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Abstract

Objectives: Perovskite photovoltaic’s are getting to be distinctly predominant option for the conventional solar cells
achieving a maximum efficiency of 22.1%. This work is concerned about the design and analyses of lead-based perovskite
solar cell model with the flexible architecture of lass/FTO/PCBM/CH,NH,Pbl,/PEDOT:PSS/Ag. Method/Analysis: The
analysis of solar cell architecture is done using the Solar Cell Capacitance Simulator(SCAPS). It is a computer-based
software tool and is well adapted for the analyses of homo and heterojunctions, multi- junctions and Schottky barrier
photovoltaic devices. This software tool runs and simulates based on the Poisson’s and continuity equation of electrons
and holes. For this model, it is used to optimize the various parameters such as thickness, the defect density of absorber
layer, doping concentrations(N, and N,) of Electron Transport Material (ETM) and Hole Transport Material (HTM).
Findings: The thickness of CH,NH,Pbl, varied from 0.1um to 0.6um and the best results are observed at 0.3um. The total
defect density of the absorber varied from 103 cm™ to 10'® cm? and the minimum defect density of absorber layer is
predicted as 10**cm™. The N or N, of the HTM and ETM varied from 10*to 10" cm~and the PCE is maximum when N
and N, both kept at 10"°cm™. By tuning the thickness of absorber layer and doping concentrations, the predicted results
are as follows; maximum power conversion efficiency(PCE)31.77%, short circuit current density (J_) 25.60 mA/cm? open
circuit voltage(V_ ) 1.52V, fill factor(FF) 81.58%. Improvements: With this proposed simulated model, the efficiency of the
perovskite solar cell reaches to the 31%, which is an improvement of 4-5%, to the previous models, with the optimization
of few material parameters. Hence this simulation work will provide the handy information in fabricating perovskite solar
cells to reasonably choose material parameters and to achieve the high efficiency.
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1. Introduction

CH,NH,Pbl.becomes a good light harvester due to its
remarkable features such as ideal band gap, broad absorp-
tion spectrum, good cartrier transport mechanism, ease
of fabrication on the flexible substrate and tunable band
gap and long diffusion length’-¢. Aforementioned features
of lead halide perovskite material are encouraging to use
in the fabrication of perovskite solar cell and becoming
a good competitive material to the traditional silicon
material=%. At the beginning, the maximum PCE of
theseCH,NH,PbI, based perovskite solar cell is 3.8%"". In

*Author for correspondence

due course, by the novel methods of fabrication and the
suitable selection of the architecture the PCE of perovskite
solar cell has reached 22.1%"%. Methylammonium lead
halide perovskite materials are abundant on the earth and
those are solution processable leading to the cost-effec-
tive fabrication technique. A Clear understanding of the
underlying relation between the material features and the
device architecture is needed to improve the performance
of the device.

The architecture of the simulated model contains
Poly(3,4-ethylene dioxythiophene):Poly(styrene sulfo-
nate)(PEDOT:PSS),which is a common hole transport
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material in the perovskite-based solar cell. It is having a
potential to use as an electrode on flexible substrates®.
Some of the solvents like DMF, GBL, DMSO, which are
being used in the preparation of perovskite solar cell, are
modifying the properties of hole transport layer and it is
essential to choose the suitable solvents which do not affect
the conductivity of hole transport material, generally the
conductivity of PEDOT:PSS changes from 10°S cm™ to
10> S cm'!' =15, Appropriate doping of the PEDOT:PSS
increases the number of holes and charge mobility.[6,
6]-Phenyl-C_ -butyric acidmethyl ester(PCBM) is widely
used ETL in organic solar cells. PCBM material is P-type
or N-type or intrinsic and in this architecture, PCBM
is N-type having the majority number of electrons and
medium holes*.

From the literature, the related simulation work pro-
vided the basic knowledge to develop this model”. In
this architecture, we studied and analyzed the effect of
absorber layer properties(thickness, defect densities) and
the influence of doping of HTM and ETM on the perfor-
mance of the device.

2. Numerical Modelling and
Device Simulation

A typical CH,NH,PbI, based solar cell structure consists
of an absorber layer and at the top p-type(PEDOT: PSS)
and n-type (PCBM) is arranged at the bottom side. The
cell is illuminated schematically as shown in Figure 1.

Ag

PEDOT:PSS

CH3NH:PbI;

Sn0O;:F

R
;

Figure 1.Schematicrepresentation devicearchitecture(Glass/
FTO/PCBM/CH,NH,PbL,/PEDOT:PSS/Ag).
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SCAPS is a window application program, developed
at the University of Gent with lab windows/CVT of the
national instrument. The program organized in a num-
ber of panels in which the user can set the parameters
or in which the results are calculated?. SCAPS analyses
the physics of the model and it explains the recombina-
tion profiles, electric field distribution, carrier transport
mechanism and individual current densities.

The continuity equations of electrons and holes are:

din

¢ R 1)
@y _
ax 0 F (2)

where, /= = Electron Current Density
J# =Hole Current Density.
€+ = Recombination Rate.

A = Generation Rate.
The Poisson equation is:

40 _ e oo _
o Toe (p(x)—n(x)+N, N,+p, p, (3 )

g, (E)=G,expl-(E-E,,) /2,
2, (E)=Gexp[-(E-E,)" /2 ]

a

where, ®(x)= Electrostatic potential

¢ = Electric Charge

€0 =Vacuum Permittivity

€+ —Relative Permittivity

¥ and ™ are hole and electron concentration
N5 = Charged impurities of donor

N4 = Charged impurities of acceptor

Pz and Fn are holes and electron distribution

The Drift and Diffusion Equations are:

an
Jow =0, — 4y, n—
ax ax
dn d@
Jr“..? = D“.;‘ ] +."-'!"._,'~ B =
Tdx g ax

J =Electron current density

Dy = electron diffusion coefficient

Hn =electron mobility

Js = Hole current density

#g = Hole mobility

SCAPSsolves the Basic semiconductor equations in
1-Dimension under steady state condition. Figure 2
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explains the simulation process using SCAPS.

Launch SCAPS

v

Click Set Problem

v

Give inout parameters

v

Set Working Condition

v

Specify the Actions to be measured

v

Run the program

Figure 2. SCAPS working procedure.

Note that all simulation parameters for each layer in
the architecture are carefully selected from those reported
experimental data and other literature?*=?’. Table 1 sum-
marizes all the primary parameters used in the simulation.

3.0utput of Simulation studies

3.1 Influence of Absorber Layer Thickness
on Solar Cell Characteristics
To absorb the maximum number of photons and to gen-

erate electron-hole pair, absorber layer should set for
optimum thickness. The thickness of absorber layer has

been varied from 0.1um to 0.6um. When the absorber
layer thickness increases, the longer wavelength of illumi-
nation will produce a good amount of electron-hole pair
generation. By reducing the absorber layer thickness, the
depletion layer becomes very close to the back contact
and more electrons will be captured by the back contact
for recombination. By these fewer electrons will partici-
pate in the generation process, and finally, leads to the
reduced fill factor and efficiency.

Figure 3 represents the variation of PV parameters
with the thickness of absorber layer. The graph represents
that the efficiency increases as we go from the thinner
absorber to the thicker absorbers, due to the increased
exciton generation. But there is a quick drop in the fill fac-
tor. The reason behind that is fill factor is strongly affected
by the electric field and the electric field in the absorber
decreases with increasing the forward bias. It will lead to
reduced collection of carriers, which was assisted by the
electric field. The higher fill factor needs quality absorber.
By observing the Voc/thickness graph, we can say that
there is a decrease in V__ by increasing the thickness.
Increased recombination in the thicker absorber layer
leads to the reduced V_. From ]_/thickness graph; short
circuit current increases, by increasing the thickness. This
is because the increase of spectral response at the lon-
ger wavelengths by increasing the thickness. When the
thickness is varied from 0.1pm to 0.6um, the efficiency
increases upto 0.3pm, later it is decreased. Hence the
optimized thickness of the absorber layer is 0.3um. At
this thickness the maximum power conversion efficiency
is 31.07% and ]_=25.59mA/cm? V_=1.51V, FF=80.04%.

Table 1. The parameters set for CH,NH,PbI, based solar cell at 300K and at A.M. 1.5G

Parameters PEDOT:PSS | CH,NH,PbI, | PCBM SnO:F
Thickness(pum) 0.080 0.4 0.5 0.5

Band gap(eV) 2.2 1.55 2.100 3.5
Electron affinity(eV) 2.9 3.75 39 4.0
Dielectric permittivity(relative) 3.000 6.500 3.900 9.0

CB effective density of states(1/cm®) | 2.200E+15 2.200E+15 2.200E+19 2.200E+17
VB effective density of states(1/cm?®) | 1.800E+18 2.200E+17 2.200E+19 2.200E+16
Electron thermal velocity(cm/S) 1.00E+7 1.00E+7 1.00E+7 1.00E+7
Hole thermal velocity(cm/S) 1.00E+7 1.00E+7 1.00E+7 1.00E+7
Electron mobility (cm?/V.S.) 0.01 2.0 0.001 2.000E+1
Hole mobility (cm?/V.S.) 0.0002 2.0 0.002 1.000E+1
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Figure 3. Variation of PV parameters by varying the thickness.

3.2 Effect of Defect Density (N,)(cm™)
of Absorber Layer on Photovoltaic(PV)
Characteristics

Figure 4 represents the variation of PV parameters with
the defect densities(cm™). Generation and recombination
process occurs inside the absorber layer, so understand-
ing the defect densities effect on the performance of the
device is very important to reach maximum efficiency.
Reduction in the quality of doping levels and the process
of doping in the absorber layer is the main reason to form
the defects and the device performance will be affected.
The Gaussian distribution is a perfect method to under-
stand the defect densities of absorber layer because a lot
of defect energy levels are present in the perovskite layer®
and the corresponding Gaussian distribution equations of
acceptor and donor states are as follows:

B ¢ | Vol 10 (11) | March 2017 | wwwindjst.org

I
2
0
()

— L

R

—
1T =

e Pras
2o,
where, 81D (E) = G;Md exp[
Gmd and BMa are effective defect densities

“d and “a are the standard energy deviations of the
Gaussian and acceptor levels.

Epxp and Epka are donor peak energy position mea-
sured positive from Ec and the acceptor peak energy
position measured positive from Ev.

As can be clearly observed from the plots low-quality
perovskite layer, with a huge number of defect densities
and increased rate of recombination leads to the reduction
in the diffusion length of charge carriers ultimately a life-
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Figure 4. Variation of PV parameters by varying the defect density.

time of carriers will be decreased. Above all features has
a significant influence on the performance of the device.
We calculated the PV parameters by changing the defect
densities from 10 cm to 10" cm”. When the defect
density is reached to 10'® cm?, the efficiency reaches to
17.66% but the less effect on V ie 1.36V.In this model,
the minimum number of defects in the absorber layer is
predicted as 10 cm™.

3.3 Influence of Doping of the ETM and
HTM on the PV Parameters

Doping of a photoactive material in the solar cell archi-
tecture decides the electrical behavior of the layers which
will affect the performance of the device. Proper doping
of layers HTM and ETM enhances the interface electric
field and improves the performance of the device. Doping
of HTM and ETM can be done in two ways, one is doping
with the minority carriers, which will largely reduce the

Vol 10 (11) | March 2017 | www.indjst.org

fill factor, efficiency and the shape of J-V curve becomes
S-shape. Another one is with the majority carriers, which
leads to the improvement in fill factor and efficiency. With
the moderate doping levels, an improved carrier transport
and suitable energy position can be obtained. By the dop-
ing optimization and with the self-doping process deep
defects can be avoided. To understand the doping effect
of HTM and ETM on the device performance, the dop-
ing levels are varied from 10 cm™ to 10" cm™ and the
graph. Figure 5 represents the changes in the PV param-
eters with the doping concentrations of HTM and ETM.
Increased doping of layers HTM and ETM enhances the
interface electric field between the HTM and ETM, this
increased electric potential used to separate the excitons
with less recombination rate and the performance of the
device is increased. Alternatively, moderate doping is
needed heavy doping leads to increased recombination
and the perovskite semi-conductive nature changes to
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metallic which obstructs the carrier transport mecha-
nism®. Figure 5 represents the variation of PV parameters
with the doping concentration(cm™) of HTM and ETM.
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Figure 5. Variation of PV parameters by varying the doping
density of ETM and HTM.

From the graph figure 5 donor concentration versus
PV parameters, it was observed that Voc, FFE, efficiency
have been increasing, with an increase in donor density
up to 10" cm?. The reason behind that is by an increase
of donor concentration the conductivity increases. Short
circuit current density slowly decreases and it maintains
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a constant value. After the certain limit of donor concen-
tration (10°cm), the PV parameters remains unchanged
due to Moss-Burstein effect®®. All the PV parameters are
showing the best results when N  and N, both are keeping
at 10" cm™. At this doping concentration, the maximum
power conversion efficiency is 31.77% and FF=81.58%,
J.=25.60mA/cm? V_=1.51V is obtained.

4. Current-Voltage Curve

Final J-V curve can be obtained by keeping all the opti-
mized parameters in the designed model. The final model
contains thickness of absorber layer as 0.3um and the
defect density is 10'* cm™ and the doping levels of HTM
and ETM are set as 10" cm™. Figure 6 represents the final
characteristic J-V curve of the simulated model with the
all former optimized parameters.
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Figure 6. Simulated J-V curve.

5. Conclusion

The perovskite solar cell having the architecture Glass/
FTO/PCBM/CH,NH,PbL,/PEDOT:PSS/Ag is designed
and analyzed using Solar cell capacitance simulator.
Absorber layer thickness and defect density influence on
the performance of the solar cell are investigated and the
doping concentration of HTM and ETM effect on the PV,
characteristics are observed. Moderate thickness and the
absorber with the low defect are showing the better per-
formance. The doping concentration of HTM, ETM are
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showing the significant improvement on the PV parame-
ters. After optimizing all the parameters and selecting the
thickness of the absorber as 0.3 pm and the defect density
as 10" cm?, the doping concentrations of ETM and HTM
are 10" cm™. We got the power conversion efficiency is
31.77% and a good ]_value (25.60mA/cm?’) is attained
and the corresponding FE V_is 81.58%, 1.52V.
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