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 بيروفسكايت الشمسية الدراسة تأثير العيوب على الكفاءة الكمية لخاليا 

 قيس ذنون الجواري احمد محمد السبعاوي  هاجر خليل ابراهيم 

    االلكترونيكقسم   /جامعة نينوى    /كلية هندسة االلكترونيات 

 ( 12/9/2021 للنشر قبل  19/8/2021 للنشر)قدم 

 الملخص 

الشمسية         البيروفسكايت  خاليا  الشمسية  (PSCs) اكتسبت  الطاقة  بمجال  كبيًرا  ظل  اهتماًما  التطور    في 
 ، التصنيع  لتكنولوجيا  جعل    السريع  بيروفسكايتمما  جاذبية    خاليا  أكثر  للبيئة  والصديقة  الكفاءة  عالية  الشمسية 

الطاقة  بديل  كمرشح الماصة و    .لتوليد  الطبقة  في  العيوب  الفاصل  تؤثر  المختلطة من  السطح  بيروفسكايت  لخاليا 
المقطع العرضي    ساحة، وم  عيوبركز العمل الحالي على تأثير كثافة ال  .هاليد الرصاص على كفاءتها واستقرارها

( للخلية. عالوة على  QE، وأنواع العيوب في الطبقة الماصة على الكفاءة الكمية )  عيوبالطاقة  ب ، ومستوى  للعيو 
طبقة نقل اإللكترون / طبقة االمتصاص وطبقة نقل    السطح الفاصل بين  ذلك ، تم أيًضا دراسة تأثير العيوب في

سيتم محاكاة الخاليا الشمسية الهجينة من الثقب / طبقة واجهات االمتصاص على نطاق واسع. في هذا العمل ،  
البعد   أحادية  الشمسية  الخاليا  سعة  محاكاة  باستخدام  بيروفسكايت  الخاليا يتكون  .  SCAPS-1Dالهاليد  هيكل 

  O2Cu؛    ETMكطبقة    2TiOعلى أساس    HTMممتص/    /FTO/ ETM منالشمسية من البيروفسكايت المقترح  
وعلى  HTMكطبقة    ،  3PbI3NH3CH  ماصة الكم    .كطبقة  كفاءة  انخفضت   ، للنتائج  من    QEوفًقا  حاد  بشكل 
إلى  90.2 ال٪20  كثافة  تغيير  مع  العرضي   مساحة و   Nt  عيوب٪  من    σ  للعيوب  المقطع  االمتصاص  طبقة  في 

  مساحة   وجد أيًضا أن  .على التوالي  2سم    10-10×    2إلى    2سم    13  -10×    2و    3-سم    18  10إلى     3-سم  1015
 في الطبقة الماصة.  عيوب كثافة السلوك المقطع العرضي لاللتقاط ُيظهر سلوًكا مشابًها ل

 SCAPS-1D., العيوب ,خاليا بيروفسكايت الشمسية  ,: كفائة الكمالكلمات المفتاحية
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Abstract 

        Perovskite solar cells (PSCs) have generated considerable interest in the field of 

solar energy. With the rapid development of fabrication technology, high efficiency, 

environmentally friendly perovskite solar cells are becoming more attractive as 

candidates for power generation. Defects in the absorber and interface layers of mixed 

lead halide perovskite solar cells reduce the efficiency and stability of the cells. The 

current study examined the impact of defects density, defect capturing cross-section, 

defect level, and defect type on the quantum efficiency (QE) of the absorber layer. 

Furthermore, the impact of defects in the hole transport layer/absorber and electron 

transport layer/absorber interface layers is also be extensively studied. SCAPS-1D will 

be used to simulate perovskite solar cells in this work. The perovskite solar cells 

structure proposed is FTO/ ETM/ absorber/ HTM structure based on TiO2 as ETM layer; 

Cu2O as HTM layer, and on CH3NH3PbI3 as absorber layer. According to the results, the 

quantum efficiency QE reduced sharply from 90.2% to 20% with varying the density of 

the defect Nt and the capture cross-section carriers σ in absorber layer from 1015 cm-3 to 

10 18 cm-3 and 2×10-13 cm2 to 2×10-10 cm2, respectively. Additionally, it is discovered 

that the capture cross-section carriers exhibits behavior similar to that of the absorber 

layer's defect density. 

Keywords: quantum efficiency, perovskite solar cells, defects, SCAPS-1D. 
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1. Introduction 

         The latest generation of perovskite-based solar cells has experienced tremendous 

growth due to their affordability and ability to be easily processed [1]. Due to the high 

radiative efficiency of metal halide perovskites, PSCs exhibit a higher efficiency 

compared to a large variety of other types of solar cell, such as dye-sensitized solar cell, 

organic, and cadmium telluride solar cell. Given this impressive property, when 

perovskites are interfaced with inorganic materials such as gallium arsenide, they 

experience a higher non-radiative loss. This is caused by defects in the CH3NH3PbI3 

layer of perovskite. These defects demonstrate as three-dimension defect, such as 

precipitates, grain boundaries and dislocations, or as either point defect, such as anti-site 

substitutions, interstitials, and atomic vacancies. To free carriers from traps, the 

existence of a point defect inside the semiconductor band gap may create a 

recombination rate center, resulting in the formation of deep or shallow electron 

transformation levels in the banned region. This incident significantly decreases 

photoluminescence quantum efficiency (QE) and solar cells photovoltaic efficiency 

(PCE). The Shockley-Read-Hall recombination (SRH) can be described by:  

𝑅𝑆𝑅𝐻 =  
𝜈𝜎𝑛𝜎𝑝𝑁𝑇(𝑛𝑝−𝑛𝑖

2)

𝜎𝑃(𝑝+𝑝1)+ 𝜎𝑛( 𝑛+ 𝑛1)
                                                (1) 

where σn and σp are the electron capture cross-section area and hole capture cross-section 

area, ν is the thermal velocity, NT is the defects density, ni is the intrinsic density, p and n 

are the hole and electron concentrations at balance, respectively, and n1 and p1 are the 

electron and hole concentrations in the defect of the trap and the valance band, 

respectively. RSRH is proportional in a direct linear fashion to the defect density of the 

perovskite active layer [2]. The carriers diffusion duration is used to investigate the 

impact of defects concentration on the device's performance in terms of the SRH 

influence and the diffusion duration equation. According to Haider et al [3], As the 

defects densities of the perovskite active layer decreases, the diffusion length increases. 
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This phenomenon contributes to the improved performance of PSCs. The relations 

between carriers mobility, lifetime, and diffusion length is denoted by Equation 2 [4].  

𝐿𝐷 =  √
µ(𝑒,ℎ)𝐾𝑇

𝑞
𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒                                                             (2) 

The carriers mobility, diffusion length, and carrier lifetime are denoted by µ(e,h), LD, and 

τlifetime, respectively. Equation (3) can be used to calculate the carriers diffusion length in 

the active layer, where D is the diffusion coefficient, which is defined as 𝐷 =  
 µ(𝑒,ℎ)𝐾𝑇

𝑞
  

[5]. 

𝐿𝐷 =  √𝐷 × 𝜏                                                                               (3) 

Equation 4 expresses the relationship between lifetime and bulk defect density. In the 

meantime, lifetime is dependent on the defect trap density and the area of the electron 

and hole capture cross-sections. The equation expresses the relationship between τlifetime 

and bulk defect density [4].  

𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 =
1

𝑁𝑇𝜎𝜈𝑡ℎ
                                                           (4) 

σ, νth, and NT denote, respectively, the capture cross-section of carriers, charge carriers' 

thermal velocity, and the defect density. Quantum efficiency (QE) is a critical 

characterization parameter for estimating a photovoltaic cell's performance. It is defined 

as the ratio of electron-hole pairs collected to photons impinging on the device. The QE 

value indicates the efficiency with which a photon is absorbed, an electron-hole pair is 

generated, separated, and then extracted via selective contacts [6]. The defect energy 

level is the location of the defect in the energy gap region. There have been insufficient 

studies conducted to date on the effect of defect mechanisms on quantum efficiency in 

PSCs. The purpose of this paper is to examine the effect of defects in a planer perovskite 

solar cell PSC structure composed of the following components: 

glass/FTO/TiO2/CH3NH3PbI3/Cu2O/metal contact, which is designed to simulate using a 

1-D Solar Cells Capacitance Simulator (SCAPS-1D) [7]. The present work investigates 

the effect of defect on quantum efficiency, with a particular emphasis on the defects 
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density, capture cross-section carriers in the CH3NH3PbI3 active layers, and the defect 

density in the CH3NH3PbI3/HTM and ETM/CH3NH3PbI3 interface layers. In addition, 

investigate the impact of defect level and defect types on quantum efficiency. 

 

 

2. Device structure and parameters 

 

SCAPS-1D was chosen for this study due to its widespread reputation as among the 

most efficient and user-friendly simulation software packages for modeling solar cells. 

As shown in Figure 1, a perovskite solar cell is a planar structure composed of 

FTO/TiO2 (Electron Transportation Layer)/CH3NH3PbI3 (active layer)/Cu2O (Hole 

Transport Layer)/back contact. The values in Table 1 correspond to those found in the 

literature for the simulation parameters. The parameters of the defect in the active layer, 

the HTM/absorber, and the ETM/absorber interface layers of the PSC are summarized in 

Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1) The perovskite solar cell's basic structure. 
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O 2Cu CH3NH3PbI3 2TiO FTO Parameter 

0.4 0.4 0.05 0.5 Thickness d (𝝁m) 

2.17 1.55 3.2 3.5 The band gap Eg (eV) 

3.2 3.9 3.9 4 Electron affinity χ (eV) 

6.6 6.5 9 9 Dielectric permittivity Ɛ(relative) 

2010×2.5  18 10×2.2  2110×1  1810×2.2  )3CB effective density of state (1/cm 

2010×2.5  19 10×1.8  2010×2 1910×1.8  )3VB effective density of state (1/cm 

80 2 20 20 /Vs)2(cmnElectron Mobility  µ 

80 2 10 10 /Vs)2(cm pHole Mobility µ 

0 0 1910×1 1910×2 )3(1/cm DDonor density N 
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Additionally, the defects density Nt in the CH3NH3PbI3 layer is set to 2.5×1013 cm-3 

using a Gaussian, while the defect density Nt in the another layers is set to 1015 cm-3. 

The properties of absorber layer is that it is manufactured with specifications that make 

the values of defects in it differ from the rest of the layers, and this is what exists in 

practice. The defect energy level is set to the center of the bandgap energy with a 

characteristic energy level of 0.1 eV, the defect types is neutral, the electron and hole 

capturing cross-section is 2×10-15 cm2, a single distribution in the layers, and the 

absorber coefficient α is set to 105 cm-1 for each layer and (1.5×105) cm-1 for the 

absorber layer [13]. The defect energy level in ETM and HTM layers are set to 0.6 eV. 

The spectrum of atmospheric conditions (air mass is  AM1.5 G, temperature is 300 K) is 

used in the simulation. For operating point and numeric setting values, the default value 

is used. Between 0 and 1.3 V is used as the voltage range. The J-V current-voltage 

characteristics of a reference cell using Cu2O as the HTM are illustrated in Figure (2), as 

well as the cell performance parameters for Cu2O are: PCE = 17.72%, FF =77.23%, Jsc 

= 22.54 mA∙cm-2, and Voc = 1.01V. 

 

 

1810×3 15 10×1 1 0 )3(1/cm AAcceptor density N 

710 ×1 710 ×1 710 ×1 710 ×1 (cm/s)thnElectron thermal velocity ν 

710 ×1 710 ×1 710 ×1 710 ×1 (cm/s) thpHole thermal velocity ν 

Table (1) Defect parameters of interface and absorber [3]. 

Defect of 

ETM/Perovskite 

Defect of 

HTM/Perovskite 

Defect of 

absorber 
Parameter 

Neutral Neutral Neutral Defect type 
16-10×2 15-10×2 15-10×2 Capture cross section electrons 

(cm2) 
16-10×2 15-10×2 15-10×2 Capture cross-section holes (cm2) 

Single Single Gaussian Energetic distribution 

0.1 0.1 0.1 Characteristic energy (eV) 

0.65 0.65 0.5 Energy to reference (eV) 
1810×1 1810×1 )1810-10(10 Total density (1/cm2) 

 

 

Table 1: Parameters for simulation of Perovskite solar cell devices [3], [8]–[12] 
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3. Results and discussions 

Defects reduce solar cell efficiency by introducing additional recombination processes 

(loss) and going to allow light to create heat instead of electricity. Defects in the 

semiconductor bandgap result in the formation of deep energy levels, reducing the 

carrier lifetime and quantum efficiency of solar cells. 

3.1 The effect of defect density on quantum efficiency in the absorber layer  

The influence of the defects density Nt in the MAPbI3 layer on the quantum efficiency of 

perovskite solar cells was investigated by changing the defects density between 1010 cm-

3 and 1018 cm-3 over a wavelength range of 300-800 nm. The defect level is set to 0.5 eV 

above the valance band [14], while all other parameters were kept constant such as 

capture cross-section in the absorber layer, which is set equals to 2×10-15 cm2, and total 

density in both HTM and ETM interfaces that are set to 1018 cm-2. The results are 

presented in Figure (3).  

 

 

 

 

Fig. (3) Quantum efficiency of PSC with a variation of defect density in the 

absorber layer with Cu2O as HTM layer.   
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It can be shown in Figure (3) that the maximum achieved quantum efficiency is about 

90.2% within the wavelength range from 390 nm to 650 nm for defect densities from 

1010 cm-3 to 1015 cm-3. Furthermore, the QE declines sharply for defect densities higher 

than 1015 cm-3 to reach only 20% at an exponential rate. This indicates that the defect 

density Nt in the MAPbI3 active layer of 1015 cm-3 or lower is able to absorb the majority 

of incident photons, and the rest does not make a significant contribution to the cell 

since the defect density affects the recombination of the photogenerated electron-hole 

pairs in the active layer. 

3.2 The effect of capture cross-section on quantum efficiency in the absorber layer  

The influence of capturing cross-section σ in MAPbI3 layer on the quantum efficiency of 

PSCs has been studied by varying the capturing cross-section area of carriers from 2×10-

10 cm2 to 2×10-18 cm2 and computing the QE over a wavelengths range from 300 nm to 

800 nm as illustrated in Figure (4). The defect level was set to 0.5 eV above the valance 

band [14], while all other parameters were kept constant. The energy level of defects in 

the absorbing layer was chosen near to the valance band due to any small energy 

absorbed by the electron from the incident light helps to stimulate the electron to the 

defect energy level and thus this electron is lost from the overall transition process. 
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As it is seen in Figure (4), the maximum quantum efficiency QE achieved is 

approximately 90.2 % within the wavelength range of 390 nm to 650 nm for capture 

cross-section area σ varies from 2×10-18 cm2 to 2×10-13 cm2. Additionally, the QE 

decreases rapidly for capture cross-section greater than 2×10-13 cm2, eventually reaching 

only 20% at an exponential rate. The capture cross section of the MAPbI3 layer is 

sufficient to improve the performance of PSC cells. The quantum efficiency depends on 

the number of charge carriers, and since the thickness of the MAPbI3 absorber layer is 

relatively large compared to the thickness of the interface layer, the charge carriers will 

take a longer time to complete their path to pass this layer and therefore the possibility 

of capturing it increases and therefore defects in the MAPbI3 layer reduce the charge 

carriers, which is reflected on the efficiency. The probability of trapping increases with 

the increase in the cross-section. 

 

3.3 The effect of defect level on quantum efficiency in the absorber layer 

The influence of defect level in MAPbI3 active layer on the quantum efficiency of PSCs 

perovskite solar cells has been evaluated, where the defects level was varied from 0.2 eV 

to 1.2 eV and over a wavelengths range from 300 nm to 800 nm.  The quantum 

efficiency has a maximum value of about 90.2% and it is obtained through the program 

SCAPS. The result demonstrated that the quantum efficiency has shown no change with 

increasing the defect level. This indicates that choosing any energy level in the MAPbI3 

absorber layer has no noticeable effect on the performance of PCSs. Due to the transfer 
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of electrons through the light absorption process will cross the energy band, so the 

probability that the electron will be captured during the transition process is constant 

with all the defect levels in the energy gap region. 

3.4 The effect of defect types on quantum efficiency in the absorber layer 

The influence of defect types in MAPbI3 layer on the quantum efficiency of PSC has 

been investigated where various defect types (neutral, single acceptor, single donor 

double donor, double acceptor, and amphoteric) are selected over a wavelengths range 

from 300 nm to 800 nm as shown in  

                    

 

 

 

 

 

 

From  

                   , it can be seen that the quantum efficiency is unaffected by the defect type 

and almost remains unchanged at about 91%. As a result, it is found that the defect type 

does not affect the quantum efficiency of the PSCs. To explain this phenomenon, the 

properties of defects are defects density and capture cross-sectional. These properties are 

common to all defects, and therefore the type no affect on QE.  

3.5 The effect of defect density on quantum efficiency in HTM interface layer 

The influence of defects density Nt in the HTM/MAPbI3 interface layer on the quantum 

efficiency of PSC has been extensively studied by changing the defect density Nt from 

1011 cm-3 to 1020 cm-3 at a wavelength of 500 nm as a reference. The defect level was set 

to 0.5 eV above the valance band. The results are shown in . 

Table 3. Variation of defect type in absorber layer on quantum efficiency 

Defect type Quantum efficiency QE% 

Neutral 91.30 

Single donor 91.29 

Single acceptor 91.31 

Double donor 91.30 

Double 91.35 

Amphoteric 91.33 
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It is observed from  that the quantum efficiency is almost remained constant at about 

91% when the Nt was increased within the range of the test. This shows that increasing 

the defect density Nt in HTM/MAPbI3 interface layer had no obvious impact on quantum 

efficiency. The interfaces HTM/MAPbI3 and the MAPbI3/ETM do not take part in the 

photoelectric effect directly as they are wide-gap materials that will pass the solar 

radiation without absorbing it.  

3.6 The effect of defect density on quantum efficiency in ETM interface layer  

To investigate the impact of differing the defects density of the TiO2/MAPbI3 interface 

layer on a solar cell's quantum efficiency, the defect density Nt was varied between 1011 

cm-3 and 1020 cm-3 while maintaining all other parameters constant. All results were 

recorded at 500 nm wavelength as a reference, as shown in Table 5. 

 

 

Table 4. Quantum efficiency with a varying defect density of PSC in  HTM/absorber 

interface layer. 

Quantum efficiency QE % )3-Nt (cm defect density 

91.82 1 ×1011 

91.65 121×10 

91.36 131 ×10 

91.31 141 ×10 

91.30 151 ×10 

91.30 161 ×10 

91.30 171 ×10 

91.30 181 ×10 

91.30 191 ×10 

91.30 201 ×10 
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It is found that the quantum efficiency decreases from 98.9 % to 91.5 % when the defect 

density Nt is less than 1015 cm-3; however, when the defect density Nt is greater than 

1015 cm-3, the quantum efficiency remains constant at around 91.3 %. Additionally, the 

defects density in the ETM interface layer has a negligible impact on the quantum 

efficiency of PSCs. 

3.7 The effect of capture cross-section on quantum efficiency in HTM and ETM 

interface layers 

The impact of capturing cross-section for electron σn and hole σp in HTM/MAPbI3 and 

MAPbI3/ETM  on quantum efficiency has been extensively studied. The capture cross-

section-carriers σ is varied from 2×10-10 cm3 to 2×10-18 cm3 at a wavelength of 500 nm 

as a reference, while other parameters are kept unchanged, such as the defects density in 

the active layer, which is set to 2.5×1013 cm-3 and total density in both HTM and ETM 

interfaces that set to 1018 cm-3. The defect level was set to 0.5 eV above the valance 

band. It is observed that the quantum efficiency was unchanged (91.3 %) with increasing 

Table 5. Quantum efficiency variation with the defects density in the ETM interface layer. 

Defect density Nt (cm-3) Quantum efficiency QE % 

1 ×1011 98.90 

121 ×10 98.72 

131 ×10 97.32 

141 ×10 93.39 

151 ×10 91.58 

161 ×10 91.33 

171 ×10 91.30 

181 ×10 91.30 

191 ×10 91.30 

201 ×10 91.30 
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the capture cross-section, and it is obtained through the program SCAPS. Which 

indicates that the quantum efficiency of perovskite solar cells had shown no obvious 

change with varying the capture cross-section area in both interface layers. The quantum 

efficiency depends on the number of charge carriers, and since the thickness of the 

separating layer is small compared to the thickness of the absorber layer, the charge 

carriers spend a relatively short time when passing through it, so the possibility of 

capture is less.  

3.8 The impact of defect level on the quantum efficiency at interfaces layer  

The effect of increasing the defect level in the MAPbI3/Cu2O and TiO2/MAPbI3 interface 

layers on the quantum efficiency of PSC has been investigated; the quantum efficiency 

varies as the defect level is increased from 0.2 eV to 1.2 eV while maintaining other 

parameters constant at a reference wavelength of 500 nm. As can be seen, the quantum 

efficiency QE remained constant at approximately 91 % as the defect level in the 

interface layers increased. This indicates that varying the defect level in the HTM and 

ETM interface layers has no effect on the quantum efficiency of perovskite solar cells. 

Due to the fact that electrons will cross the energy band during the light absorption 

process, the probability of an electron being captured during the transition process is 

constant for all defect levels in the energy gap region. 

4. Conclusions 

In the present work, the impact of different defects parameters such as defects density 

Nt, capturing cross-section σ, defect type, and defect energy level in absorber layer, 

HTM/absorber and ETM/absorber interface layers on the quantum efficiency QE were 

studied. Planer structure FTO/TiO2/CH3NH3PbI3/Cu2O were investigated using a 1-D 

Solar Cells Capacitance Simulator (SCAPS-1D). In an absorber layer, the quantum 

efficiency was reduced sharply from 90.2% to 20% at defect density and capture cross-

section varies from 1015 cm-3 to 10 18 cm-3 and from 2×10-13 cm2 to 2×10-10 cm2, 

respectively. Additionally, it was noticed that the defects density in HTM interface layer 

and capturing cross-section area of carrier in ETM and HTM interface layers had no 

impact on quantum efficiency. In addition, it was observed that the quantum efficiency 

of perovskite solar cells suffers a slight reduction with increasing defect density in 

ETM/MAPbI3 interface. Defect energy level has also no significant impact on the PSC 

performance neither in the MAPbI3 absorber layer nor in the HTM/absorber and 

absorber/ETM interfaces layers. 
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