 4. Variation in efficiency according to the variation of (a) Nt of 
the ETL/Perovskite interface, (b) Et-EVmax, (c) σn and (d) σp. 

B. Optimization of PSK/HTL Defect Interface 

Here, the defect density of the absorber/HTL interface is 

investigated. Fig. 5(a) illustrates the PCE variation vs 

interface defect density where the calculation is based on the 
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Fermi level (Efp). The efficiency is improved with lowering 

Nt with no major impact below Nt of 1×1011 cm-2. Nt of 

1×1011 cm-2 is chosen and, in this case, PCE = 16.53%. 
Next, two values of Nt are treated, 1011 cm-2 and 1014 cm-2. 

For the low concentration value of Nt, the energy Et with 

respect to the highest EV and σp of absorber/HTL interface 

does not have a significant impact on the performance as can 

be depicted in Fig. 5(b) and Fig. 5(d), respectively, while an 

efficiency degradation is observed when PSK/HTL cross-

section area of electrons (σn) is increased as can be depicted 

in Fig. 5(b). Meanwhile, for the other high concentration 

value of Nt, the trend of the impact of trap energy position, 

illustrated in Fig. 5(b), is the same as that of the 

ETL/Perovskite interface which indicates the crucial role of 

designing shallow acceptor traps (near Ec) to enhance the cell 
performance for any trap density value. Furthermore, the 

efficiency degradation is observed when PSK/HTL cross-

section area of electrons and holes are increased as can be 

depicted in Fig. 5(c) and Fig. 5(d), respectively. Values of σn 

= 1×10-15 cm² and σp = 1×10-15 cm² could be chosen to 

prevent this degradation.  

 

 
FIGURE 5. Variation in efficiency according to the variation of (a) Nt of 
the HTL/Perovskite interface, (b) Et-EVmax, (c) σn and (d) σp. 

 

It can be concluded here that the most vital factor that 

affects the performance of the cell is the trap density. If the 
trap density is low, the impact of Et position is neglected 

while there is a minor influence on the efficiency when 

concerning σp for the ETL/Perovskite interface and σn for the 

HTL/Perovskite interface. This is due to the rise of the 

electron and hole surface recombination velocity according 

to increasing σn or σp as indicated in Eq. (12) and Eq. (13). 

As Nt increases, the impact of Nt on the efficiency is more 

noticeable and one can see the importance of refining the 

design parameters in order to reach an optimum cell 

performance. 

VI.  Optimization of ETL/PSK and PSK/HTL Interface 
Defects of the Lead-Free Cell 

In this section, we study the influence of the defect interfaces 

between ETL/PSK and PSK/HTL of the lead-free PSC. The 

sequence of the optimization is carried out in the same order 
as in the case of lead-based PSC. 

A. Optimization of ETL/PSK Interface Defect  

The variation of the interface defect density of the interface 

ETL/absorber layer is investigated in Fig. 6(a) which 

illustrates the impact of the interface defect density on PCE. 

The performance is improved with decreasing Nt with no 

lower limit according to the simulation. This finding is 
extremely important as the trend is not the same as the lead-

based cells. In lead-based PSC, there is a lower limit for the 

trap density below which there is no significant improvement 

in the efficiency. On the other hand, in lead-free PSC, 

decreasing trap density gives a linear increase in the 

efficiency which is beneficial in solar cell design. But as 

lowering Nt means increasing the cost of fabrication, a 

suitable value Nt of around 4×1011 cm-2 could be chosen in 

our design which gives PCE = 4.5%. 

Two values of Nt are used in the investigation of the 

influence of trap parameters on the efficiency. A low 

concentration value of 4×1011 cm-3 and a high concentration 
value of 1014 cm-3 are considered in the following 

simulations. The effect of ETL/PSK trap energy position (Et) 

with respect to the highest EV is firstly studied as shown in 

Fig. 6(b). For low value of Nt, the change of Et does not affect 

the PCE substantially. when Nt is 1014 cm-3, the PCE is 

degraded if the trap position is near the mid-gap. So, for both 

cases of trap density, Et is chosen to be a shallow trap in order 

to boost the performance. In addition, the impact of 

ETL/PSK σn and σp is examined and the results of the 

corresponding PCE is shown in Fig. 6(c) and Fig. 6(d), 

respectively. It is noticed the performance is degraded for 
low values of σn and σp for both values of Nt. So, σn of 1×10-

16 cm² is chosen. Also, σp = 5×10-16 cm² is preferable for both 

trap concentrations. 

B. Optimization of PSK/HTL Defect Interface 

The variation of the defect density of the absorber/HTL 

interface is explored as illustrated in Fig. 7(a). The 

performance is improved with decreasing Nt which is the same 

trend as for the absorber/ETL interface Two different values 

of Nt are considered in the next simulations, 1×1014 cm-3 and 

1016 cm-3. Fig. 7(b) illustrates the performance variation vs 

PSK/HTL trap energy position (Et) with respect to the highest 

EV (which is that of the PSK). It can be inferred from the figure 

that the change of Et does not affect the PCE for any Nt value; 

so, an Et position which coincides with Ec or Ev is chosen. 
Further, Fig. 7(c) and Fig. 7(d) illustrate the dependence of 

PCE on PSK/HTL σn and σp for the two values of Nt. the 

dependence is weak as can be inferred from the figures. σn of 
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1×10-15 cm² and σp of 1×10-15 cm² are chosen as design 

parameters.  

 

 
FIGURE 6. Variation in PCE according to the variation of (a) Nt of 
ETL/Perovskite interface, (b) Et-EVmax, (c) σn and (d) σp 

 

 
FIGURE 7. Variation in PCE according to the variation of (a) Nt of 
HTL/Perovskite Interface, (b) Et-EVmax, (c) σn and (d) σp 

 

Also, it can be concluded here, for the lead-free cell, that 

the most critical factor that influences the cell efficiency is 

the trap density. If the trap density is low, the impact of Et 

position is neglected while there is a minor influence on the 

efficiency when concerning σp and σn for the ETL/Perovskite 

interface and HTL/Perovskite interface. As Nt increases, the 

impact of Et on the efficiency is noticeable only for the 

ETL/Perovskite interface while it has a minor effect for the 

HTL/Perovskite interface. Moreover, the impact of σp and σn 

is not strong as in the case of lead-based solar cell. This is 

due to the higher Nt values encountered in the lead-free cell 

vs the lead-based one.  

VII. Physical interpretation of the results before and 

after optimization 

One of the most important differences between the lead-based 

and lead-free PSCs is the impact of the interface trap density. 

Regarding the lead-based sell, decreasing Nt beyond a certain 

value is not beneficial as there is a saturation in the efficiency. 
However, the efficiency is boosted linearly when decreasing 

Nt concerning the lead-free cell. Further, shallow defects with 

a position lower than the mid of Eg of PSK have low 

destructive effect on performance, while deep defects which 

are near the mid of Eg have strong influence [39]. This is true 

for both types of solar cells.  

As mentioned above in the lead-based cell, in ETL/PSK 

interface, for low values of Nt, the cross-section area of 

electrons has no significant effect on the efficiency while the 

cross-section area of holes has a significant impact. On the 

other hand, in PSK/HTL interface the cross-section area of 
electrons has a more substantial impact on the performance 

than that of the effect of cross-section area of holes. Also, both 

cross-section areas of electrons and holes in ETL/PSK and 

PSK/HTL defect interfaces of the lead-free cell have a little 

influence on the performance parameters. This difference is 

according to the distinction of the structure of the cells. In the 

lead-based, an intrinsic layer of perovskite is sandwiched 

between ETL and HTL and the structure is p-i-n [68]. But in 

the lead-free cell the structure is p+-p-n [26]. 

In this section, we provide a comparison that demonstrates 

the effectiveness of the optimization processes of the 

interfaces carried out in this work for both lead-based and 
lead-free PSCs. Firstly, the JV curves of the initial and 

optimized PSCs for the lead-based cell and the lead-free one 

are simulated and the results are shown in Fig. 8(a) and Fig. 

8(b), respectively. The performance parameters of the initial 

design and after optimizing the defect interfaces, for both lead-

based and lead-free PSCs, are listed in Table 5 for comparison. 

The influence of interface parameters on the lead-based is 

minor and very little improvement is accomplished. However, 

the design and tuning of the interface parameters significantly 

affects the performance of the lead-free PSC. 

Referring to Table 5, the performance enhancement for the 
lead-free cell is mainly due to the improvement in the open 

circuit voltage (Voc) which increases from about 0.26 V to 

about 0.52 V. This doubling of Voc is due to overcoming the 

recombination mechanism that arises on the interfaces and 
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limit the reverse saturation current of the cell. For a physical 

justification of the cell behavior corresponding to the 

interfaces’ optimization, we draw the dark characteristics 
before and after optimization for the lead-based and lead-free 

cells as shown in Fig. 10(a) and Fig. 10(b), respectively. Also, 

the local ideality factor is illustrated. As can be inferred from 

Fig. 10(a), the lead-based cell has almost the same reverse 

saturation current for both the initial and final structures. 

Regarding the lead-free cell, the situation is completely 

different. The reverse saturation current is declined for the 

optimized design which indicates a higher open circuit 

voltage. Also, the local ideality factor is decreased which 

results in a higher fill factor [69, 70]. The low ideality factor 

results in less recombination losses which was proven 

experimentally in the literature [71]. So, this work shows the 
importance of optimization of interface defects on the 

performance of lead-free PSCs. Most studies are directed to 

lead-based cells, but their improvements are limited because 

of the high efficiency of the initial structure. This study is very 

important because it shows that inspecting the interface 

defects in the lead-free cells is crucial to increase the cell 

efficiency. 

 
FIGURE 8. (a) JV curves of the initial and optimized lead-based cell and 
(b) JV curves of the initial and optimized lead-based cell 
 

TABLE 5. Comparison between the initial design and the optimized 

one  

 
Voc 

 (V) 

Jsc  

(mA/cm2) 

FF  

(%) 

PCE  

(%) 

Initial (Lead-based) 1.114 21.174 70.03 16.53 

Optimized  

(Lead-based) 
1.115 21.175 70.02 16.53 

Initial (Lead-free)) 0.2649 15.607 42.59 1.76 

Optimized  

(Lead-free) 0.5259 16.727 60.84 5.35 

VIII. Bulk traps vs Interface traps 

In the previous sections, the interface properties were 

investigated thoroughly to optimize and determine the most 

important parameters that strongly impacts the efficiency of 

the PSC. In this section, we incorporate the bulk traps into our 

study to give a complete picture about the influence of various 

types of defects. This analysis is important to determine the 

most effective competing defects, bulk vs interface traps. The 

bulk traps that are highly effective in the PSC are those found 

inside the absorber as it is the region in which the photoexcited 

carriers are mainly generated.  

Figure 10 displays the efficiency as a function of absorber 

bulk trap density NtB for both lead-based (Fig. 10(a)) and lead-

free (Fig. 10(b)) PSCs. The simulation is carried out for two 
cases, one with the default values of the interface parameters 

and the other case is for optimized parameters designed here 

before. Generally, the trend of the efficiency is that it increases 

when the bulk trap density decreases as expected. As 

displayed in Fig. 10(a), when NtB is lower than 1011 cm-3 in the 

lead-based cell before optimization of the interface 

parameters, the efficiency nearly saturates at about 19.25% 

with any further decrease in NtB. Also, when the interface 

parameters are optimized, the PCE saturates at a higher value, 

namely about 21.15%. the results show the crucial role of the 

bulk traps in lead-based cells. Also, the role of interface traps 

is dominant for low values of NtB. So, in order to have a good 
design for the lead-based PSC, both bulk and interface traps 

should be optimized simultaneously.  

Referring to Fig. 10(b), the efficiency trend, according to the 

variation of bulk trap density, is less pronounced for the lead-

free cell. The PCE increases from 1.76% and saturates at 

slightly higher than 1.8% for NtB lower than 1014 cm-3. 

Additionally, for the optimized interface parameters, the PCE 

increases from 5.35% to 5.55% when NtB decreases from 

2×1015 cm-3 to 1014 cm-3. This little increase in the PCE 

suggests the minor impact of the bulk traps for the lead-free 

cell. These results show the importance of optimizing the 
interface parameters in lead-free cells to enhance the 

efficiency. 

 
(a) 

 
(b) 

FIGURE 9. Dark characteristics before and after optimization of (a) the 
lead-based cell and (b) the lead-free cell. 
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FIGURE 10. Efficiency of the solar cell utilizing default and optimized 
interface parameters as a function of bulk defect density (a) lead-based 
PSC and (b) lead-free PSC. The vertical lines indicate the default bulk 
trap density used in all other simulations.  

VII. CONCLUSION 

SCAPS-1D is utilized to simulate lead-based PSC with ZnO 

as ETL and Spiro-OMeTAD as HTL. The lead-based PSC is 

firstly verified with a practical work. The influence of the 

interfaces’ defects ETL/absorber and absorber/HTL is 

investigated. Decreasing Nt of ETL/absorber and 

absorber/HTL interfaces from 1×1011 to 1×1010 cm-2 increases 

the PCE by only 0.02%. If Nt is increased, the PCE decreases 

substantially. Although the interfaces’ defects could be 

optimized, the photovoltaic parameters do not change. In 

addition, we have calibrated a lead-free PSC with practical 

measurements. The influence of the interface defects 

ETL/absorber and absorber/HTL is investigated. Decreasing 

Nt of ETL/absorber and absorber/HTL interfaces is found to 

have a pivotal effect leading to increase the efficiency linearly. 

This impact is not seen in the lead-based cells as the efficiency 

is saturated beyond a certain value of the trap density. 

Regarding the lead-free cell, the interface defects are 

optimized and the PCE is enhanced from 1.76% to 5.35% at a 

considerably low interface trap density that is not far from 

experimental considerations.  

Other interface parameters like the electron and hole cross-

section area, and trap energy position are investigated. For 

lower values of Nt, the influence σn, σp and Et is minor on the 

PCE. On the other hand, for the higher values of Nt, the 

influence is significant, and care must be taken in order to 

design such factors for better performance. Finally, we 

investigated the variation of bulk trap density of the absorber 

to differentiate between its impact on the cell performance and 

the impact of the interface quality. It was found that the 

interface influence is much more crucial than the bulk traps 

specially for the lead-free PSC.  

Moreover, the impact of the absorber bulk trap density is 

investigated. In the lead-based cell, optimizing the interface 

traps pushes the efficiency for low values of bulk traps. So, 

both types of traps play important role in controlling the 

recombination through the PSC. On the other hand, in the case 

of lead-free cell, the bulk traps have minor influence while the 

interface quality greatly impacts the performance and is a 

promising direction to boost the efficiency.  

ACKNOWLEDGMENT 

The authors would like to thank the Deanship of Scientific 

Research at the University of Ha’il for their sponsorship to the 

project number RG-20 047. 

REFERENCES  

[1] A. Zekry, A. Shaker, and M. Salem, “Solar cells and arrays: principles, 

analysis, and design,” In Advances in renewable energies and power 

technologies, pp. 3-56. Elsevier, 2018. 

[2] N. Qamhieh, A. Najar, Z. N. Qamhieh, B. Abdel Aziz, A. Mansour, 

and I. Alghoul, “Synthesis and characterization of a perovskite film 

for solar cells applications,” Optik, vol. 171, pp. 648–651, 2018. doi: 

10.1016/j.ijleo.2018.05.066 

[3] M. S. Salem et al., “Physically Based Analytical Model of Heavily 

Doped Silicon Wafers Based Proposed Solar Cell Microstructure,” 

IEEE Access, vol. 8, pp. 138898-138906, 2020. doi: 

10.1109/ACCESS.2020.3012657 

[4] P. Gao, M. Grätzel, and M. K. Nazeeruddin, “Organohalide lead 

Perovskites for photovoltaic applications,” Energy Environ. Sci., vol. 

7, no. 8, pp. 2448–2463, 2014. doi: 10.1039/c4ee00942h 

[5] M. Hatamvand, S. A. Mirjalili, M. Sharzehee, A. Behjat, M. Jabbari, 

and M. Skrifvars, “Fabrication parameters of low-temperature ZnO-

based hole-transport-free perovskite solar cells,” Optik, vol. 140, pp. 

443–450, 2017. doi: 10.1016/j.ijleo.2017.02.101 

[6] A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, “Organometal 

Halide perovskites as Visible-Light sensitizers for photovoltaic cells,” 

Journal of the American Chemical Society, vol. 131, no. 17, pp. 6050–

6051, 2009. doi: 10.1021/ja809598r 

[7] F. Giordano, A. Abate, J. P. Correa Baena, M. Saliba, T. Matsui, S. H. 

Im, S. M. Zakeeruddin, M. K. Nazeeruddin, A. Hagfeldt, and M. 

Graetzel, “Enhanced electronic properties in mesoporous TiO2 via 

lithium doping for high-efficiency perovskite solar cells,” Nature 

Communications, vol. 7, no. 1, 2016. doi: 10.1038/ncomms10379 

[8] Y. Ogomi et al., “CH3NH3SnxPb(1–x)I3 Perovskite Solar Cells Covering 

up to 1060 nm,” The Journal of Physical Chemistry Letters, vol. 5, no. 

6, pp. 1004-1011, 2014. doi: 10.1021/jz5002117 

[9] A. G. Kontos, A. Kaltzoglou, E. Siranidi, D. Palles, G. K. Angeli, M. 

K. Arfanis, V. Psycharis, Y. S. Raptis, E. I. Kamitsos, P. N. Trikalitis, 

C. C. Stoumpos, M. G. Kanatzidis, and P. Falaras, “Structural stability, 

Vibrational properties, and photoluminescence in CSSNI3 perovskite 

upon the addition of SnF2,” Inorganic Chemistry, vol. 56, no. 1, pp. 

84–91, 2016. doi: 10.1021/acs.inorgchem.6b02318 

[10] S. Lee et al., “Fabrication of Efficient Formamidinium Tin Iodide 

Perovskite Solar Cells through SnF2–Pyrazine Complex,” Journal of 

the American Chemical Society, vol. 138, no. 12, pp. 3974-3977, 2016. 

doi: 10.1021/jacs.6b00142 

[11] W. Liao et al., “Lead‐Free Inverted Planar Formamidinium Tin 

Triiodide Perovskite Solar Cells Achieving Power Conversion 

Efficiencies up to 6.22%,” Advanced Materials, vol. 28, no. 42, pp. 

9333-9340, 2016. doi: 10.1002/adma.201602992. 

[12] W. Ke et al., “TiO2–ZnS Cascade Electron Transport Layer for 

Efficient Formamidinium Tin Iodide Perovskite Solar Cells,” Journal 

of the American Chemical Society, vol. 138, no. 45, pp. 14998-15003, 

2016. doi: 10.1021/jacs.6b08790. 

[13] P. Gu et al., “An Azaacene Derivative as Promising Electron-

Transport Layer for Inverted Perovskite Solar Cells,” Chemistry - An 

Asian Journal, vol. 11, no. 15, pp. 2135-2138, 2016. doi: 

10.1002/asia.201600856  

[14] A. Said, J. Xie and Q. Zhang, “Recent Progress in Organic Electron 

Transport Materials in Inverted Perovskite Solar Cells,” Small, vol. 15, 

no. 27, p. 1900854, 2019. doi: 10.1002/smll.201900854 

[15] P. Gu et al., “Pushing up the efficiency of planar perovskite solar cells 

to 18.2% with organic small molecules as the electron transport layer,” 

Journal of Materials Chemistry A, vol. 5, no. 16, pp. 7339-7344, 2017. 

doi: 10.1039/c7ta01764b 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3114383, IEEE Access

  

10 
 

[16] H. Sun, D. Xie, Z. Song, C. Liang, L. Xu, X. Qu, Y. Yao, D. Li, H. 

Zhai, K. Zheng, and C. Cui, “Interface Defects Passivation and 

Conductivity Improvement in Planar Perovskite Solar Cells Using 

Na2S Doped Compact TiO2 Electron Transport Layers,” ACS Applied 

Materials & Interfaces, vol. 12, no. 20, pp. 22853-22861, 2020. doi: 

10.1021/acsami.0c03180.s001 

[17] B. Zhang et al., “NiO/Perovskite Heterojunction Contact Engineering 

for Highly Efficient and Stable Perovskite Solar Cells,” Advanced 

Science, vol. 7, no. 11, p. 1903044, 2020. doi: 

10.1002/advs.201903044 

[18] H. Tan et al., “Efficient and stable solution-processed planar 

perovskite solar cells via contact passivation,” Science, vol. 355, no. 

6326, pp. 722-726, 2017. doi: 10.1126/science.aai9081 

[19] X. Zheng et al., “Defect passivation in hybrid perovskite solar cells 

using quaternary ammonium halide anions and cations,” Nature 

Energy, vol. 2, no. 7, 2017. doi: 10.1038/nenergy.2017.102 

[20] N. Noel et al., “Enhanced Photoluminescence and Solar Cell 

Performance via Lewis Base Passivation of Organic–Inorganic Lead 

Halide Perovskites,” ACS Nano, vol. 8, no. 10, pp. 9815-9821, 2014. 

doi: 10.1021/nn5036476 

[21] Y. Chen, J. Yang, S. Wang, Y. Wu, N. Yuan and W. Zhang, 

“Interfacial Contact Passivation for Efficient and Stable Cesium-

Formamidinium Double-Cation Lead Halide Perovskite Solar 

Cells,” iScience, vol. 23, no. 1, p. 100762, 2020. doi: 

10.1016/j.isci.2019.100762 

[22] Z. Ni et al., “Resolving spatial and energetic distributions of trap states 

in metal halide perovskite solar cells,” Science, vol. 367, no. 6484, pp. 

1352-1358, 2020. doi: 10.1126/science.aba0893 

[23] Z. Gao et al., “Triple Interface Passivation Strategy‐Enabled Efficient 

and Stable Inverted Perovskite Solar Cells,” Small Methods, vol. 4, no. 

12, p. 2000478, 2020. doi: 10.1002/smtd.202000478 

[24] M. Samiee et al., “Defect density and dielectric constant in perovskite 

solar cells,” Applied Physics Letters, vol. 105, no. 15, p. 153502, 2014. 

doi: 10.1063/1.4897329 

[25] M. Salah, M. Abouelatta, A. Shaker, K. Hassan and A. Saeed, “A 

comprehensive simulation study of hybrid halide perovskite solar cell 

with copper oxide as HTM,” Semiconductor Science and Technology, 

vol. 34, no. 11, p. 115009, 2019. doi: 10.1088/1361-6641/ab22e1 

[26] S. Abdelaziz, A. Zekry, A. Shaker and M. Abouelatta, “Investigating 

the performance of formamidinium tin-based perovskite solar cell by 

SCAPS device simulation,” Optical Materials, vol. 101, p. 109738, 

2020. doi: 10.1016/j.optmat.2020.109738 

[27] S. Haider, H. Anwar and M. Wang, “A comprehensive device 

modelling of perovskite solar cell with inorganic copper iodide as hole 

transport material,” Semiconductor Science and Technology, vol. 33, 

no. 3, p. 035001, 2018. doi: 10.1088/1361-6641/aaa596 

[28] T. Sherkar et al., “Recombination in Perovskite Solar Cells: 

Significance of Grain Boundaries, Interface Traps, and Defect Ions,” 

ACS Energy Letters, vol. 2, no. 5, pp. 1214-1222, 2017. doi: 

10.1021/acsenergylett.7b00236 

[29] F. Izadi, A. Ghobadi, A. Gharaati, M. Minbashi and A. Hajjiah, “Effect 

of interface defects on high efficient perovskite solar cells,” Optik, vol. 

227, p. 166061, 2021. doi: 10.1016/j.ijleo.2020.166061 

[30] W. Zhao, D. Wang, and S. F. Liu, “Sputtered ZnO films as electron 

transport layers for efficient planar perovskite solar cells,” in 2018 

IEEE 7th World Conference on Photovoltaic Energy Conversion 

(WCPEC) (A Joint Conference of 45th IEEE PVSC, 28th PVSEC & 

34th EU PVSEC), 2018. doi: 10.1109/pvsc.2018.8547460 

[31] T. Koh et al., "Formamidinium tin-based perovskite with low Eg for 

photovoltaic applications", Journal of Materials Chemistry A, vol. 3, 

no. 29, pp. 14996-15000, 2015. doi: 10.1039/c5ta00190k 

[32] "PVLighthouse",Www2.pvlighthouse.com.au,2021.[Online].Availab

le:https://www2.pvlighthouse.com.au/resources/photovoltaic%20mat

erials/refractive%20index/refractive%20index.aspx  [Accessed: 26- 

Jun- 2021] 

[33] U. Mandadapu, “Simulation and Analysis of Lead based Perovskite 

Solar Cell using SCAPS-1D,” Indian Journal of Science and 

Technology, vol. 10, no. 1, pp. 1-8, 2017. doi: 

10.17485/ijst/2017/v11i10/110721 

[34] X. Li et al., “Synergistic effect to high-performance perovskite solar 

cells with reduced hysteresis and improved stability by the 

introduction of Na-treated TiO2 and spraying-deposited CuI as 

transport layers,” ACS Appl. Mater. Interfaces, vol. 9, no. 47, pp. 

41354–41362, 2017. doi: 10.1021/acsami.7b14926 

[35] M. D. Stamate, “On the dielectric properties of dc magnetron TiO2 thin 

films,” Appl. Surf. Sci., vol. 218, no. 1–4, pp. 318–323, 2003. doi: 

10.1016/s0169-4332(03)00624-x 

[36] M. M. Salah, K. M. Hassan, M. Abouelatta, and A. Shaker, “A 

comparative study of different ETMs in perovskite solar cell with 

inorganic copper iodide as HTM,” Optik, vol. 178, pp. 958–963, 2019. 

doi: 10.1016/j.ijleo.2018.10.052 

[37] H. J. Du, W. C. Wang, and J. Z. Zhu, “Device simulation of lead-free 

CH3NH3SnI3 perovskite solar cells with high efficiency,” Chinese 

Physics B, vol. 25, no. 10, p. 108802, 2016. doi: 10.1088/1674-

1056/25/10/108802 

[38] A. Niemegeers and M. Burgelman, “Numerical modelling of AC-

characteristics of CdTe and CIS solar cells,” In Conference Record of 

the Twenty Fifth IEEE Photovoltaic Specialists Conference-1996, 

May 1996 (pp. 901-904). doi: 10.1109/PVSC.1996.564274 

[39] S. Bansal and P. Aryal, “Evaluation of new materials for electron and 

hole transport layers in perovskite-based solar cells through SCAPS-

1D simulations,” In 2016 IEEE 43rd Photovoltaic Specialists 

Conference (PVSC), pp. 0747-0750, 2016. doi: 

10.1109/PVSC.2016.7749702 

[40] F. Hao, C. C. Stoumpos, R. P. H. Chang, and M. G. Kanatzidis, 

“Anomalous band gap behavior in mixed Sn and Pb perovskites 

enables broadening of absorption spectrum in solar cells,” J. Am. 

Chem. Soc., vol. 136, no. 22, pp. 8094–8099, 2014. doi: 

10.1021/ja5033259 

[41] Z. Zhao et al., “Mixed‐organic‐cation tin iodide for lead‐free 

perovskite solar cells with an efficiency of 8.12%,” Advanced Science, 

vol. 4, no. 11, p. 1700204, 2017. doi: 10.1002/advs.201700204 

[42] C. Kim, T. D. Huan, S. Krishnan, and R. Ramprasad, “A hybrid 

organic-inorganic perovskite dataset,” Sci. Data, vol. 4, no. 1, p. 

170057, 2017. doi:  10.1038/sdata.2017.57 

[43] L. M. Herz, “Charge-carrier mobilities in metal Halide perovskites: 

Fundamental mechanisms and limits,” ACS Energy Lett., vol. 2, no. 7, 

pp. 1539–1548, 2017. doi: 10.1021/acsenergylett.7b00276 

[44] T. Minemoto and M. Murata, “Device modeling of perovskite solar 

cells based on structural similarity with thin film inorganic 

semiconductor solar cells,” J. Appl. Phys., vol. 116, no. 5, p. 054505, 

2014. doi: 10.1063/1.4891982 

[45] H. Shen et al., “Inverted hysteresis in CH3NH3PbI3 solar cells: Role of 

stoichiometry and band alignment,” J. Phys. Chem. Lett., vol. 8, no. 

12, pp. 2672–2680, 2017. doi: 10.1021/acs.jpclett.7b00571 

[46] S. J. Lee et al., “Reducing carrier density in formamidinium tin 

perovskites and its beneficial effects on stability and efficiency of 

perovskite solar cells,” ACS Energy Lett., vol. 3, no. 1, pp. 46–53, 

2018. doi: 10.1021/acsenergylett.7b00976 

[47] H.-H. Fang, S. Adjokatse, S. Shao, J. Even, and M. A. Loi, “Long-

lived hot-carrier light emission and large blue shift in formamidinium 

tin triiodide perovskites,” Nat. Commun., vol. 9, no. 1, p. 243, 2018. 

doi: 10.1038/s41467-017-02684-w 

[48] M. Burgelman, K. Decock, S. Khelifi, and A. Abass, “Advanced 

electrical simulation of thin film solar cells,” Thin Solid Films, vol. 

535, pp. 296-301, 2013. doi:  10.1016/j.tsf.2012.10.032 

[49] A. Haddout, A. Raidou and M. Fahoume, "Influence of the layer 

parameters on the performance of the CdTe solar 

cells", Optoelectronics Letters, vol. 14, no. 2, pp. 98-103, 2018. doi: 

10.1007/s11801-018-7229-4 

[50] R. Ishikawa, S. Watanabe, S. Yamazaki, T. Oya, and N. Tsuboi, 

“Perovskite/graphene solar cells without a hole-transport layer,” ACS 

Applied Energy Materials, vol. 2, no. 1, pp. 171-175, 2019. doi: 

10.1021/acsaem.8b01606 

[51] M. Salah, K. Hassan, M. Abouelatta and A. Shaker, “A comparative 

study of different ETMs in perovskite solar cell with inorganic copper 

iodide as HTM,” Optik, vol. 178, pp. 958-963, 2019. doi: 

10.1016/j.ijleo.2018.10.052 

[52] W. Abdelaziz, A. Shaker, M. Abouelatta, and A. Zekry, “Possible 

efficiency boosting of non-fullerene acceptor solar cell using device 

simulation,” Optical Materials, vol. 91, pp. 239–245, 2019. doi: 

10.1016/j.optmat.2019.03.023 

https://www2.pvlighthouse.com.au/resources/photovoltaic%20materials/refractive%20index/refractive%20index.aspx
https://www2.pvlighthouse.com.au/resources/photovoltaic%20materials/refractive%20index/refractive%20index.aspx


This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3114383, IEEE Access

  

11 
 

[53] W. Shockley and W. T. Read, “Statistics of the recombinations of 

holes and electrons,” Phys. Rev., vol. 87, no. 5, pp. 835–842, 1952. 

doi: 10.1103/physrev.87.835 

[54] R. N. Hall, “Electron-Hole Recombination in Germanium,” Phys. 

Rev., vol. 87, no. 2, pp. 387–387, 1952. doi: 10.1103/physrev.87.387 

[55] D. L. Scharfetter and H. K. Gummel, “Large-signal analysis of a 

silicon Read diode oscillator,” IEEE Trans. Electron Devices, vol. 16, 

no. 1, pp. 64–77, 1969. doi: 10.1109/t-ed.1969.16566 

[56] H. K. Gummel, “A self-consistent iterative scheme for one-

dimensional steady state transistor calculations,” IEEE Trans. 

Electron Devices, vol. 11, no. 10, pp. 455–465, 1964. doi: 10.1109/t-

ed.1964.15364 

[57] M. Boumaour, S. Sali, S. Kermadi, L. Zougar, A. Bahfir, and Z. 

Chaieb, “High efficiency silicon solar cells with back ZnTe layer 

hosting IPV effect: a numerical case study,” Journal of Taibah 

University for Science, vol. 13, no. 1, pp. 696–703, 2019. doi: 

10.1080/16583655.2019.1623476 

[58] H. J. Pauwels and G. Vanhoutte, “The influence of interface state and 

energy barriers on the efficiency of heterojunction solar cells,” Journal 

of Physics D: Applied Physics, vol. 11, no. 5, pp. 649-667, 1978. doi: 

10.1088/0022-3727/11/5/009 

[59] T. Sherkar et al., “Recombination in Perovskite Solar Cells: 

Significance of Grain Boundaries, Interface Traps, and Defect 

Ions,” ACS Energy Letters, vol. 2, no. 5, pp. 1214-1222, 2017. doi: 

10.1021/acsenergylett.7b00236 

[60] J. Ball and A. Petrozza, “Defects in perovskite-halides and their effects 

in solar cells,” Nature Energy, vol. 1, no. 11, 2016. doi: 

10.1038/nenergy.2016.149 

[61] H. Zhu et al., “Screening in crystalline liquids protects energetic 

carriers in hybrid perovskites,” Science, vol. 353, no. 6306, pp. 1409-

1413, 2016. doi: 10.1126/science.aaf9570 

[62] R. Su et al., “Dielectric screening in perovskite photovoltaics,” Nature 

Communications, vol. 12, no. 1, 2021. doi: 10.1038/s41467-021-

22783-z 

[63] R. Brakkee and R. Williams, “Minimizing Defect States in Lead 

Halide Perovskite Solar Cell Materials,” Applied Sciences, vol. 10, no. 

9, p. 3061, 2020. doi: 10.3390/app10093061 

[64] W. Tress, “Perovskite Solar Cells on the Way to Their Radiative 

Efficiency Limit - Insights into a Success Story of High Open-Circuit 

Voltage and Low Recombination,” Advanced Energy Materials, vol. 

7, no. 14, p. 1602358, 2017. doi: 10.1002/aenm.201602358 

[65] T. Zhao, W. Shi, J. Xi, D. Wang and Z. Shuai, "Intrinsic and Extrinsic 

Charge Transport in CH3NH3PbI3 Perovskites Predicted from First-

Principles,” Scientific Reports, vol. 6, no. 1, 2016. doi: 

10.1038/srep19968 

[66] H. Kim, K. Lim and T. Lee, “Planar heterojunction organometal halide 

perovskite solar cells: roles of interfacial layers", Energy & 

Environmental Science, vol. 9, no. 1, pp. 12-30, 2016. doi: 

10.1039/c5ee02194d 

[67] M. Yousefi, M. Minbashi, Z. Monfared, N. Memarian, and A. Hajjiah, 

“Improving the efficiency of CZTSSe solar cells by engineering the 

lattice defects in the absorber layer,” Solar Energy, vol. 208, pp. 884–

893, 2020. doi: 10.1016/j.solener.2020.08.049 

[68] M. Mousa, F. Amer, R. Mubarak and A. Saeed, “Simulation of 

Optimized High-Current Tandem Solar-Cells with Efficiency Beyond 

41%,” IEEE Access, vol. 9, pp. 49724-49737, 2021. doi: 

10.1109/access.2021.3069281 

[69] M. Salem, A. Zekry, A. Shaker, M. Abouelatta and T. Abdolkader, 

“Performance enhancement of a proposed solar cell microstructure 

based on heavily doped silicon wafers,” Semiconductor Science and 

Technology, vol. 34, no. 3, p. 035012, 2019. doi: 10.1088/1361-

6641/ab0078 

[70] N. Gamal, S. Sedky, A. Shaker and M. Fedawy, “Design of lead-free 

perovskite solar cell using Zn1-Mg O as ETL: SCAPS device 

simulation,” Optik, vol. 242, p. 167306, 2021. doi: 

10.1016/j.ijleo.2021.167306 

[71]  M. Abdelnaby, A. Zekry, F. Elakkad and H. Ragaie, “Dependence of 

dark current on zinc concentration in ZnxCd1−xS/ZnTe 

heterojunctions,” Solar Energy Materials and Solar Cells, vol. 29, no. 

2, pp. 97-108, 1993. doi: 10.1016/0927-0248(93)90067-d 

 

 

 

Marwa Sayed Salem Basyoni was born in 

Gedda, KSA in 1979. She received her Bs.C degree 

from Electronics and Communications engineering 

department, Faculty of engineering, Ain Shams 

University, Cairo Egypt in 2002. She owned her 

master’s degree from the same university in the field 

of renewable energy in 2006. Also, she owned her 

Ph.D degree from the same university in the field of 

renewable energy especially in solar cells in 2013.  She worked as a research 

assistant in Ain Shams University, faculty of engineering since 2003 till 

2013. Currently, she is an assistant professor in Computer science and 

engineering College, University Ha’il, Ha’il, Saudi Arabia. Her fields of 

research interests include VLSI design, MEMS technology, Nano 

technology, Renewable energy, Solar Cell, PV systems, Semiconductor 

physics, simulation and modelling of power devices. 

 

Mostafa M. Salah obtained his Bachelor from Future 

University in Egypt. He obtained his MSc from Ain 

shams University. He is a PhD student in the Electronics 

and Communications Engineering department, Faculty 

of Engineering, Ain shams University. He is an assistant 

lecturer in the electrical engineering department, Future 

University in Egypt. 

 

 

Mohamed Mousa obtained his Bachelor from 

Future University in Egypt. He obtained his MSc from 

Ain shams University. He is a PhD student in the 

Electronics and Communications Engineering 

department, Faculty of Engineering, Helwan 

University. He is an assistant lecturer in the electrical 

engineering department, Future University in Egypt.  

 

 

Ahmed Shaker was born in Cairo, Egypt. He 

received the M.Sc. and Ph.D. degrees in 2003 and 

2010, respectively, from Ain Shams University, 

Cairo, Egypt. He has been with Engineering Physics 

Department, Faculty of Engineering, Ain Shams 

University, since 1997, where he is currently an 

Associate Professor. He joined North Carolina State 

University as a postdoctoral researcher, from August 

2020 to February 2021, where he was involved in the 

fabrication and characterization of GaN based LEDs. 

His fields of research include simulation and modeling of semiconductor 

power devices, solar cells, LEDs, 3D detectors and nanoscale devices 

including TFETs and CNTFETs. 

 

A. Zekry (M’91) graduated from Cairo University 

Egypt in 1969. He was offered the MSc degree in 

1973 from the same university. He worked as a 

scientific coworker at TU Berlin, where he got his 

PhD at 1981. He was a staff member on several 

rewarded universities. He is currently a Professor of 

electronics with the Faculty of Engineering, Ain 

Shams University, Cairo, Egypt. He has supervised 

over 100 master thesis and 30 Ph.D. dissertations. He 

has also authored and coauthored over 240 conference and periodical 

papers. His current research interests include the field of microelectronics 

and electronic applications, including communications and photovoltaics. 

He received several prizes for the acknowledgement of his outstanding 

research and teaching performance.   

 

 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3114383, IEEE Access

  

12 
 

Mohamed Abouelatta was born in Cairo, Egypt. 

He received the B.Sc., M.Sc. degrees in 1996 and 

2001, respectively, in Electronics and 

Communication engineering from Ain Shams 

University (ASU). He received PhD degrees from 

Ain Shams University and from the National Institute 

of Applied Sciences (INSA) of Lyon, France in 2010. 

He is now a Professor in the Faculty of Engineering, 

ASU. His fields of research are modeling, design, and 

characterization of Power devices, designing of Smart Power Integrated 

circuits, Nanodevices, Photovoltaic and 3D CMOS Heterogeneous 

Integrated Circuits. 

 
Mohammad T. Alshammari received his B.S. 

degree in Computer Science Education from the 

University of Ha'il, Saudi Arabia, in 2007, and the 

MSc. and Ph.D. degrees in Computer Science from 

the University of Birmingham, UK, in 2011 and 

2016, respectively. He has been an Associate 

Professor with the College of Computer Science and 

Engineering, University of Ha'il, Saudi Arabia since 

May 2021. 

 

Kawther A. Al-Dhlan is an Associate Professor in 

Computer Science. She has 10 years’ experience in 

data science and more than 25 years in academic 

fields. Moreover, she is interested in many branches 

of CS such as security, cloud computing and deep 

learning. Currently she teaches in University of Hail, 

Saudi Arabia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Christian Gontrand was born in Montpellier, 

France. He received the M.Sc., Ph.D and the State 

Doctorate degree, respectively in 1977, 1982 and 19  

87, in electronics, from the Universite ́ des  Sciences  

et  Techniques  du Languedoc, Montpellier, France. 

From 1982 to 1984, He has been working with the 

Thomson ‘‘Laboratoire Central de Recherche” 

(LCR), Orsay, where his areas of interest included 

theoretical (electrical transport) and experimental 

(noise) of microwave devices (TEGFETs/HEMTs). 

From 1988, he joined the laboratoire de Physique de la Matie`re 

(LPM/INSA), Villeurbanne, as a Research Assistant Professor. From 1988 

to 1996, He had the technical charge of the new “Centre de 

Microe ́lectronique de la Re ́gion Lyonnaise” (CIMIRLY), and worked on 

new RF compatible silicon devices, in collaboration with the Centre 

National des Etudes en Telecommunication (CNET), Meylan. From 1997 to 

2001, as a professor in semiconductor devices and circuits, he was at the 

head of the team “Smart System Integration”, at the “Centre de Ge ́nie 

Electrique de Lyon” (CEGELY). In September 2001, he created the team 

“Radio frequency Devices, Circuits and Systems” of the LPM/INL; his 

fields of interest are noises or parasitic disturbances in heterogenic 2D or 

3D RF circuits and systems. From 2016, he works also at INSA Fès of 

the Euromediterranean University, on firmware RF field as well as smart 

system Integration. 


