X4

Advances in Materials Physics and Chemistry, 2023, 13, 151-160

X/

"‘: g‘é?ggmﬁ https://www.scirp.org/journaI/ampc
94% Publishing ISSN Online: 2162-5328

@,

ISSN Print: 2162-531X

Influence of Defect Density, Band Gap
Discontinuity and Electron Mobility on the
Performance of PerovsKkite Solar Cells

Issiaka Sankara, Soumaila Ouédraogo, Daouda Oubda, Boureima Traoré,
Marcel Bawindsom Kébré, Adama Zongo, Frangois Zougmoré

Département de Physique, Laboratoire de Matériaux et Environnement (LA.M. E)-UFR/SEA, Université Joseph Ki-ZERBO,

Ouagadougou, Burkina Faso
Email: sankaraissakal@gmail.com

How to cite this paper: Sankara, I,
Ouédraogo, S., Oubda, D., Traoré, B,
Kébré, M.B., Zongo, A. and Zougmoré, F.
(2023) Influence of Defect Density, Band
Gap Discontinuity and Electron Mobility
on the Performance of Perovskite Solar
Cells. Advances in Materials Physics and
Chemistry, 13, 151-160.
https://doi.org/10.4236/ampc.2023.138011

Received: July 16, 2023
Accepted: August 28, 2023
Published: August 31, 2023

Copyright © 2023 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

(OMOMMY e pcces:

Abstract

In this manuscript, we used the SCAPS-1D software to perform numerical
simulations on a perovskite solar cell. These simulations were used to study
the influence of certain parameters on the electrical behavior of the cell. We
have shown in this study that electron mobility is strongly influenced by the
thickness of the absorber, since electron velocity is reduced by thickness. The
influence of the defect density shows that above 10" cm™ all the electrical
parameters are affected by the defects. The band discontinuity at the interface
generally plays a crucial role in the charge transport phenomenon. The im-
portance of this study is to enable the development of good quality perovskite
solar cells, while taking into account the parameters that limit solar cell per-

formance.
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1. Introduction

3D perovskite, with the general formula CH,NH,PbX, (X =L, Br or Cl), was the
Star of the Year 2012 thanks to its remarkable entry into the field of photovol-
taics. In just a few years, this material has experienced a meteoric rise and has
positioned itself in the global efficiency race, with the latest efficiency certified
by the NREL (National Renewable Energy Laboratory) at 22% [1]. This record is
due to its good charge carrier transport and mobility properties [2], [3] and has a

high absorption coefficient in the right range of wavelengths (corresponding to
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the solar spectrum). Its chemical exhibility is a major advantage, enabling mole-
cular engineering of its various components [4]. Recently, these halogenated pe-
rovskites have also shown great promise as active materials in light-emitting de-
vices such as light-emitting diodes and lasers. However, despite the rapid progress
of perovskite-based devices, and in particular the performance of solar cells, the
fundamental properties of the material remain relatively unknown and undo-
cumented. Understanding the mechanisms driving this unprecedented success,
and correlating the optical and excitonic properties with the morphology and
atomic structure of the material are needed to optimize devices. In this manu-
script we will discuss how the variation of certain parameters could affect the
performance of the device. These include the influence of electron mobility vari-
ation, the combined influence of thickness variation and doping, the influence of
conduction band discontinuity as a function of interface recombination rate and,
finally, the influence of hole density in the absorber on electrical parameters in

general.

2. Materials and Methods

2.1. Structure of a Perovskite Solar Cell

A perovskite solar cell takes the form of a set of thin layers (of the order of a
hundred nanometers or microns) deposited on a substrate, usually Figure 1. Its
operating principle is based on the absorption of light by the perovskite material,
which generates free charges (an electron-hole pair) that are photogenerated and
extracted using selective contacts. The perovskite material is located in the mid-
dle of the photovoltaic cell. Visible sunlight reaching the perovskite layer allows
electrons in the valence band to reach the conduction band, generating holes.
The electron-hole pair (exciton) rapidly separates the free charges, given that the
binding energy of perovskite excitons is low (a few tens of meV at room temper-
ature) [5]. Charges are generated using an electron transport layer (ETL) and a
hole transport layer (HTL) on either side of the perovskite. These charges are
then diffused to be collected at the contact electrodes of the photovoltaic cell
(transparent collection electrode and counter-electrode).

Perovskite
LN

F10

Figure 1. Structure of a perovskite photovoltaic cell and SEM image showing the architecture of
a planar heterojunction solar cell based on perovskite materials [4].
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2.2. Characterization of the Device

We used one-dimensional SCAPS version.3.2 as the simulation tool. The confi-
guration of the perovskite solar cell structure is as follows: TCO/buffer/inter-
face/perovskite/ HTM.

The table below highlights the input parameters for each layer of the TCO,
buffer, absorber and HTM are based on TiO,, CH;NH,PbI,-xClx, and (Spiro
OMeTAD), respectively. N, and N, represent the acceptor and donor densities,
¢, is the relative permeability, y is the electron affinity, E, is the band gap energy,
4, and 4, are the electron and hole mobilities, and A, is the defect density. The
thicknesses of the TCO, buffer, absorber and HTM were taken from the litera-
ture reporting an efficiency of 15.4% [6]. The conductivity types of the TCO,
buffer, absorber and HTM are n*, n, i (or n"), p*, respectively, indicating that
perovskite solar cells are n-i-p junction typically used in amorphous and micro-
crystalline silicon-based solar cells. In this study, we assumed N, = 2.5 x 10"
cm™ in order to obtain electron and hole carrier diffusion lengths (Z, and L) at
1 pum, which is a similar value to the experiment [7]. Here, L, and Z, are identical
because all the parameters for the carriers are set identically, which is consistent
with the ambipolar characteristics of the carriers [8]. The other input parameters
not listed in the table were set in the same way: the effective density of conduc-
tion band and valence band states were set at 2.2 x 10"® and 1.8 x 10" cm™, re-
spectively. The thermal velocity of the electron and hole was 10”7 cm/s. The
energy level of the defect was the center of the band gap and Gaussian distri-
buted with a characteristic energy of 0.1 eV. The defect type was neutral. The

electron and hole capture cross-section was 2 X 107* cm?,

TCO Buffer Absorber
Parameters . IDL1 . IDL2 HTM
(SnO,F)  (TiO,) (perovskite)
Layer (nm) 500 50 10 330 10 350
N, (cm™) - - - - - 2.10% [7]
Np(ecm™)  2.10” 1016 10% 10% 10" .
& 9.0 9.0 6.5 6.5 [6] 6.5 3.0 [9]
X (eV) 4.00 3-90 3-90 3.90 [10] 3.90 245
e . . .
(variable) (variable) (variable) [11]
E,(Ev) 3.50 3.20 1.5> 1.55 [12] 1.5> 3.00 [11]
v . . . .
g (variable) (variable)
N, (em™) 10" 10" 10" 2.5.10"* 10" 10"

SCAPS is used to replicate and study generally thin-film solar cells available at
research level, with different buffer layers [13]. From the solution provided by
SCAPS, results such as current characteristics in the dark and under illumina-
tion can be obtained as a function of temperature. In addition, important infor-
mation such as electric field distribution, free and trapped carrier concentra-

tions, recombination profiles and individual carrier current densities as a func-
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tion of position can be extracted from the SCAPS program. The simulation of
the electrical parameters of the cell with SCAPS is based on the numerical solu-
tion of three fundamental charge transport equations in semiconductors, which
are: Poisson’s Equation (1), and the continuity equations for electrons Equation
(2) and holes Equation (3)

dzl//(X) e

T:goz?r[p(x)—n(x)+ND—NA+pp—pn] (1)
45 o) _0m o
dX‘]n(X) e ot eE_Gn(x) Rn(x) 2
d op(x) ap, _ ~
&Jp(x)+e " +e - =G, (x)-R,(x) (3)

where ¢, and ¢, are the vacuum and relative dielectric constants respectively, n
and p are the free carrier concentrations of electrons and holes respectively, NV,
and N, are the concentrations of the donor and acceptor, respectively. With p,
and p, the charge density of electrons and holes, /, and /, are the current density
of electrons and holes, R, and R, are the electron and hole recombination rates

respectively, G, and G, are the electron and hole generation rates respectively

3. Results and Discussion

3.1. Electron Mobility as a Function of Absorber Thickness

“An ideal solar cell must be capable of generating highly mobile electrical
charges very quickly, so that they don’t immediately recombine,” explains
Jean-Pierre Wolf. These charge carriers also need to live for a long time so that
they can be extracted by the electrodes. Figure 2 shows the influence of electron
mobility as a function of absorber thickness. The simulation shows that electrical
parameters such as open-circuit voltage V., fill factor FF and efficiency all fall
with increasing thickness, while current density Jc rises. The thickness of the
absorber influences electron mobility. For perovskite solar cells, electron mobil-
ity and diffusion length are crucial parameters. As the thickness of the absorber
increases, the velocity of the electrons decreases and the parameters fall, because
in perovskite solar cells the excitons have a low binding energy, which leads to

faster recombination if the electrons are not sufficiently velocity.

3.2. The Influence of Thickness and Doping on Electrical
Parameters

Semiconductor doping can be intentional, as in the case of organic photovoltaic
solar cells. As demonstrated by Kirchartz et al. [14], doping is generally detri-
mental to the performance of organic solar cells because the electric field may be
masked and charges cannot be transported to the electrodes. Doping generally
refers to the creation of free charge carriers activated at room temperature, leav-
ing static ions of opposite polarity. Figure 3 shows the variation in electrical pa-

rameters as a function of thickness and doping. This figure shows that all the
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Figure 2. Influence of variation in electron mobility on electrical parameters.
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Figure 3. Variation in electrical parameters as a function of thickness and doping.
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1.15

electrical parameters show better values for a thickness of between 0.2 um and
0.4 pm for a doping of 10' cm™. Above 0.4 um, all the parameters follow the
same trend, Ze. decrease. As mentioned above by Kirchartz et al, this drop could
be due to the fact that charge carriers are not efficiently transported to the elec-

trodes because the electric field that causes charge separation could be masked.

3.3. Conduction Band Offset and Interface Recombination Rate

The most widely used model for studying conduction band offset in a hetero-
junction solar cell is Anderson’s or the electron affinity rule. According to this
model, gap deformation between two materials implies the presence of band
mismatches in the heterostructures [15]. Discontinuities at the interface gener-
ally play a crucial role in the charge transport phenomenon. Minority carriers
are confronted with this barrier at the interface, favoring their accumulation and
possibly causing recombination. Surface recombinations are calculated using the
Shockley-Read-Hall model. The quality of the interface is expressed by the sur-
face recombination rate S. The conduction band offset was calculated by fixing
the electronic affinity of the buffer layer, according to the Minemoto model [16].
The equation below shows how this was calculated.

AEC (Tioz/perOVSkite) = ZTiOZ - Zperovskite (4)

Figure 4 shows that when conduction band offset (AE)) is between [-0.5 - 0 eV]

30

1.05 \\\/
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Figure 4. Influence of conduction band offset on electrical parameters as a function of interface recombina-

tion rate.
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and [0 - 0.5 eV], the fill factor (FF) and efficiency (7) initially increase for the
first interval and then both fall for the second interval. There is also a sharp drop
in current density (Jsc) from a certain value of AE, (AE, = 0.4 eV). These varia-
tions can be explained by the fact that these discontinuities constitute barriers to
the movement of the photogenerated electrons and this necessarily leads to the
observed drop in current density (Js¢).

Surface recombination is characterized by the variation in the surface recom-
bination rate S. For AE, < 0, the figure shows that V., depends on the quality of
the interface, but is independent of the absorber bandgap and the discontinuity
[16] [17]. This result shows that interface defects are the limiting factors for V,
in CIGS devices with a cliff at the interface. For AE. > 0.2 eV, all the electrical
parameters are independent of the quality of the interface. Recombination re-
lated to peak height become more predominant compared to surface recombina-

tion center [18].

3.4. The Influence of the Density of Holes in the Absorber

Impurities in the absorber can increase the density of acceptors in it. The cases
most often mentioned are the doping of the absorber with materials such as
manganese or nickel in the case of barium titanate (BaTiO,) in order to increase
conductivity. The most obvious case is that of doping the absorber with diffusing
sodium from the soda glass substrate. Sodium doping of the absorber leads to an
increase in the open-circuit voltage (V) [15]. In addition, doping must be con-
trolled to optimize the device’s performance. These dopants could affect the mo-
bility of the electrons in the conductive layer and therefore the lifetime of the
charge carriers. For this reason, it is worth using an oxide such as Al,O, to act as
a barrier between the conductive layer and the substrate. Figure 5 shows the in-
fluence of hole density on V, Jsc, FF and efficiency (), for different absorber
thicknesses. All curves show the same trend for doping between 10 cm™ and
10" cm™ for different thicknesses. For the precise value of 10'® cm™, the open-
circuit voltage (Vo) in Figure 5(a) shows a peak, while the form factor (FF) in
Figure 5(c) shows a cliff. Finally, above this value, the open-circuit voltage, cur-
rent density and efficiency fall sharply, but the form factor increases. The beha-
vior of the open-circuit voltage is explained by its dependence on the width of
the space charge zone (ZCEW) and the density of holes in the absorber. An in-
crease in hole density leads to a reduction in the width of the space charge zone
and consequently to a variation in Vo, particularly saturation at high values of
p. For w> 330 nm, the thickness of the absorber should be of the same order of
magnitude as the width of the space charge zone [19]. In this case, the effect of
absorber doping on the open-circuit voltage remains insignificant. The current
density follows the same trend for different absorber thicknesses. It decreases
considerably from p = 10'* cm™. However, the decrease in Jy is more abrupt for
w > 330 nm. For this thickness range, the increase in doping leads to a consi-

derable reduction in the width of the space charge zone, and consequently the

DOI: 10.4236/ampc.2023.138011

157 Advances in Materials Physics and Chemistry


https://doi.org/10.4236/ampc.2023.138011

I. Sankara et al.

1.04

1.02 §

Voc(V)

1.00

Jsc(mA/cm2)

0.98
10'2

1013 1014 1015 1016 1017

P(cm’)
15}
S
[T B
e (@]
~— 17
E 0
50 : : ‘ ‘ 5 ‘ ‘ ‘ ‘
10" 10" 10" 10" 10" 10" 10" 10" 10" 10" 10" 10"
Pcm’) P(cm®)

Figure 5. Influence of hole density on: (a) V¢, (b) Jse (c) FF and 5 (d) as a function of absorber thickness.

collection of carriers by the junction. The form factor is also affected by the in-

crease in hole density.

4. Conclusion

In this manuscript, we have studied electron mobility, the combined influence of
thickness variation and doping, the influence of the conduction band disconti-
nuity as a function of the interface recombination rate and, finally, the influence
of the hole density in the absorber on the electrical parameters in general. This
study shows that for good open-circuit voltage collection, the interface at the
junctions between the buffer layer and the absorber must be of good quality. Al-
so, electron mobility should be faster to avoid recombination of photogenerated
carriers and finally, to obtain better electrical parameters, the doping should be

of the order of 10" cm™ for a thickness of between 0.2 um and 0.4 pm.
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