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Abstract

Because of its significant increase in efficiency over last decade, the perovskite solar cell (PSC) has
become most sought area of research in the photovoltaic technology. In this paper, Effect of variation
of defect density in combination with different width of perovskite absorption layer has been
investigated to obtain optimum solar cell parameters like FF, Voc, Isc and PCE. Comprehensive
simulation approach has been utilized with SCAPS 1D software. Major objective of present work is
to analyze different defect density and thickness value of perovskite absorption layer for achieving
the optimized parameter like PCE. The proposed device structure utilized TiO, as an electron
transport layer (ETL), Spiro-OMeTAD as a hole transport layer (HTL), mixed halide
CH;NH;Pb(I;_4Cly)3as perovskite absorption layer (PAL), Fluorine doped tin oxide (FTO) as top
electrode and Au as anode contact. The simulation results shows that at the thickness of 900 nm and
defect density of 1 x 1012 cm™3 of PAL, the optimized parameters obtained, namely PCE 30.93%,
Voc 1.45 V, Jsc 25.48 mA/cm? and fill factor (FF) 83.92%. The optimization of thickness in
combination with reduced defect density provided a superior power conversion efficiency (PCE)
above 30%, much greater than the earlier reported value for the PSCs. Also, effect of variation of
interface defect density between ETL/PAL and between PAL/HTL on the PCE is also investigated
and simulated with the help of SCAPS-1D.

Keywords: ETL-Electron transport layer, PSC- Perovskite Solar Cell, PAL — Perovskite Absorption
Layer, PCE — Power Conversion Efficiency, HTL-Hole transport layer

Introduction

The perovskite materials having compound structure ABX; which is a combination of organic and
inorganic material was instrumental in transforming the area of organic-inorganic hybrid solar cells.
The perovskite material having general structure ABX; [1], where A is methyl ammonium ion
(MA+) [2], B is an inorganic material mainly Pb or Sn [3], and X is halide or halide compounds [4-
5]. Due to its superior optoelectronic properties [6] like high solar photon absorption in comparison
to silicon solar cell [7-9], higher PCE, the PSC evolved as the best option in recent decades.

PSC has become the most sought photovoltaic technology due to perovskite's unique properties such
as direct and tunable bandgap as the solar cell required direct band gap for the absorbance of photon
and tunable band gap provide liberty for absorbance of range of light spectrum of different
wavelength, low carrier binding energy, which allow easy generation of charge carrier even on the
absorbance of low energy photon, high conductivity, long electron-hole diffusion length, which
provide longer life time to carriers in turn higher current density and PCE, high carrier mobility, high
absorption coefficient [10]-[11], less cost and its abundant availability on earth [12]-[13].

For utilizing aforesaid benefits, Kojima et al proposed first PSC obtained efficiency of 3.8 % [14].
The perovskite solar cell is made up of two carrier transport layers (ETL and HTL) and the
perovskite absorption layer (PAL) [15]. The PAL is a light harvesting layer and its principal function
is to absorb photons and generate charge carrier pairs. Function of Both carrier transport layers (ETL
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and HTL) is to extract and deliver the generated electrons and holes to electrodes to contribute
current [16]-[17].

Despite the numerous benefits of perovskite absorption layers, the presence of defects in PAL,
introduced mainly during fabrication process reduces PSC parameter by causing hysteresis to charge
carrier movement [18], recombination with charge carriers [19], carrier movement obstruction [20],
scattering to Charge carriers i.e electrons and holes [21], and ion transfer [22]. Defects in perovskite
absorption are type of point defects like anti-site replacements atomic vacancies [23]-[24]etc.

Taking defect energy level as parameter two type of defect is defined one is shallow defect density
and another is Deep defect level. When defect energy level lie near to Valance or Conduction Band it
is known as Shallow Defect and When Defect energy level lie between Conduction band and
Valance Band it known as Deep defect position.

The current study aims to evaluate the effect of factors namely width and defect density of perovskite
absorption layer on the performance of PSC structure FTO/TiO,/CH3;NH;Pb(I;_,Cly)s/Spiro-
OMeTAD/Au, it is investigated and simulated using SCAPS-1D software. Standard deep energy
defect level of 0.6 eV is considered for the current study. We have utilized TiO, as ETL due of its
suitable band alignment and stability [25]-[26]. Mixed halide perovskite is considered as an absorber
layer. In many studies and from experimental result it is found that structure MAPbX3 (X is Cl, Br,
I) provide least stability and high conversion efficiency when X is | and better stability but less
efficiency when X is Cl. [27]-[28]. Therefore, mixed halide has been considered by substitution of |
with Cl, which provides enhanced stability and diffusion length, accordingly, CH;NH3;Pb(I;_Cl,)3
is considered as light harvesting layer for better performance [29]-[30]. As HTL, Spiro-OMeTAD is
taken because ionization potential of Spiro-OMeTAD matches well with the light harvesting layer
and best glass-forming properties of Spiro-OMeTAD provides good contact at their interfaces [31].
For the suggested PSC structure, basic characteristics such as Vpc,Jsc, PCE and FF were examined.
The device modelling and illustration of result of different parameter requires software simulation
and numerical modelling. The Solar Cell Capacitance Simulator (SCAPS) application used for this
purpose [32].

This paper contains five sections. In Section 1 introduction of PSC devices its advantage and
limitations, reason to choose proposed device structure and parameters that are having tremendous
effect on PCE has been discussed. In the section 2 proposed device structure is introduced, its
schematic diagram, energy band diagram and the carrier transport mechanism inside device has been
explained. Section 3 discuss about mathematical modelling of SCAPS-1D software, equations
involved in execution of simulations. In the section 4, various result of solar cell parameter that
obtained by varying defect densities, width of PAL, Defect energy levels and Interface defect
densities has been discussed. Optimum result of PCE that obtained on a specific design parameter
has been discussed and its comparison with previous works has been done. In the section 5,
Conclusions have been provided and future works recommended for further enhancement of PCE
and other solar cell parameter.
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Proposed Device Architecture

An organic-inorganic PSC having a configuration of FTO/TiO,/CH3NH3;Pb(1;_4Cly)s/ Spiro-
OMeTAD/Au. The Proposed PSC device as shown in Fig. 1(a) is constructed using FTO, which
works as a top electrode of 400 nm thickness. CH;NH;Pb(I;_4Cly); as PAL of thickness 900 nm,
TiO2 as an ETL of width 40 nm, Spiro-OMeTAD as a HTL of width 250 nm. Au works as the
anode. Fig. 1(b) represent the working mechanism in the device, the PAL captures solar spectrum
photons whose energy is more than its bandgap of 1.55 eV and generate electron and hole pairs in
the conduction and valance band of the PSC respectively. Generated Holes and Electrons move
towards HTL and ETL respectively.
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Figure 1(a) shows Schematic of PSC device structure and Figure 1(b) demonstrate energy band
diagram and the carrier transport mechanism in proposed structure. Table 1 mention use simulation
parameters and material properties in this paper of CH;NH;Pb(1;_Cly )5 based PSC device.
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Figure 1 (a) Schematic diagram of proposed PSC device (b) Energy band diagram and the carrier
transport mechanism in CHsNH3sPb(l1-xClx)3 based PSC device

Fig. 1(b) shows band diagram with respect to vacuum level. Energy bands i.e. conduction band and
valence band of sandwiched layers are compatible such that it allows smooth carrier transport.
Electron and hole pairs are generated in perovskite absorption layer CH;NH;Pb(I,_4Cly)5. Electron
moves in conduction band of PAL of energy level —3.7 eV to ETL energy level —4.2 eV and further
collected at FTO at energy level —4.4 eV. In this way electron moves from higher energy level to
comparatively lower energy level to contribute current. Hole moves in valence band of PAL of
energy level —5.4 eV to HTL energy level at —5.22 eV and further collected at electrode Au at
energy level —5.1 eV. Here hole moves in valence band lower energy level to comparatively higher
energy level to contribute current.

Table 1 The properties of materials and simulation parameters in CHsNH3Pb(I;_,Cly); based PSC

device
Parameters Spiro- CH3NH3Pb(I;_4Cly)5 | TiO, FTO
OMeTAD
Thickness (nm) 250 200-900 40 400
Eq(eV) 3.17[34] 1.55[35] 32[33] | 3.5[33]
Electron Affinity (eV) 2.45[34] 3.93 3.9 4[33]
Relative permittivity 3[34] 6.5[36] 9[33] 9[33]
Conduction band effective 2.2x1018[34] 2.2x10% 1x10%1 | 2.02x108
density of statesN,.(cm™3)
Valence band effective density of | 1.9x10°[34] 1.8x101°[35] 2x10%° | 1.8x10*°[33]
statesN,, (cm™3)
Thermal velocity of electron 1x107 1x107 1x107 | 1x107[33]
(cm/s)
Thermal velocity of hole (cm/s) 1x107 1x107 1x107 1x107
Mobility of electron p, (cm?/Vs) | 2x107%[34] 0.2 20 20
Mobility of hole p;, (cm?/Vs) 2x1074 0.2 10 10
Donor density Np(cm™2) 0 0 2x101° 2x101°
Acceptor density N,(cm™2) 1x10'8 0 0 0
Ni(cm™3) 1x10* 1x1012 t0 1x106 | 1x105 1x1015
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Mathematical Modeling
The SCAPS-1D (Solar Cell Capacitance Simulator) developed by Burgelman primarily used
numerical modelling based on four set of electronic device equations, namely Poisson’s equation,
Continuity equations and current density equations.
Poisson’s equation
d2p(x) _ dE _ p _ q(p—n+Nj—Nz+Nges)

dx? dx € €oEr
Where @ is electric potential, E is strength of electric field, p is charge density € is permittivity, q is
fundamental unit of charge, n and p are the concentration of electron and hole respectively. N7 and
N, are concentration of donor and acceptor ions. Ny, is concentration of defect density of donor

and acceptor.
Continuity Equation

e
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% Is variation of electron current density with respect to position,
dJn

— is variation of hole current density with respect to position,
G is generation rate and R is recombination rate
Current Density Equation

dn
Je=4q (n.ueE + D, a)

dp

Jn=24q (n.un — Dy E)
Where, /., ], are electron and hole current density respectively. u,, i, are electron and hole mobility
respectively. D,, D,, are diffusion current constant

Results and discussions

The effect of variation of thickness and defect density of the PAL, i.e. CH;NH;Pb(l,_,Cl,); on the
PSC device has been investigated to obtain specific PSC device which provide maximum PCE.
Further, impact of interface defect density of ETL/ Perovskite and HTL/ Perovskite layers on the
PCE has been obtained and discussed. Standard deep energy defect level of 0.6 eV is considered.
Effect of variation of defect density on the diffusion length and lifetime of carrier has also been
obtained. Contour of V. , Js¢ , FF and PCE as a joint function of defect density and PAL thickness
is drawn and optimized result has been discussed.

Effect of PAL thickness variations on PSC parameters

The simulation of CH3NH3Pb(1:xClx)3 based device is established by utilizing the parameters listed
in Table 2. Effect of variation of PAL thickness at the defect density of 1 x 102 cm™3 is
investigated. Variation of V. , Js¢c , FF and PCE with respect to change of thickness from 200 nm to
900 nm is studied. It is well observed that J,. continuously increased with increase of PAL
thickness, provides a maximum value 25.481 mA/cm? which obtained at the PAL width of
900 nm. This may be explained as increase in PAL thickness allow absorption of more solar photon,
results into increased charge carrier pairs and consequently higher current density. It is observed that
Jsc move towards saturation with further increase in width, it happened mainly due to increased rate
of recombination. V,. continuously decreased with the increasing PAL thickness, at 900 nm we
obtained V,. of 1.446V. FF is also reduce with increase of width from 200 nm to 900 nm. The PCE
is increased continuously with increase of PAL width from 200 nm to 900 nm, mainly due to
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increased current density. Maximum PCE of 30.93% is obtained at 900 nm. Further increase of

width caused little improvement in the PCE.
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Figure 2. Showing the variation of Solar cell parameters with respect to thickness of PAL.(a) FF with
respect to PAL width.(b) /5. with respect to PAL width (c)Variation of PCE with respect to PAL
width.(d) V¢ with respect to PAL width.

Impact of variations of PAL defect density on PSC parameters

Defect density of PAL, CH;NH;Pb(l,_,Cl,)5 is varied at the obtained optimum thickness of
900 nm of PAL. Defect density of PAL varied from 1 x 102 cm™3 to 1 x 10'® cm™3 and its
effect on PSC Parameters of V,. , /s , FF and the PCE is investigated. It is observed that all
parameters have been decreased continuously with increased defect density.
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Figure3. Showing the variation of Solar cell parameters with respect to defect density of PAL.(a) FF
with respect to PAL defect density. (b) /s with respect to PAL defect density (c) PCE with respect
to PAL defect density.(d) V, with respect to PAL defect density.

When defect density is > 1 x 10 cm™3, Js. is almost constant but further increase in defect
density causes drastically reduction in Jg. from 25.481 mA/cm? to 18.026 mA/cm? . It is seen that
V,. has decreased from 1.446V to 0995V and PCE decreased from 30.93% to 6.93% with
increasing defect density of PAL from 1 x 102 cm™3to 1 x 10'® cm™3. Decrease of 53.96% in
FF is obtained by increasing defect density from 1 x 102 cm™3to 1 x 10® cm™3. As seen from

the above the performance parameters of PSC depends tremendously on defect density of PAL.
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Figure 4. Showing variation in diffusion length and life time of the carrier with variation of defect
density of PAL
Here effect on diffusion length and life time of the carrier is investigated by varying the defect
density of the PAL. From the fig.4 it is seen that increase in defect density of PAL caused reduced
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diffusion length of the carriers. Higher diffusion length indicates longer lifetime of the carrier and
here diffusion length is decreased so the life time of the carrier is also decreased. The contour depicts
that increasing the defect density of the PAL causes diffusion length of the carriers as well as the life
time of the carrier to decrease.
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Figure 5. Showing the Contour graph of Solar cell parameters as a joint function of defect density
and thickness of PAL.(a) Contour of FF with respect to joint function of defect density and thickness
of PAL.(b) Contour of J¢. with respect to defect density and thickness of PAL (c) Contour of PCE
with respect to PAL defect density.(d) Contour of V. with respect to defect density and thickness of
PAL
It is depicted from the contour that when defect density as well as thickness is varied from 10°
cm™3 to 107 ¢cm™3 and 200 nm to 900 nm respectively, the photovoltaic parameters of perovskite
material varies, There is a decrease of 24.38% in PCE when thickness is above 500 nm and defect
density is varied from 101° cm™3 to 10 cm™3. V. varies from 1.502 V to 0.9680 V as thickness
of the PAL is varied from 900 nm to 200 nm. Jg. decreases by 59.63% when defect density is
varied from 10° ¢cm™3 to 1017 ¢m™3. FF is seen to be decreased when thickness of PAL is varied
from 200 nm to 900 nm and defect density varied from 101° cm=3 to 1017 cm™3.
Effect of variations of layer interface defect density between ETL/PAL and PAL/HTL on PSC
parameters
Effect of variation of layer defect density between ETL/PAL and PAL/HTL on the PSC parameters,
mainly on the PCE is investigated.
Table 2: - Interface layer defect parameters of ETL/ Perovskite and Perovskite/HTL

Parameters ETL/ Perovskite Perovskite/HTL
Type of defect neutral neutral
Capture cross section of electron (cm?) 1x1071° 1x1071°
Capture cross section of hole (cm?) 1x1071° 1x1071°
Energy distribution Single Single
Defect energy level reference Above Highest Ev Above Highest Ev
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Figure 6. Showing variation in PCE with respect to interface defect density. (a)PCE with respect to
interface defect density between ETL/Perovskite. (b) PCE with respect to interface defect density

When interface defect density between ETL/ Perovskite is varied from 101° ¢cm™2 to 10'® cm™2 at

between HTL/Perovskite.

the defect energy level of 0.6 eV, the PCE is decreased continuously, from 30.93% to 18.13%

whereas variation of the interface layer defect density between Perovskite/HTL from 101° ¢m™2 to

101® ¢m™~2 caused the PCE to decreased continuously from 30.89% to 25.62%. At the Energy level
of 0.6 eV with increase of interface defect density of HTL/ Perovskite and ETL/ Perovskite

interfaces from 101° cm=2 to 10'® cm™2 there is a decrease in the PCE of 17.06% and 41.38%

respectively. From above result, it is seen that increase in defect density between interfaces of ETL/
Perovskite Caused significant reduction in the PCE in compared to increase in defect density

between HTL/ Perovskite layer.

Impact of variations of defect energy level on PSC parameters
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Figure 7. Showing performance of PSC Parameters with various defect energy level and defect
density of PAL.(a) FF with respect to different defect energy level and defect density of PAL.(b) Js¢
with respect to different defect energy level and defect density of PAL (c)Variation of PCE with
respect to different defect energy level and defect density of PAL.(d) V,. with respect to different
defect energy level and defect density of PAL.

Effect of various Defect energy level with different defect density of PAL has been studied on solar
cell parameters i.e Vy¢ , Js¢ , FF and PCE . From above obtained result it can be concluded that the
performance parameters of the perovskite material are not much affected as we increase the defect
density of the perovskite from 1 x 101° to 1 x 1012 ¢m™3 while increasing the defect energy level
of the perovskite material from 0 to 1.8 eV. Further increase in the defect density till 1 x 1015 cm™3
it is obtained that there is change in the parameters of V,., FF and PCE but /s is not much affected.
There is a decrease of 50.21% in PCE as we increase the defect density from 1x10° to 1 x
105 cm™3. For defect energy level from 0.4 eV to 1.2 eV which can be treated as deep energy level
all Parameters like V. , Js¢ , FF and PCE is constant for a specific defect density of PAL.
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Figure 8. Showing the Contour graph of Solar cell parameters as a joint function of defect energy
level and thickness of PAL.(a) Contour of FF with respect to joint function of defect energy level and
thickness of PAL.(b) Contour of ], with respect to defect energy level and thickness of PAL (c)
Contour of PCE with respect to defect energy level and thickness of PAL.(d) Contour of V. with
respect to defect energy level and thickness of PAL.

As the defect energy level is varied from 0.4eV to 1.6 eV, there is slight variation in . V,. and FF
i.e. V. varies from 1.482V to 1.446V and FF varies from 88.3% to 83.9%. PCE varies from
33.2% 10 22.5% and Jg. varies from 25.5 mA/cm? to 17.98 mA/cm?.

Table.3. Improvement of PCE over earlier simulated work

Device Structure Ve V) | Jse (mA| FF(%) | PCE(% | Refere
/cm?) ) nces
PEDOT:PSS/Perovskite/CdS 1.2 27 85 25 [15]
FTO/TiO2/PSK/Cul/Au 0.93 18.90 77 16.2 [37]
FTO/ TiO2/MAPbI3/Spiro- 1.0 20.20 87 18.35 [38]
OMeTAD/Au)
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ITO/ZnO/MAGel3/Spiro-OMeTAD/Au 1.74 16.27 64.51 18.3 [39]
Glass/FTO/TiO2/CH3NH3Pb(I1- 1.15 23.34 70.31 18.92 [40]
XCIx)3/Cu20/Carbon
TiO2/ZnO/MAPDI3/ Spiro- 11 19.01 88.88 18.52 [41]
OMeTAD/C60
FTO/SnO2/(CH3NH3PBI3)/CulnSe2/A 0.664 45.42 67.42 20.36 [42]
g
FTO/SnO2/(CH3NH3SnI3)/CulnSe2/Ag 0.664 455 62.5 18.89 [42]
This Work 1.45 25.48 84 30.93
Conclusions

An extensive investigation has been done for obtaining a high efficiency device configuration
perovskite solar cell and same has been simulated using SCAPS-1D software. The present study
using device structure FTO/Ti0,/CH3;NH3;Pb(I;_,Cl,)s/Spiro-OMeTAD/Au shows a better solar
cell parameter, mainly PCE than earlier works. Different combinations of width and defect density of
PAL has been tried to obtain optimized solar cell parameter. The simulation of proposed device
structure at the thickness of 900 nm and defect density of 1 x 1012 cm™3 of PAL, provide best
possible power conversion efficiency of 30.93%, Voc of 1.45V and Jsc of 25.48 mA/cm? and FF
of 83.92%. This is mainly due to increased charge carrier pairs generation and reduced
recombination respectively. It has been found that defect density of PAL is of tremendous effect on
improving PCE. The present study will contribute towards the fabrication of highly efficient device
of perovskite material CH;NH3;Pb(1,_,Cl,)s ,furthermore reduce dependence on fossil fuel and
provide insight to researchers to optimize solar cell parameter in future.
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