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ARTICLE INFO ABSTRACT

Keywords: The defects at the absorber and interface layer of organic-inorganic lead halide perovskite solar
Defect density cells are unfavorable for efficiency as well as the stability. In this study, we have performed the
Defect level numerical simulation on inverted planar structure perovskite solar cell based on NiO as a hole

Numerical simulation
Perovskite solar cell
SCAPS-1D

transport material (HTM) by SCAPS™D. Here we investigated the effects of defect density and
energy level of the perovskite absorber layer and perovskite/HTM interface layer on the per-
formance, respectively. The analysis revealed that values of Js, Vo, and FF of perovskite solar
cells are significantly reduced with increasing the defect density of perovskite layer. The power
conversion efficiency severely reduced from 25 to 5% when the defect density increased from
10" to 10" cm ™3, respectively. A similar trend was also found in case of interfacial defect be-
tween Perovskite and HTM layer. It was found that the defect energy level more than 0.3 eV
above conduction band of perovskite has almost no detrimental effect on the device’s efficiency.

1. Introduction

Metal halide perovskite solar cells (PSCs) have been identified as the most attractive photovoltaic technology for energy har-
vesting due to their exceptional semiconducting properties likely long diffusion length ("175um) [1], high charge carrier lifetime
(> 15ps) [2], large absorption coefficient (> 0.5 X 10%em ™Y [3], high carrier mobility (720 cm? vV~ 1 s71) [4], and tunable bandgap
(1.2 up to 2.3eV) [5]. These properties are encouraging to use in the fabrication of metal halide PSCs. The PSCs are generally
engineered with the organic cation-based perovskite compounds as the absorber. Although the initial involvement of perovskite
compounds in solar cells showed limited power conversion efficiency (PCE) of less than 4% [6], the rapid chronological development
is seen in the shortest period in the solar cell’s history. Currently, the record PCE is 22.1% [7] although, long-term stability and
current-voltage hysteresis have remained crucial for future development [8]. Theoretically, it is reported that the PCE limit of the PSC
(without the angular restriction) is about 31%, which is close to the Shockley-Queisser limit (33%) [9]. However, by using first-
principles calculations and thermodynamic modelling, Granas et al. gave the range of bandgaps of the metal-halide-perovskites and
stated that the theoretical maximum PCE limit is in the range of "25-27% [10]. It is expected that this ideal efficiency would be
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reachable by the usage of high-quality materials, which are defect deficient and optimized in the device structure. In fact, an interface
between layers is the most challenging issue, which mainly effect on the stability of the device.

Despite the rapid development in the PSC, its performance has got a considerable margin from aforesaid theoretical limit. High
quality perovskite absorber layer with low defect density and less non-radiative recombination process as key factors for further
improvement of the PCE should be studied. Understanding of defect formation in absorption layer as well as interlayers are crucial for
successful development of stable and highly efficient PSCs. Phase composition for electronic state in perovskite precursor plays an
important role on the defect formation and degradation in the stability of PSCs [11]. Fabrication of PSCs are mainly based on solution
process that generate a lot of defects such as deep level defect and shallow level defect. These defects reduce the efficiency and
reproducibility of PSCs. Although the shallow level defects have been reduced by modifying the deposition methods that led to
improve the efficiency and reproducibility of PSCs however, deep level defects of absorption layer and their functions are still under
investigation [12]. The performances of PSCs are reduced with increasing defect state density while their effects would be negligible
when defect state density is lower than 10'® cm®. Open circuit voltage (V,.) and diffusion length of PSCs are highly affected by
Schottky and Frenkel defects [13]. Kim et al. studied the role of intrinsic defects of perovskite materials on photovoltaic properties by
density-functional studies. They reported that Schottky defects deal with perovskite precursor solution and do not make any trap state
within the bandgap that led to reduce carrier lifetime. Frenkel defects deal with elemental defects vacancies, which explains the
accidental doping of perovskite [14].

From the experimental point of view, Ng et al. demonstrated a growth of perovskite layer in ambient by hybrid chemical vapor
deposition (HCVD) and they found that the degree of crystallization in perovskite has a strong impact on the defect density. They also
disclosed that the HCVD process with slow post deposition cooling rate can significantly reduce the density of shallow and deep traps
in the absorber layer [15]. Chouhan et at. reported that defect density at hole transporting layer (HTL)/perovskite interface has
strong impact on the V., while defect density in the perovskite and perovskite/electron transporting layer (ETL) interface has a major
impact on short circuit current density (Js.) [16]. The effect of defect on reaction of HTL surface with perovskite precursor solution
was reported by Kim et al. Kim where significant changes in both morphology and atomistic structures at the interface were observed
when a native grown NiO on Ni (110) immersed in water and perovskite precursor solution. [17].

In general, based on the obtained review about defects’ mechanism in PSCs, we found that the literature is relatively limited.
Defects change the optoelectrical properties of a material system and the experimental study about a correlation between defects and
optoelectrical properties has lots of challenges apart from the need of exceedingly sophisticated equipment, which is not accessible in
many groups. This issue causes undeveloped modeling and, in consequence, defects are disregarded in majority of reported simu-
lations. Although many scientists accept variations in optoelectrical properties while defects are constant with certain values.
However, understanding about individual defects’ mechanism in simulation software with a constant optoelectrical properties has not
been revealed yet. In this work, we have studied the effect of both defect density and energy level in at conduction band of perovskite
absorber and HTL interface layers by numerical simulation. Here we simulated the change of efficiency (1)), Js., Voc, and fill factor
(FF) by solar cell capacitance simulator (SCAPS'D) simulation.

2. Methodology

Three types of PSCs have been explored till date include mesoporous, planar, and inverted planar architectures. In this study, the
inverted planar architecture ITO/NiOy/Perovskite/PCBM/Ag is chosen as Fig. 1 depicts in addition of its energy level diagram. As
shown, the perovskite active layer is sandwiched between HTL (NiO) and ETL (PCg;BM) whereas the indium doped tin oxide (ITO)
and silver (Ag) are used as a transparent front contact and top metal back contact, correspondingly. Compared with planar and
mesoporous PSCs, inverted planar devices exhibits higher stability by eluding the presence of low work function metal cathode and
hygroscopic hole-transporting along with vertical phase separation and concentration gradient in perovskite layer [18,19]. Meng et al
reported that the inverted planar PSC would exceed efficiency over 18% at lower processing temperature in flexibility with
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Fig. 1. Schematic presentation of device structure and energy level diagram.
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Table 1

List of parameters used in this numerical simulation.
Parameters and units NiO Interface CH3NH3PbI3 PCg:BM
Thickness 50 - 600 80
Bandgap (eV) 3.8 [21] 1.5 [22] 2.1
Electron Affinity (eV) 1.46 [23] 3.9 [24] 4.1
Dielectric Permittivity (relative) 10.7 [25] 10 [26] 4
Effective Conduction Band Density (cm™~?) 2.8 x 10*° [27] 2.75 x 10'® [28] 2.5 x 10%°
Effective Valence Band Density (cm ™) 1.0 x 10 [27] 3.9 x 108 [28] 2.5 x 10%°
Electron and Hole thermal velocity (cm/s) 107 107 107
Electron Mobility (cm?/V.S) 12 [29] 10 [30] 0.01
Hole Mobility (cm?/V.S) 2.8 [31] 10 [30] 0.01
Acceptor Concentration (em™3) 0 [32] 1 x 10° [32] 0
Donor Concentration (cm ™) 1.0 x 108 [32] 1 x 10° [32] 5 x 10"
Absorption Interpolation Model Power law 1 [33] Power law 1
Radiative recombination coefficient (cm?/s) 23 x10°° 3x10 ! 3x 1071 2.3x%x107°
Auger electron capture coefficient (cm®/s) 0 0 0 0
Auger hole capture coefficient (cm®/s) 0 0 0 0
Capture Cross Section for Electrons and Holes (cm?) - 101 1071° -
Gaussian defect Energy Level Based on VB (eV) - -0.8-0.8 —-0.9--0.1 -
Characteristic Energy (eV) - 0.1 0.1 -
Defect Density - 10'3-10%° 10'%-10%° -

insignificant J-V hysteresis [20]. The simulation parameters are summarized from different reported works and displayed in Table 1.
The parameters are selected based on available literature to ensure that the obtained outcome from the simulation baseline is the
proper reflection of real-world scenario.

The experimentally reported bandgap of perovskite is about 1.5 eV [22]. The electronic band structure of perovskite reveals that
the bandgap of perovskite material increases with increasing the electronegativity of metal-site and halide-sites, and the decrease of
crystal structures’ symmetry (orthorhombic > tetragonal > cubic). Though, there is no general trend to explain the change in
bandgap with the variation of organic cation [34]. Electron affinity ()) is measured experimentally for CH3;NH3Pbl; about 3.9 eV
[35], which is considered for this simulation. For CH;NH3PbI,Cl,_, and CH3NH;PbBr3, this values are 3.7 + 1eVand 3.6 = 1eV,
respectively [24]. Relative dielectric permittivity (er) is the ratio of permittivity of the substance to the permittivity of vacuum. er of
perovskites has not yet been played important role for good performance, but it is widely used to perceive the change possibility on
the performance of conventional semiconductor [35]. A wide range (from 6.5 to 60.9) [36,37] of er values are found for perovskite
depending on different experimental outcome. Over the low frequencies, er is consistent and the value is 60.9 within the range 20 Hz
to 1 MHz. It is noteworthy that the ionic component is dropped out at infrared frequencies and fail to electric response that lead to
reduce the er of perovskite where the value is 6.5. Literature review reveals that the charge carrier mobility of organo-lead halide
perovskite depends on doping level and the phase of the material. The hole mobility of perovskite ranges from 5-12 cm?/Vs and
electron mobility ranges from 2.5 to 10 cm?/Vs. In addition, charge carrier mobility is also affected by halogen doping [38]. Lit-
erature review also divulges that the hole mobility perovskite increases from lead to tin and decreases from iodide to bromide-based
perovskites [39]. Wehrenfennig et al reported that the carrier diffusion length of single halide perovskite exceeds 1 um and sub-
stantially longer for mixed halide perovskite due to the combination of low bi-molecular recombination and high charge mobility
[30]. The PCE of PSCs is strongly dependent on the thickness of the perovskite film. Improvements in the PCE with increasing the
thickness are due to increasing the shunt resistance and optical density [40]. With all that being said, various parameters of per-
ovskite materials change the value PCE, Jsc, Voc and FF of the device. All optimum parameters of perovskite materials have been
used in this simulation.

3. Results and discussions

In PSCs, the perovskite absorber layer absorbs photons from sunlight where the photons energy is larger than the bandgap of
absorber layer that generates excitons. These excitons are basically negatively charged electron and positively charged hole pairs.
These electron and hole diffuse to both sides of the absorber layer and facilitated by additional ETL in one side and HTL at other side.
In an efficient PSC, electrons are attracted by ETL and simultaneously holes are repelled. Similarly, HTM attracts the holes from the
excitons leaving free electrons. These free electrons must be successfully extracted by the ETM. Electrons are transported to the
cathode through ETM and holes are transported to the anode by HTM. This subsequent motion of the electrons and holes generates
electrical current. Except this basic principle, some unavoidable defects densities are found in solar cell materials that lead to reduce
the overall performance of PSCs. PCE can improve by changing the band offset of electron and hole transporting layer but couldn’t
achieve the maximum theoretical conversion efficiency. To achieve the maximum PCE, it is necessary to understand the effect of
defect density on the performance of perovskite solar cell.
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3.1. Effect of absorber layer defect on the PV parameters of PSCs

The performance of PSCs is subjected of two key processes. One is a generation of charge carriers and another is a recombination.
When sunlight is incident on PSCs, photo-generated carriers (electron and holes) are generated on the absorber layer. These photo-
generated carriers are subsequently collected by the electrode and transfer towards the external current. During the collection of
photo-generated charge carriers, a large number of carriers is lost due to the poor quality of perovskite layer. Higher defect density
causes higher recombination rate in the low-quality perovskite films that leads to reduce the diffusion length of charge carriers as well
as the life time of carriers. Shockley-Read-Hall (SRH) recombination could explain the possible recombination mechanisms to de-
termine the effect of defect density on the performance of PSCs, they are given in Eq. 1 [41].

19C"rzUpI\IT [np — niz]

SRSRH —
a[p + p] + ouln + n] 1)

Where o, and g, are capture cross-sections for electrons and holes, § is electron thermal velocity, Nt number of defects per volume, n;
intrinsic number density, n & p are the concentrations of electron and hole at equilibrium and n; and p; are the concentrations of
electrons and holes in trap defect and valance band, respectively. According to equation 1, RS is directly proportional to the defect
density of perovskite absorber layer. Carrier diffusion length is considered to analyze the effect of defect density on the performance
of device depending on SRH effect and diffusion length formula. Haider et al. reported that the diffusion length increases with
decreasing the defect density of perovskite absorber layer. This phenomenon leads towards the better performance of perovskite solar
cell [13]. The relation between the diffusion length and the carrier mobility and lifetime is expressed in Eq. 2 [42].

Henm AT
Lp = Lflifetime
q )

Here, Lp, p(e,h), and 7ime is the diffusion length, the electron and hole mobility, and the minority-carrier lifetime, respectively.
Meanwhile, 7pme depends upon the defect trap density and capture cross-section area for electrons and holes. The relation between
Tirerime aNd bulk defect density is expressed in Eq. 3[42].
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Fig. 2. Contour graphs of perovskite solar cell performance parameters dependency on of absorber defect density and defect energy level (per-
ovskite’s conduction band is chosen as the reference) variables.
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Here, 8, vy, and N, represents the capture cross-section area for electrons and holes, thermal velocity of carriers, and defect density
respectively. Fig. 2 represents contour graphs of PSCs photovoltaic characteristics dependency on absorber defect density and defect
energy level variables. The effect of defect density ranges (10'* to 10'° cm ™) and defect energy level (-0.9 to -0.1 eV) is probed based
on the conduction band as the reference, while keeping all other parameters constant to explore the device performance. In ac-
cordance with presented equations, as shown in Fig. 2 (a), the Js value reduces significantly with defect density of perovskite layer.
The J,. sharply reduces from 20 to 5mA/cm? when defect density of perovskite absorber layer increases from 10'” to 10*° cm™3.
There is no effect in J,. as the defect density is < 10'”7 cm ™2 even though the defect energy level varied from -0.9 to -0.1 eV. The V.
reduces substantially from 1.2 to 0.7 V when the defect density increases from 10'* to 10'° ¢m ™3 as shown in Fig. 2(b). It is also quite
evident that the values of V,, are languidly varied with the defect energy level.

Soucase et al. reported that the V,. is highly influenced by the defect of absorber layer [41]. From practical point of view, the
defect densities of perovskite depend on the formation energy, and subsequently chemical potential. It corresponds to precursors,
partial pressure, and temperature during synthesis. The defects with low formation energy create only shallow level, which results the
long electron-hole diffusion length and high V... On the other hand defects with deep levels have high formation energy that results
into unpleasant effect on electron-hole diffusion length and V.. Experimental and simulation results of the long electron-hole dif-
fusion length and high V. conforms the unusual shallow defect level [43]. Fig. 1(c) reveals that the FF dramatically decreases from
80 to 30% when the defect density increases from 10'° to 10'° ¢cm 3. However, the FF gradually increases with increasing the defect
energy level. Ideally, FF is a function of the V., although practically FF is not only dependent on V,,. but also the dependent on
recombination process of depletion region. Finally, as shown in Fig. 2 (d), we found a predictable trend in the PCE as a result of J,
Voc, and FF. The PCE drastically reduces from 25 to 5% when the defect densities increase from 103 to 10*® cm 2 but the PCE is
linearly increases with increasing the defect energy level.

3.2. Effect of defect density of Perovskite/NiO interface layer on the PV parameters of PSCs

Structural mismatch of two different materials leads to initiate the interfacial defects, which cause the charge recombination in
the PSCs. Fig. 3 demonstrates the effect of interfacial defect density of HTM/Perovskite layer on the device performance. As shown,
the interface quality of HTM/Perovskite layer has a significant impact on solar cell performance. Both defect density (10'3-
10'° em ™) and defect energy level (-0.8 to +0.8eV in which the perovskite’s conduction band is chosen as the reference) are
investigated. Fig. 3(a) shows the dependency of Jsc on the defect density and energy level. As shown, the Jsc value changes insig-
nificantly from 23.2 to 22.0 mA/cm? when the defect density of interface layer increases from 10'° to 10'° cm 3. No changes are
found at the defect density < 10'® e¢m ™2 even though the defect energy level varied from -0.8 to +0.8 eV.
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Fig. 3. Contour graphs of perovskite solar cell performance parameters dependency on of interface defect density and defect energy level (per-
ovskite’s conduction band is chosen as the reference) variables.
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In Fig. 3(b), the values of V,. reduce substantially from 1.15 to 1.00 V while the defect density increases from 10'* to 10'® cm 3.
At defect density > 10*® cm ™3, there is no change in Vo, It is also quite evident that the major changes in V. vary from 1.00 to
1.15V due to the defect energy level existed between 0.2 to 0.4 eV. Fig. 1(c) reveals that the FF decreases from 60 to 30% when the
defect density increases from 10'° to 10’7 ¢cm 3. However, beyond this range, there is no effect of defect density on the FF. The FF
dramatically changes and becomes twice when the defect energy level increases from 0.1 to 0.3 eV. Fig. 3(d) unveils that defect
density of HTM/Perovskite interface layer has a significant effect on the PCE of PSCs. The PCE reduces from 24 to 14% when the
defect densities increase from 10'° to 10'° cm ™ but the PCE is linearly increases with increasing the defect energy level ranging from
0.0 to 0.5 eV of perovskite absorber layer. No effect on PCE at higher defect energy level (higher than 0.4 eV). Rate of recombination
increases with increasing the defect density of interface layer that lead to reduce the PCE of PSCs.

4. Conclusion

Numerical simulation of inverted planar perovskite solar cell having the architecture ITO/NiO/Perovskite/PCBM/Ag was de-
signed and the effect of defect state of perovskite absorber layer and perovskite/HTM interface layer was investigated. Defect density
and defect level of perovskite absorber layer and perovskite/HTM interface layer at the conduction band showed a significant decline
of performance. At the perovskite’s conduction band, various values of defect density (10*3 to 10*° cm ™) were studied at different
energy level up to -0.9 eV. It was found that a deeper defect energy level (< 0.2 eV) as well as a higher defect density would result in
a low device efficiency from 25 to 5%. On the other hand, results from interface showed that the defect mechanism had lesser
influence on device performance compared with absorber layer since the efficiency dropped from 24 to 14% in overall. It was found
that the defect energy level lesser than 0.3 eV above conduction band of perovskite up to -0.8 eV deep inside perovskite has the most
detrimental effects.

Based on this study, we have shown that the correlation between device performance and both defect density and energy level is
almost linear in simulation, if the optoelectrical properties were chosen constantly. From experimental point of view, defects are the
main contributors for optoelectrical changes. In fact, any changes in optoelectrical properties (which are studied in majorities of the
literature) should be initiated from defect mechanism and have to be derived from their unique defect properties. This correlation is a
challengeable work, which has not been satisfied by scientists yet. Therefore, although keeping constant parameters for defects in
simulation would leave a margin between simulation and experimental results, however, the general trend towards the favorable
range in device’s performance might not be affected.
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