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Abstract— Three-dimensional (3D) halide perovskites as 

CH3NH3PbI3 (3D-MAPI) have shown high performance in the 

perovskite solar cells. However, deep defects due to lattice 

disorders in the 3D halide perovskite cause to limit the 

performance of the halide perovskite solar cells. We have 

numerically simulated and investigated the optimum deep 

defect density of the 3D-MAPI layer of the p-i-n solar cell model 

with the structure of Glass/ITO(TCO)/PEDOT: PSS(HTM)/i-

2D-MAPI/i-3D-MAPI/i-2D-MAPI/PCBM(ETM)/Ag. Due to the 

degradation of the organic components under some 

environmental conditions, the Pb-based organic perovskite 

solar cells need protective films. This 2D-3D-2D perovskite solar 

cell has been modeled as a stable perovskite solar cell, by 

inserting thin 2D-MAPI layers on both sides of the 3D-MAPI to 

reduce the degradation and moisture issues. Using SCAPS-1D 

solar cell simulation software, the deep defect density in the 3D 

halide perovskite layer was optimized to obtain the best 

performance of the cell model. Our simulation results have 

indicated that the deep defect density of the 3D-MAPI layer 

should not exceed 1012 cm-3 for high performance. Also, low 

dark saturation current density and low Shockley-Read-Hall 

(SRH) recombination current density were observed at the low 

deep defect density in the 3D-MAPI layer.  

Keywords—perovskite solar cell, protective-layer, dark 

saturation current, deep defects, power-conversion efficiency  

I. INTRODUCTION

The global energy requirement has increased due to the 
development of technology and the increment of electricity 
usage [1]. Therefore, the developments of renewable energy 
sources as solar energy have acquired more attention. The low 
cost and higher efficiency renewable energy sources are 
popular all over the world. The generation of electricity by 
using solar cells has received more attention due to the rapid 
developments of solar cell technologies and the increment of 
solar cell efficiency. There are many Photovoltaic (PV) 
technologies. Among them, Perovskite-based solar cell 
technology has become promising technology due to the rapid 
development of efficiency and low production cost.  

Organic-Inorganic Halide perovskites are emerging 
materials in solar cell production due to their extraordinary 
material properties, which are tunable optical bandgap, weak 
exciton binding energy, and good absorption property. These 
special material properties of the halide perovskites cause to 
show high performances. Halide perovskites also show low 

material cost, low processing cost, and higher power 
conversion efficiencies. According to the efficiency chart of 
the National Renewable Energy Laboratory [2], the power 
conversion efficiency of the single-junction perovskite-based 
solar cell has acquired 25.2%. Halide perovskite can be 
represented by using a general formula as ABX3, where A is 
an organic cation as CH3NH3

+, B is an Inorganic cation as 
Pb2+, and X is a halogen ion as I- [3]. Methylammonium lead 
iodide (CH3NH3PbI3), which is also called 3D-MAPI, is one 
of the most popular halide perovskites in the solar cell industry 
since it shows good performance and low production cost. 
However, Methylammonium lead iodide is considered as one 
of the three-dimensional (3D) perovskite materials, which are 
unstable with moisture and oxygen. Therefore, 3D-perovskite-
based solar cells can degrade after long-term exposure to the 
external surrounding. Consequently, 3D-perovskite-based 
solar cells have shown low light-absorbing ability and 
performance in the external surrounding [4]. Moreover, two-
dimensional (2D) Ruddlesden-Popper halide perovskites are 
used to increase the stability of three-dimensional (3D) halide 
perovskite since 2D Ruddlesden-Popper halide perovskites act 
as a moisture blocking layer, which can increase the resistance 
for the moisture [5]. The combination of 2D and 3D halide 
perovskite layers have acquired more attention in the 
perovskite solar cells due to their moisture stability and good 
performance [5-7]. In this simulation study, we have 
numerically tried to develop and predict an efficient solar cell 
device model with low degradation by sandwiching the 3D-
MAPI between two 2D-MAPI layers since 2D-MAPI can 
increase the stability of the solar cell by reducing the 
degradation issue of 3D-MAPI. The perfect photo-conversion 
process is limited due to the carrier recombination occur by 
the defects in solar cell materials. The main recombination 
processes that occur in a semiconductor material can be listed 
as Radiative, Auger,  and Shockley-Read-Hall (SRH), 
recombination [8]. Radiative recombination occurs when an 
electron that comes from a conduction band recombines with 
a hole that is in the valence band. In this Radiative 
Recombination process, photons are emitted. Auger 
recombination is another recombination process in which an 
electron that is in the conduction band and hole that is in the 
valence band recombine and emit the energy. Then, the 
emitted energy is transferred to another electron that is in the 
conduction band, which is excited by the emitted energy. 
Auger recombination mainly occur at higher charge carrier 
concentrations of the heavily doped materials or high injection 
of carriers under concentrated photon condition. Lattice Ministry of Science, Technology and Research, Government of Sri 
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defects do not encourage Radiative recombination and Auger 
recombination in the 3D bulk MAPI [9, 10]. Point defects that 
are lattice defects cause to occur SRH recombination.  
Shallow and deep defects are created by point defects in the 
semiconductor. Among them, deep defects mainly limit the 
performance of the material. 3D-MAPI also faces this 
phenomenon [9], since deep defects mainly control the 
performance of the 3D-MAPI. According to that, high deep 
defect density causes the reduction of the performance in 3D-
MAPI. Also, SRH recombination in 3D-MAPI can be reduced 
by controlling the deep defect density. The effect of the deep 
defects, which are in the 3D-MAPI layer, were studied by 
altering the deep defect density in 3D-MAPI. This modeling 
study will be useful to get an idea about the impact of the deep 
defect density in the 3D-MAPI layer of the cell model. This 
numerical model can lead the future experimental approaches 
towards a best perovskite-based p-i-n type solar cell. We have 
fit the best numerical model by optimizing the solar cell 
performances according to the deep defect concentrations 
introduced in 3D-MAPI. 

II. METHODOLOGY  

Fig. 1 illustrates the baseline cell structure that was 
developed in the numerical modeling study of the previous 
work [11]. In this approach, we have selected 2D-MAPI as a 
very thin protective film (~0.1 (3D-MAPIlength)), instead of a 
thick layer introduced in the baseline model 1 [11]. In this cell 
structure, Indium-tin oxide (ITO), which is a transparent 
conducting oxide (TCO) that is an optically transparent 
electrode, has been selected as a front contact material by 
calculating the work function of the front contact [12, 13]. 
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate)) is a conductive polymer, which is p-type 
hole acceptor material in which the majority-carriers are holes. 
The cell performance has been enhanced by adding an 
intrinsic absorber, which is Methylammonium lead iodide 
(3D-MAPI). Intrinsic Two dimensional (2D)-sheets of 
Methylammonium lead iodide (2D-MAPI) were used as 
protective layers for 3D-MAPI (Bandgap = 1.55 eV). This 
solar cell model consists of the 3D-MAPI layer sandwiched 
between two thin 2D-MAPI (Bandgap = 1.63 eV) layers, 
which were introduced to increase the stability of the solar cell  
[5]. Shallow and deep defects have been introduced in the 3D-
MAPI (CH3NH3PbI3) layer in the solar cell model. Shockley-
Read-Hall (SRH) recombination are occurring through the 
deep and shallow defect states that act as SRH recombination 
centers, which are created by deep and shallow defects in the 
3D-MAPI layer. Also, Auger and Radiative recombination are 
slightly occurring in the 3D-MAPI layer. But the effect of 
Radiative and Auger recombination was considerably low 
since the heavily doped condition and concentrated photon 
condition were not used in this simulation study. The radiative 
recombination effect is not so important in this simulation 
since the carrier concentration in the 3D-MAPI layer is 1016 
cm-3, which is not considered as a heavily doped condition. 
Radiative recombination is mainly determined at high carrier 
injection levels. In this simulation study, Auger recombination 
cannot give a considerable impact on the results. Auger 
recombination is considerably low under the condition of one 
sun illumination (AM1.5G spectrum), which is not a 
concentrated photon condition [9]. Any defects have not been 
included in the 2D-MAPI layer since it has shown very low 
point and interfacial defect density [14]. Also, any carrier 
recombination effect of the 2D-MAPI layer was not included 
in this simulation study. In this solar cell model, PCBM ((6, 

6)-phenyl-C61-butyric acid methyl ester) is used as an n-type 
layer in which the majority carriers are electrons. The back 
contact material has been selected by calculating the work 
function of the back contact, which is close to the work 
function of Silver [15] in this cell model. The baseline cell 
model was numerically developed by using the material 
parameters, which were extracted from the previous 
experimental and theoretical studies [16-21].  

The 2D/3D/2D baseline cell model was numerically 
simulated by using SCAPS-1D simulation software. Here the 
changes in the cell performance were observed by changing 
the deep defect density concentrations in the 3D-MAPI layer. 
Deep defect density in 3D-MAPI has been experimentally 
identified with the range of 1014-1016 cm-3 in the previous 
studies [15, 22]. However, the deep defect density in the 3D-
MAPI layer was varied from 1010 to 1017 cm-3 while their 
energy states in the bandgap (at the 0.57 eV and 0.29 eV 
below and above the conduction band and valence band 
edges, respectively) were constant [18]. However, the defect 
density of shallow defects that are the single donor and single 
acceptor were kept at 3×1011 cm-3, and 3×1010 cm-3 
respectively [23], all the time. The 3D-MAPI has shown low 
shallow defect density, which has not shown a considerable 
effect to reduce the performance of the material. The effect 
of the deep defect densities on the SRH recombination, which 
mainly causes to control the performance of the 3D-MAPI, 
was only investigated by considering different deep defect 
densities in the 3D-MAPI. In this study, the influence of the 
deep defect on the cell performance can be studied by using 
the dark saturation current density curves for different defect 
densities since dark saturation current density is used as a 
measure of the recombination in the solar cell [24]. 

 

 

 

 

 

 

 

 

 

Fig. 1. The device structure of the 2D/3D/2D baseline solar cell model. 

The one-dimensional Solar Cell Capacitance Simulator 
(SCAPS-1D) software has been used to numerically simulate 
the solar cell models [25]. The Poisson equation, Continuity 
equations for electron and holes, and carrier transport equation 
have been used in the program of the SCAPS-1D software 
[26]. In this study, we have modeled this solar cell as a thin-
film solar cell with five semiconductor layers since SCAPS-
1D has been developed for solar cell models that should 
contain equal or less than seven semiconductor layers in the 
cell model that should be a thin-film solar cell [27]. The 
perovskite cell model was simulated by changing the deep 
defect density in the 3D-MAPI layer. The effect of Shockley-
Read-Hall (SRH) recombination was mainly considered in 
this solar cell simulation study since Radiative and Auger 
recombination do not change with deep defect density. The J-
V characteristics, open-circuit voltages, Fill Factors, EQE 
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curves, and power conversion efficiencies of perovskite solar 
cells were numerically obtained under AM1.5G Sun spectrum 

illumination (1000 W/m2) and ambient temperature (300 K) 
using SCAPS-1D.

TABLE I.  SIMULATION PARAMETERS USED IN THE PEROVSKITE CELL MODEL 

Parameters 
Layers of the solar cell model 

PEDOT:PSS 2D-MAPIa 3D-MAPIb 2D-MAPIa PCBM 

Thickness (nm) 40 30 300 30 20 

Bandgap (eV) 1.55 [16] 1.63 [19] 1.55 [17] 1.63 [19] 2.0 [16] 

Electron Affinity (eV) 3.63 [16] 3.9 3.9 [17] 3.9 4.3 [16]  

Relative Permittivity 3.0 [16] 6.5 6.5 [17] 6.5 4.0 [16] 

Effective conduction band density (cm-3) 1×1019 [16] 1.94×1020 2.8×1018 [16] 1.94×1020 1×1019 [16] 

Effective valence band density (cm-3) 1×1019 [16] 1.94×1020 3.9×1018 [16] 1.94×1020 1×1019 [16] 

Electron mobility (cm2/V.c) 9×10-3 [16] 414 [19] 24 414 [19] 1×10-2 [16] 

Hole mobility (cm2/V.c) 9×10-3 [16] 1187 [19] 24 1187 [19] 1×10-2 [16] 

Donor concentration (cm-3) 0 [16] 1×1016 1×1016 [16] 1×1016 5×1017 [16] 

Acceptor concentration (cm-3) 3×1017 [16] 1×1016 1×1016 [16] 1×1016 0 [16] 

a. Two-dimensional sheets of Methylammonium lead iodide (CH3NH3PbI3), DFT. 

b. Methylammonium lead iodide (CH3NH3PbI3).   

III. RESULTS/OBSERVATIONS  

Fig. 2 represents the semi-logarithmic dark saturation 
current density vs voltage curves for different deep defect 
densities. The dark saturation current density of the solar cell 
has increased with the deep defect density in the 3D-MAPI. 
According to the plot, dark saturation current density can be 
decreased by reducing deep defect density. Also, low dark 
saturation current density causes to show higher light current 
density and higher open-circuit voltage in the solar cell. Dark 
saturation current is a measure of the recombination in the 
solar cell [24]. The large dark saturation current indicates large 
recombination in the solar cell. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Semi logarithmic dark saturation current density vs voltage 
curves for different deep defect densities in the 3D-MAPI layer of the 
2D/3D/2D cell model. 

Fig. 3 illustrates the SRH recombination current density vs 
voltage curve. According to the curve, the SRH recombination 
current density has significantly increased after the deep 
defect density of 1012 cm-3. The increment of the deep defect 
density, in the 3D-MAPI layer, has increased the SRH 
recombination in the solar cell, due to the increment of the 
dark saturation current as shown in Fig. 2. According to these 
results, deep defect density should be reduced from 1012 cm-3 
to as much as it can be reduced. Also, it shows that deep defect 
density should not exceed 1012 cm-3 to minimize the SRH 
recombination in the 3D-MAPI absorber layer.  

 

 

 

 

 

 

 

 

 

 

Fig. 3. SRH recombination current density variation with different deep 
defect densities in the 3D-MAPI layer of the 2D/3D/2D cell model. 

The current density (J) vs voltage (V) curve for different 
deep defect densities in the 3D-MAPI layer is shown in Fig. 
4.  According to Fig. 4, the open-circuit voltage of the cell 
model has significantly changed with deep defect density in 
the 3D-MAPI layer. The open-circuit voltage has increased 
when the deep defect density was decreased in the simulation 
study. According to these curves, the open-circuit voltage has 
not shown a considerable change in the deep defect density 
range of 1010-1013 cm-3, in which the cell model has shown 
maximum fill factor [15] due to the maximum area above the 
J-V curve. Also, deep defect density should not exceed 1013 
cm-3 to get the higher open-circuit voltage. The current density 
of the solar cell has not shown considerable change with the 
different deep defect densities.  

Fig. 5 illustrates the External Quantum efficiency (EQE) 
vs wavelength curve of the cell model. According to the EQE 
curve, the solar cell has shown high performance in the 
wavelength range of 300-800 nm as shown in Fig. 5. The solar 
cell model has shown the best performance in the wavelength 
range of 300-450 nm, due to the high light absorption of the 
3D-MAPI layer in that range. The EQE curve has represented 
a decrement after wavelength of about 450 nm since the light 
absorption in the 3D-MAPI has reduced after 450 nm [21]. 
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However, the 3D-MAPI absorber can give External Quantum 
Efficiency (EQE) up to 800 nm since the bandgap of 3D-
MAPI is 1.55 eV that is relevant to about 800 nm. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Current density variation with different deep defect densities in 
the 3D-MAPI layer of the 2D/3D/2D perovskite cell model. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Quantum efficiency vs wavelength curve of the 2D/3D/2D solar 
cell model. 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The energy band diagram of the solar cell model at thermal 
equilibrium. 

The energy band diagram of the solar cell model is 
illustrated in Fig. 6. According to the energy band diagram, 
the generated electrons in the conduction band can easily 
move to the back contact. At the same time, holes cannot 
easily move to the hole transporting layer (PEDOT:PSS) due 
to the small energy spike of the 2D-MAPI layer that is located 
in between the PEDOT:PSS layer and 3D-MAPI absorber 
layer, towards PEDOT:PSS. Due to that reason, generated 
holes have to move by overcoming the energy barrier of the 
2D-MAPI layer. The power conversion efficiency of the solar 
cell model can be also increased by aligning the valence band 
of the cell model, which can be done by tuning the bandgap 
of 3D-MAPI. Moreover, the cell performance can be 
enhanced by applying band bending to the 2D-MAPI layer at 
PEDOT:PSS/2D-MAPI interface in the cell model.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Fill factor and efficiency variation with different deep defect 
densities in the 3D-MAPI layer of the 2D/3D/2D cell model. 

According to Fig. 7, the Fill factor has reduced when the 
deep defect density was increased in the cell model. The 
reduction of the Fill factor has started when the deep defect 
density exceeds 1012 cm-3. Also, the efficiency vs defect 
density graph shows the considerable decrement of the 
efficiency in the deep defect density range of 1012-1017 cm-3. 
According to these results, deep defect density should not 
exceed 1012 cm-3 in the 3D-MAPI layer to get higher 
efficiency of the solar cell.  
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IV. CONCLUSIONS

It is been observed that the deep defect density in the 3D-
MAPI layer can control the perovskite solar cell performance. 
When the deep defect density range is varied from 1010-1012 
cm-3 the solar cell has shown high performance. This is also 
confirmed by the dark saturation current, which depends on 
the deep defect density. The dark saturation current should be 
minimized to increase the performance of the solar cell. The 
reduction of the deep defect density (from 1017 to 1012 cm-3) 
causes to increase in the open-circuit voltage of the solar cell 
models, which showed an increment of the open-circuit 
voltage of about 42%. According to that, the power 
conversion efficiency of the solar cells can be enhanced by 
about 83% reducing the deep defect density in the 3D-MAPI 
layer of the solar cell from 1017 to 1012 cm-3. However, by 
considering SRH recombination in the solar cells, deep defect 
density should not exceed 1012 cm-3. The formation of the deep 
defects that are located in the bandgap of the 3D-MAPI should 
be minimized in the deposition process of the perovskite solar 
cell. Our research findings will be helpful to design an 
efficient and low degraded, perovskite solar cell by optimizing 
deep defects in the 3D-MAPI layer. 
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