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Abstract

Renewable energy technologies are in plain evolution due to the international de-
mand of electric power and the pollutant fossil energy depletion. Since a while,
Researches in the field of solar energies are in exponential evolution, and the
use of new generation photovoltaics is attracting researchers attention. One of
the most new generation solar cell promising technologies is the introduction
of perovskite materials. These latter have some important characteristics suit-
able for solar energy harvesting namely adapted band gap to solar radiation
absorption, abundant materials in the nature, low cost processing and excel-
lent absorption factor. In this thesis, solar cells based on perovskite materials
have been proposed and investigated in order to enhance the power conversion
efficiency of the devices. These materials include methyl ammonium lead tri-
iodide (MAPbI3), methyl ammonium tin tri-iodide (MASnI3) and methyl ammo-
nium germanium tri-iodide (MAGel3). Different structures of solar cells based
on MAPbI3 and MASnI; are numerically modeled using the ATLAS-Silvaco and
SCAPS softwares to improve their performances. Therefore, an optimization pro-
cess is applied to these structures to find the better power conversion efficiency
of solar cells. In addition, Ge-perovskite solar cell designs are studied and in-
vestigated to improve the performance of these devices. Moreover, diverse kinds
of electron transporting layers (ETLs) and hole transporting layers (HTLs) are
inserting in Ge-perovskite solar cell in order to enhance the power conversion
efficiency of perovskite devices. Found results shows that the n-i-p structure of
TiO, \ MASnI; \ spiro-OMeTAD with layer thickness of 100 nm, 500 nm, and
200 nm respectively gives a Power conversion efficiency of 9.56%. It is to under-
line the new proposed and optimized structure based on non-toxic p-i-n structure
CuSBS; \ CH3NH3Gels \ Cgp with layer thickness of 50 nm, 950 nm, and 50 nm
respectively gives a high power conversion efficiency of 23.58%. Thus, the ob-
tained results potentialy provide a guidance for design and fabrication of future
Ge-perovskite solar cells for enhanced power conversion efficiency.

Keywords : Perovskite, Photovoltaic solar cell, Silvaco Atlas, SCAPS, I-V char-

acteristics, power conversion efficiency.
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Résumé

Les technologies des énergies renouvelables sont en évolution accrue en raison
de l'augmentation de la demande internationale en puissance électrique et de
I"épuisement des énergies fossiles polluantes. Depuis un certain temps, les recher-
ches dans le domaine des énergies solaires connaissent une évolution exponen-
tielle et I'utilisation des systéemes photovoltaiques de nouvelle génération attire
'attention des chercheurs. L'introduction des matériaux a base de pérovskite est
I"une des technologies les plus prometteuses en matiere de cellules solaires. Cette
derniére classe de matériaux présente certaines caractéristiques importantes adap-
tées a la récolte d’énergie solaire, a savoir une bande interdite adaptée a I’absorpti-
on du rayonnement solaire, des matériaux abondants dans la nature, un traite-
ment a faible cotlit et un excellent facteur d’absorption. Dans cette these, nous
avons proposé et étudié des matériaux pérovskites pour améliorer le rendement
en puissance des dispositifs photovoltaique. Ces matériaux englobent le méthy-
lammonium plomb tri-iodure (MAPbI3), le méthylammonium étaint tri-iodure
(MASnNI3) et le méthylammonium germanium tri-iodure (MAGel3). En utilisant
les matériaux MAPbI3 et MASnI3, nous avons analysé numériquement des cel-
lules solaires de structures différentes a 1’aide des logiciels Silvaco Atlas et SCAPS
afin d’améliorer leurs performances. Ainsi, un processus d’optimisation a été ap-
pliqué sur ces structures dans le but d’en atteindre la valeur optimale de rende-
ment en puissance des cellules solaires. En outre, des cellules solaires & base de
Ge ont été étudiés et optimisés afin d’améliorer les performances de ces disposi-
tifs. En plus, différents types de couches de transport d’électrons (ETL) et celles
de trous (HTL) ont été insérés dans les cellules solaire basées sur le perovskite a
Ge afin d’augmenter les performances des dispositifs a pérovskites. Les résultats
obtenues montrent que la structure n-i-p TiO; \ MASnI; \ spiro-OMeTAD avec
les épaisseurs de couches de 100 nm, 500 nm, et 200 nm respectivement donne
un rendement en psuissance de 9.56%. Il est a souligner que la nouvelle structure
non-toxique p-i-n CuSBS; \ CH3NH3Gels \ Cg avec les épaisseurs de couches
de 50 nm, 950 nm, et 50 nm respectivement donne un rendement énergétique
de 23.58%. Par conséquent, les résultats obtenues fournissent un guide potentiel
pour la conception et la réalisation de future cellules solaires a base de pérovskite

a germanium avec un rendement élevé.

Mots clés : Perovskite, cellules photovoltaiques, Silvaco Atlas, SCAPS, Charac-

téristique I-V, rendement de convertion en puissance.
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INTRODUCTION

Nowadays, with the rapid increase of global energy consumption and the ex-
haustion of polluted fossil fuel reserves, a sustainable and clean energy become
of primary interest for the humanity and the environment. In the present era,
there are many renewable energy sources, including but not limited to: wind
power, wave energy and solar energy. One of the most promising renewable
source of power is the photovoltaic energy which was discovered firstly in 1839
by the French physicist Becquerel. Later, in 1883, Fritts fabricated the first suc-
cessful semiconductor/metal junction with a power conversion efficiency (PCE)
of approximately 1% using selenium. After 70 years, a group of researcher from
the US Bell Labs (Parson et al.) fabricated a solar cell that reached a PCE of 4.5%
using crystalline silicon [1]. One of the most innovative photovoltaic technolo-
gies is the perovskite based solar cell. This new technology have achieved high
PCE values within a decade [2]. Perovskite materials are appropriate for light
harvesting due to their high absorbance, long electron/hole life time, low pro-

cessing costs and material abundance in the nature.

In the last few years, there has been a surge of interest in the use of perovskite
materials in photovoltaic solar cell research has developed exponentially [3],
prompting researchers to invest in research to improve the performance of per-
ovskite based photovoltaic cells as well as trying to understand the various inter-
nal mechanisms that control several characteristics, including hysteresis [4-5],
power conversion efficiency [9-14] and stability [15-18]. In this context, power
conversion efficiency of perovskite based solar cells was stepped from 3.8% in
2009 [19] up to 22.1% in 2016 [20] and then to 25.2 % in 2019 [21,22]. This latter
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can be affected by many parameters such as fabrication technology and process
[23-25], electron transport material choice and parameters [26,27], hole transport
material choice and parameters [28-30], thickness of different layers [31,32] and
optical and electrical parameter tuning [33].

Recently, many authors have reported simulations for perovskite based solar cell
using free device softwares such as SCAPS [34,35], wxAMPS [36] and GPVDM
[37] which are based on one physical model : the drift diffusion transport model.
To reach a closer simulated model that describes experimental results, SILVACO
ATLAS device software [38] presents a large multitude of physical models in-
cluding drift diffusion transport model. It has different material models (for or-
ganic and inorganic) for recombination and mobility to help users doing the best
choice for each material making them closer to experimental behavior. Further-
more, it is based on resolving of different equations mainly Poisson’s equation

and carrier continuity equations for electrons and holes.

The key idea of this thesis is to study and optimize different perovskite solar cell
designs in order to enhance their electrical and optical parameters. Therefore,
Pb, Sn and Ge-based perovskite solar cell structures are investigated and opti-
mized by incorporating of different electron transporting layer (ETL) and hole
transporting layer (HTL) to improve the electrical performances for future high

stability and high efficiency perovskite solar cells.



LAYOUT OF THE THESIS

This thesis is organized as follows :

Chapter 1, in which principal required knowledge on semiconductor physics are
presented. Then, an overview of solar cell fundamentals is exhibited to help be-
ginners have the necessary terminology used in the field of photovoltaics. The
second chapter highlights necessary skills needed to explore perovskite material
characteristics and working principals. Also, it presents different perovskite so-
lar cell structures and diverse hole and electron transporting materials used in
perovskite solar cells.

Detailed description of both software simulation programs : Silvaco Atlas and
Solar Cell Capacitance Simulator (SCAPS) used in this work are given in chapter
three.

Simulation and optimization of different PVK solar cell structures using both per-
ovskite materials MAPbI; and MASnI; are reported in chapter four. In chapter
five, numerical modeling of MAGel; based solar cells are proposed and studied.
In addition, both ETL and HTL effect on performances of perovskite solar cells are
dedicated in this chapter. In conclusion, some suggestions for future perovskite
solar cells are included.



CHAPTER 1

SOLAR CELL FUNDAMENTALS

1.1 Introduction

Solar cell is the basic component in a photovoltaic system that converts light en-
ergy into electrical energy. For the fabrication of solar cells, a semiconductor ma-
terial is used in most cases. The power transformation mechanism from light to
electricity consists of absorbing photon energy to generate pairs of electron-hole
in a semiconductor and thus splitting the charge carrier. The PN junction is gen-
erally the main charge carrier splitting device. Accordingly, the analysis of solar
cell-based PN junction will offer us clues to optimize these devices with respect
to many parameters, namely but not restricted to : power conversion efficiency,
processing expenses, production process energy consumption, production equip-

ment, etc.

The main parameters of the semiconductor that can determine a solar cell’s struc-

ture and efficiency are:

1. Doping concentration of atoms that has two different types: atoms of donors
that donate free electrons or atoms of acceptors that accept electrons. The atom
concentrations of donor and acceptor are denoted respectively by Np and N4 and

determine the width of a junction’s space-charge region.

2. Mobility p and charge carriers ” diffusion coefficient D are used to define carri-

ers " motion relative to drift and diffusion processes, respectively.
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3. The overabundance carriers ” lifetime 7 and diffusion length L depict the pro-

cedures of recombination-generation.

4. The band gap energy Eg, and the a absorption coefficient portray a semicon-

ductor’s capacity to absorb optical radiation.

This chapter highlights the fundamental characteristics of semiconductors, some
features of standard PN junction, and the fundamentals of solar cells to recognize
not only ordinary solar cells, but also the latest solar cell type.

1.2 Principal properties of semiconductors

1.2.1 Energy bands and carriers concentration

For floating electron clouds, the atoms of a given material have orbits, each orbit
is characterized by a discrete level of energy. Due to nuclear interaction, which
produces a continuous energy band, once in crystal material condition, the en-
ergy levels separated into detached but tightly spaced levels. The lower energy
level in the upper energy band is called the conduction band and denoted Ec,
the upper energy level in the lower energy band is called the valence band and
denoted Ev and the energy gap Ec - Ev is called the band gap Eg which is an

important parameter in solar cell [39] (see Figure 1.1).

F 3
conduction band

= E
on c
=
[t }]
o
c E
O q
&
@ E
E ¥

valence band

—

Figure 1.1 — Energy bands representation of intrinsic semiconductors.

In 0°K, all the conduction band’s energy levels are full of electrons, and the va-
lence band’s energy levels are empty. Some bonds begin to break at room tem-
perature due to the absorbed thermal energy, resulting in mobile electrons and

holes being created (see Figure 1.2).
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Figure 1.2 — Bonding samples.

In Figure 1.2a, the unbroken bonds are shown in a crystalline state of a speci-
fied sample material, and in Figure 1.2b, the impact of bond break that produces
free electron leaving a hole in the bond is shown. The bond’s left hole allows a
neighborhood electron to jump into this vacant place and restore the bond. This
mechanism will be repeated sequentially producing in opposite directions dis-
placement a of couple of electron hole [39].

An intrinsic material is categorized by a number of free thermally generated elec-
tron/hole pairs that are much larger than the number of electron-hole pairs gen-
erated by internal impurities. The concentration of electrons in intrinsic materi-
als is equal to that of holes. For instance, there are about 1.5 x 10'%cm =3 broken
bonds in intrinsic silicon (Si) at 300°K. This amount gives the concentration of
the hole p and the concentration of the electron 7 in the intrinsic material with
n=p=15x10"%m3 at 300°K. In that case, this density is called concentration
of the intrinsic carrier denoted #;.

The electron concentration in the conduction band can be written as:

Ectop
n= /E ¢e(E) x f(E) x dE (1.1)

chottom
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Where E potton is the bottom energy of the conduction band, E.tp denotes the
top energy of the conduction band, g.(E) is the density of states and f(E) is the
probability that an electron state is occupied.

Assuming that ¢.(E) and f(E) (called also the Fermi-Dirac distribution function)

are given by equations 1.2 and 1.3 respectively, n is obtained from 1.4 :

ge(E) = <@> (E — Ec)

Nl—=

s (1.2)
1 E—Ep
FE) = —— ~ =) (1.3)
14ewr

3
2 _ —
n=2 <2m:—2”kT) exp (—ECkTEF> = Ncexp (—EckTEF) (1.4)

Where Er denotes the Fermi level, k is the Boltzmann constant, T presents the
absolute temperature, m, is the effective mass of the electrons, & is the Planck’s
constant, and Nc is the effective density of states of electrons in the conduction
band.

Similarly, equations 1.5, 1.6 and 1.3 can be used to calculate the concentration of
holes p in the valence band which is expressed by equation 1.7 :

—/E”"p (E) x (1 — f(E)) x dE (1.5)
p N Evbottom gv f .
go(E) = (@) (E — Eo)} (1.6)
27 kT 2 Ev—E Ev—E
p=2 (%) exp ( va F) = Nvexp ( UkT F> (1.7)

Where Eyp is the top energy of the valence band, Epot,, denotes the bottom
energy of the valence band, g, (E) is the density of states, 111, presents the effective
mass of the holes, and Nv denotes the effective density of states of holes in the
valence band.

If the product of p x n is taken we will get the following equation:

pn = n? = NcNvexp (E45)

= NcNvexp (—f_%) (1.8)
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It is clear from 1.8 that n; is independent of the Fermi level position. In the case

of intrinsic material we haven = p = n; as:

n; = Ncexp ( FEE 19)
= Novexp EUk}EF .
From equation 1.9 it is easy to deduce Er :
Er — EctEv 4 kT, (No
2 + 2 N (ch)j (110)

:Ec—g—l—ﬂln(

An extrinsic material is characterized by a number of free thermal generated pairs
electron-hole much lower than the number of pairs electron-hole generated from
inner impurities. In the case of Si doped by V group atoms such as phospho-
rus (P), four electrons form covalent bonds with its four neighboring Si atoms.
The fifth electron stays free, and consequently, it becomes a conduction electron
with negative charge. In this circumstances, the Si material is called n-type semi-
conductor, and P material is called Donor. The electron (majority carriers) con-
centration is given by n = Np, where Np is the donor concentration. The hole

(minority) concentration is obtained from the expression 1.8 as:

_ (1.11)
p= Np .
and hence, the Fermi level can be expressed by:
Ec— Ep = kTIn ¢ (1.12)
Np

for n-type materials.

Similarly, in the case of Si doped by III group atoms such as boron (B), three
electrons form covalent bonds with its three neighboring Si atoms. The fourth
hole stays free, and consequently, it becomes a conduction hole with positive
charge. In this circumstances, the Si material is called p-type semiconductor, and
B material is called Acceptor. The hole (majority carriers) concentration is given
by p = Ny, where Ny is the acceptor concentration. The electron (minority)

concentration is obtained from the expression 1.8 as:

n=-—L (1.13)
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and hence, the Fermi level can be expressed by:
Er —Ev =kTIn — (1.14)

for p-type materials.

The concentration of impurities can be controlled to obtain p-type or n-type ma-
terial. Figure 1.3 illustrates an example of the range of doping levels in c-Si [39].

Low doping Moderate doping Heavy doping

‘ID.'IE ‘IDM ‘I.DIE 1013 ‘]DE{I
Dopant concentration (cm=)

Figure 1.3 — The range of doping levels used in c-Si

1.2.2 Transport properties

Charge transport in semiconductor materials is based on two principal mecha-

nisms namely : drift and diffusion models.

The drift transport principal is based on application of an electric field E on an
area of a semiconductor material, which accelerates the electrons in the direction
opposite of the electric field and the holes in the direction of the electric field. This
movement can be described by average drift velocities v, and v, for electrons and
holes, respectively, which can be expressed by 1.15 and 1.16 in the case of low

electric fields [40].

= —1I<EF
o= (1.15)
= —;,[nE
— It
% = iy E (1.16)

Where j1, is the electron mobility, y, is the hole mobility, . is the mean free time
and g is the electric charge.
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Considering the case of a p-type semiconductor material with a cross-sectional
area of A and hole concentration of p as presented in Figure 1.4. Application of
an electric field E yields the hole current density ], expressed by:

I

Jp = =~ = pavp = pappE (117)
Where Iy is the hole current. Similarly, the electron current density J, can be
expressed by:
I
Jn = Zﬂ = —nquy, = nqu,E (1.18)

Where I, is the electron current.

\

\
\

Area: A

Figure 1.4 — Semiconductor example to consider hole/electron current density

The drift current density J;;f; is hence obtained by the following expression :

Jarift = Jn + Jp = (nqun + papp) E = 0E (1.19)

Where ¢ denotes the conductivity.

The diffusion transport principal is based on the movement of charge carriers
from the high concentration region to the lower concentration one. The currents
obtained is denoted the diffusion currents, which are proportional to the gradient
in particle concentration. For electrons and holes, they are given as:

Jndiff = qDnVn (1.20)

Jpdiff = —qDpVp (1.21)

10
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Where J,5i¢7 and Jpgifs are the diffusion current density of electrons and holes,
respectively. However, D, and D, are the diffusion coefficients of electron and
hole, respectively. Combining 1.20 and 1.21 leads to the expression of total dif-
fusion current density Jgiffusion :

]diffusion = Q(Dnvn - DPVP) (1.22)

The parameters D, and D), are related to p, and p, respectively by the Einstein

relationship as:

D
Do _ Dy KT (1.23)
Hn  Hp q
Combining 1.19 and 1.22 leads to the total current density | expressed as:
] = ]drift+]diffusion (1.24)

= q (ppp +npn) E+q (D Vn —D,Vp)

1.3 Basic semiconductor equations

Years of conducted research into device physics have resulted in mathematical
model that can be operated on any semiconductor device. This model is the fol-

lowing five equations that link together the electrostatic potential and the carrier

densities.
div (eVy) = —p (1.25)
on 1., —
op 1. —
%
Jn = —qunnVEg, (1.28)
%
Where

1 denotes the electrostatic potential

€ is the local permittivity,

p is the local space charge density,

Gn and G, are the generation rates for electrons and holes, respectively.

Ry, and R, are the recombination rates for electrons and holes, respectively

11
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Efp, and Efp are the quasi-Fermi levels.

The expression 1.25 is the Poisson’s equation, the expressions 1.26 and 1.27 are
called the carrier continuity equations and the expressions 1.28 and 1.29 are the
transport equations [35].

1.4 Optical Absorption and Recombination

The photon energy is hv, where v is the light frequency. Photon energy and wave-
length A are linked by the expression given by:
c he 12398

Aum) = =2 ==~ ) (1.30)

Where c is the speed of light in vacuum.

To enable electrons from the valence band to move up to the conduction band
and hence create a pair electron-hole, it have to be excited by a photon energy
bigger than the band gap energy Eg. The energy excess hv — Eg is dissipated as
heat (see Figure 1.5).

A

hv g

Figure 1.5 — Process of optical absorption

12
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If the photon energy is less than the band gap energy, it is transmitted throw
the semiconductor layer and we get a transparent material. Generated charge
carriers are available within a short time called lifetime T and can move for a

maximal distance called diffusion length L.

Assuming that a semiconductor surface is exposed to a light with photon flux of
Fonormally in units of photons per unit area per unit time, the number of photons
absorbed within a depth of x and x 4 Ax is given by:

F(x+ Ax) — F(x) = —aF(x)Ax (1.31)

Where « is the absorption coefficient. Taking initial condition F(0) = (1 — R)Fy,
it gives:
F(x) = (1 - R)Fye™ (1.32)

Where R is the reflectivity of the surface to normally incident light. The absorp-
tion coefficient « is expressed by 1.33 for direct gap semiconductor, and 1.34 for

indirect gap semiconductor.

« = A*(hv — Eg)? (1.33)

A" (v — Eg+Ep)’ AT (- Eg Ey)’
= cEn /KT _ 1 1 — ¢~ Ep/kT

(1.34)

Where A* and A** are material dependent constants, and E, is the phonon energy

associated at the absorption [40].

After light exposure on semiconductor is stopped, the excess electrons will re-
combine with holes, until the equilibrium state is reached again. The recom-
bination rate is one of the most responsible processes that determine solar cell
performances. It reduces the current gathered in the solar cell. However, the
optical generation rate is in general higher than the recombination rate, so the
recombination have a negligible effect on solar cell current. It is to notice that the
recombination rate is responsible of the saturation current density determination;
the more recombination, the higher the saturation current density (which effects
the solar cell voltage and hence power conversion efficiency of the solar cell ).

Processes responsible for generation recombination in a semiconductor material
are known to fall into six main categories namely : phonon transitions, photon
transitions, Auger transitions, surface recombination, impact ionization and tun-

neling [35].

13
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Within the forbidden gap of the semiconductor, phonon transitions appear in the
presence of a trap (or defect). This is fundamentally a two-step technique whose
theory was obtained first from Shockley and Read [41] and then from Hall [42].

Photon transition is the next physical mechanisms to be regarded for genera-
tion/recombination. This mechanism mainly happens in one stage and is there-
fore a process for direct generation/recombination. It involves two partial proce-
dures. An electron loses energy in the order of the band gap for radiative recom-
bination and moves from the conduction band to the valence band. An electron

shifts from the valence band to the conduction band for optical generation.

Auger recombination happens through a transition of three particles by capturing
or emitting a mobile carrier. The basic physics for such procedures is uncertain

and usually a more qualitative knowledge [43] is adequate.

In addition to generation/recombination, electrons or holes can be recombined or
generated at interfaces within the bulk of the semiconductor. The recombination
rate of the surface may be even higher than in the bulk [44].

The impact ionization model assumed that the electrical field will be high enough
in any space charge region with a sufficiently high reverse bias to accelerate free
carriers to a point where they will have sufficient energy to generate more free
carriers when they collide with the crystal atoms. Two basic requirements must
be met in order to obtain adequate energy. First of all, the electrical field must
be high enough. Then, the distance between the free carrier’s collisions must be
sufficient to allow acceleration to a sufficiently elevated velocity. In other terms,
the carrier must achieve the Eibetween collisions of ionization energy. If the rate
of generation of these free carriers is big enough, this method will eventually

result in a breakdown of the avalanche.

The tunneling principal is based on the knowledge that when there is a suffi-
ciently elevated electrical field within a local band bending device, it can be ade-
quate to allow electrons to tunnel from the valence band into the conduction band
through internal field emission. Therefore, in the conduction band, an extra elec-
tron is produced and so a hole in the valence band. This generation mechanism
is applied into the right side of the continuity equations [45-47].

1.5 PN junction

The commonly used realization in solar cell technology is the well-known PN
junction consisting of adjacent p-doped and n-doped areas as shown in Figure
1.6.

14
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Figure 1.6 — Typical PN junction.

The levels of doping in the darkness are Np and N4. The electron (hole) density
in the n (p) area in the thermal equilibrium is 1 = Np (p = Nj). The Fermi levels
are close to the conduction band for the n-doped semiconductor and close to the
valence band for the p-doped semiconductor, according to equations 1.4 and 1.7.
Once the two areas are linked together, we have a steady electrochemical poten-
tial in equilibrium and therefore an alignment of Er. Electrons and holes concen-
tration gradients between p-and n-region cause electrons to diffuse to p-doped
and holes to the n-doped crystal where they recombine. Because the entire semi-
conductor is neutral, immobile ionized doping atoms stay. They create a region
of space-charge p that produces a field according to the equation of Poisson. This
tield opposes the current of diffusion and holds it in equilibrium, which is repre-
sented by a constant Er. The potential difference is labeled the built-in potential
V), and reflects the distance between the Fermi levels of the neutral n-doped and
p-doped areas, which can be specified by the concentrations of the equilibrium
charge carrier 1) (electron concentration in the n-doped region in thermal equilib-
rium) and pg (hole concentration in the p-doped region in thermal equilibrium)
according to equations 1.4 and 1.7 by the expression given as:

15
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kT . N4Np
= —In

2
q n;

Vi (1.35)
Electron-hole pairs are produced under illumination when photon energy ex-
ceeds the band gap. The amount of pairs of electron-hole is proportional to the
intensity of light. The drift of electrons to the n-side and that of holes to the p-side
occurs in the depletion area due to the electrical field generated by the ionized
impurity particles. When an external wire is short-circuited as shown in Figure
1.7, this charge separation outcomes in the current stream from n-to p-side. The
electron — hole pairs produced from the edge of the depletion area within a dis-
tance of diffusion length contribute to the photocurrent due to the diffusion of

surplus carriers up to the area of space charge.
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Figure 1.7 — Schematic illustration of carrier flow under illuminated p—n junction
in the case of short-circuited.

When the illuminated PN junction is open-circuited, the voltage is produced as a
result of the separation of the charge carrier. Figures 1.8a and 1.8b show the en-
ergy band diagrams of the PN junction in the short-circuited and open-circuited

current, respectively.

b) The open-circuited current
(a) The short-circuited current (b) P

Figure 1.8 — Energy band diagrams of illuminated p—n junction.
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When the p-and n-side are short-circuited, if the series resistance is zero, the cur-
rent is called the short-circuit current Isc and is equal to the photogenerated cur-
rent I;. When the p-and n-side are isolated, electrons migrate in the direction
of n-side and holes in the direction of p-side, creating the potential generation.
Developed voltage is called the Voc open-circuit voltage. Figure 1.12 shows the

current-voltage features of the p—n junction under illumination and darkness.

1.6 Equivalent circuit

Figure 1.9 presents the equivalent circuit of an illuminated PN junction solar cell
which is similar to an ideal diode. The equation 1.36 describes the PN junction
relation between [ and V.

G0 ¥t |

Figure 1.9 — Ideal solar cell equivalent circuit under illumination.

T=1o [exp (%{) — 1] — Jph (1.36)

Where Voc is the open circuit voltage, Jsc is the short circuit density of current, ],
represents the photo-generated density of current and Jj is the saturation current
density.

The dark diode current density is presented by the first term in equation 1.36.
However, the second term presented the photo-generated current density [43].

In practice, | is influenced by a series resistance R, and a shunt resistance Ry, of
the solar cell which make the equivalent circuit similar to the Figure 1.10.

1 I - O+

d0 v k)

O =

Figure 1.10 — Real solar cell equivalent circuit under illumination.
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The equation 1.37 presents the relation between | and V in case of real solar cell:

V — AJR; V — AJR;s
= {exp <%) — 1} + Th] — Jpn (1.37)

Where A is the area of the solar cell.

The effect of both Rs and R, on J-V characteristics is presented in Figure 1.11.

T T T
T - C;h 200 |.| ==—Rsh=0.001 Ohm
— R =
2001 m s R5h = 0005 Ohm
e Rs = 2.5 Ohm
s RSh = 0.01 Ohm
100 Ro =5 Onm 100 s Rsh = 0,03 OPM
|| === Rs = 7.5 Ohm Rsh-1;;40h
e Rs = 10 Ohm - m
0 0
Rsh= 1e4 Ohm Rs = 0 Ohm

Rp

Current Density [A.‘mz]
g

Current Density [Atmz]
g

Voc

0.1 0.2 0.3 04 05 0.6 0.7 0.8 ) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Voltage [V] Voltage [V]

(a) Series resistance effect (b) Shunt resistance effect

Figure 1.11 — Effect of series and shunt resistance on J-V characteristics.

1.7 Electrical parameters of a solar cell

A PN junction solar cell has four principal parameters namely : Voc, Jsc, FF and
1 (PCE) (see Figure 1.12). To derive analytical expressions of the output param-
eters, the simple p—n structure with the homogeneously doped abrupt junction,
as shown in Figure 1.7, is considered for the case of the low-injection level. It
consists of a p-type emitter layer on the n-type base layer.

v

Voe Pm

Vm

Figure 1.12 — Electrical parameters of a p—n junction.
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1.7.1 Short circuit current

When the electrodes of a solar cell are short circuited, the current that flows
through the external circuit is called the short circuit current Isc. It depends on
the photon flux density incident on the solar cell, that is determined by the spec-
trum of the incident light. For the standard solar cell measurements, the spectrum
is standardized to the AM1.5 spectrum. In order to remove Isc dependence on
area of a solar cell, the short-circuit current density Jsc is often used to describe

the maximum current delivered by a solar cell.

1.7.2 Open circuit voltage

In the case of no charge between solar cell electrodes, the Voc is the voltage in
which no current flows through the external circuit. The Voc is the maximum

voltage that a solar cell can deliver. For a real PN junction solar cell, open-circuit

Voc = nIfTT In (% + 1) (1.38)

voltage is provided by:

It is obvious that the saturation current density should be low and that the current
density of the short circuit should be big in order to obtain a big open-circuit

voltage.

1.7.3 Fill Factor

The fill factor is the ratio between the maximum power P, = [, X Vj;; generated
by a solar cell and the product of Voc and Jsc (equation 1.39).

Figure 1.12 presents the fill factor FF of the solar cell when it is operated under a
conditions that give the maximum output power, the voltage V;, and the current
I, at the optimum operating point. The following expression defines the for-

mula of the FF : Vo
FF — mim
Voclsc

(1.39)

1.74 Power Conversion Efficiency

The solar cell’s Power Conversion Efficiency (PCE) # is defined as the ratio of the
maximum electrical output power generated to the total incident light power P;,
as expressed by:

_ Vulyw _ VoclscFF

- 1.40
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The photovoltaic parameters are assessed under conventional test circumstances:
the air mass AM1.5 spectrum with an incident power density of 1000W /m?and
a temperature of 25°C. To enhance efficiency, all three photovoltaic parameters
Voc, Isc and FF need to be maximized.

1.8 Conclusion

Actually, most used solar cells in the industry are based on semiconductor mate-
rials that exhibit special behavior suitable for light energy conversion to electrical
form. A typical solar cell can be modeled as a PN junction where light energy is
absorbed by the active layer and generate a pairs of free electron-hole that moves
under the drift and diffusion mechanism to generate electrical current. In this
chapter, various basic theoretical knowledge in the physics of semiconductors
which is the origin of solar cell technology was presented. Therefore, the PN
junction which is the principal element that describes the solar cell behavior is
discussed in order to highlight its principal properties under different conditions.
Then, Mechanism of drift and diffusion is discussed in order to understand the
way of electron-hole pairs current generation. Also, equivalent electrical circuit
of a solar cell based on a PN junction was presented in both ideal and real models
to clarify diverse electrical parameters.
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CHAPTER 2

PEROVSKITE MATERIALS AND
THEIR IMPLEMENTATION IN
SOLAR CELLS

2.1 Introduction

Solar cell technologies are composed into four generations regarding to their de-
velopment stages as presented in Figure 2.1 [49].

Photovoltaics

I 1
I I m Hybrid
Compound P | J—
Sesicondactor [ AN olymer tes
Muli-
s i

Sing]
Crr (CdTe,
[Gm CIGS)

) 1:Generation . 2nd Generation . 3 Generation ® 4" Genera tion
@ morganic @ organic @ Hybrid

Figure 2.1 — Classification of photovoltaic technologies [49].

21



CHAPTER 2. PEROVSKITE MATERIALS AND THEIR IMPLEMENTATION IN
SOLAR CELLS

The perovskite based solar cells (PSC) belongs to the fourth generation technol-
ogy which is characterized by high power efficiency and low processing costs.
In the present chapter we will discuss a brief history of PSC evolution in the last
decade, then an overview of perovskite structure, different kinds and characteris-
tics of perovskites. Principal perovskite materials will be discussed. The last part

of this chapter is focused on operation of PSC.

2.2 History

In 1839, the Russian mineralogist Gustav Rose have discovered the mineral cal-
cium titanate (CaTiOs3) in calc-silicate contact metamorphic rocks (Figure 2.2) in
the Ural Mountains of Russia [50] and he called it "Perovskite" in honor of Rus-
sian mineralogist, Count Lev Alexevich von Perovski. The first application of the
perovskite materials (PVK) in photovoltaics was acheived by the Tokyo-based
group of Tsutomu Miyasaka [51] where they recorded a power conversion effi-
ciency of 2.2% in 2006 and later 3.8% in 2009 [19]. The power conversion effi-
ciency of PSC increased then up to 6.5% in 2011 [9], up to 20.1% in 2015 [52],
up to 22.1% in 2016 [20] and then up to 25.2 % in 2019 [21,22]. The Figure 2.3
represents the development of PCE of different photovoltaic devices [21].

Figure 2.2 — Perovskite mineral [50].

From the NREL 2019 chart (Figure 2.3), it is to notice that perovskite technology

has a PCE of an exponential rise in a decade, which proof its importance.
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CHAPTER 2. PEROVSKITE MATERIALS AND THEIR IMPLEMENTATION IN
SOLAR CELLS

2.3 Perovskite crystalline structure

The general crystalline molecular structure of perovskite materials ABX3, where
A and B are cations and X an anion, is presented in Figure 2.4. Whereas, it is
shown that a typical unit cell structure of a fundamental perovskite molecule is
constituted by the A cation situated in vertex of the face-centred cubic lattice,
the B cation and the X anion who occupy the core and apex of the octahedra,

respectively [53].

Figure 2.4 — Molecular structure of ABX3 perovskite [53].

The A cation belongs to group organic or inorganic material of (methyl ammo-
nium CH3NHJ, ethyl ammonium CH3;CH,NHS, formamidinium HC(NH,);,
Cs™, Rb* ), the B metal cation can be from (Ge?**, Sn?>*, Pb?*) and the X anion
can be one of material group (Oz_, F~,Cl7,Br—, I, and Sz_) [49,54]. Combi-
nation of different A, B, and X elements yields hundreds of perovskite materials

[1_]'

2.4 Types of perovskite

According to A cation perovskites can be divided into two classes : inorganic per-
ovskites and hybrid (organic/inorganic) perovskites. However, perovskite mate-
rials can be considered as halide and non-halide class according to the X anion
[56]. Halide perovskites have a halogen material in the X anion, and have the ad-
vantage of high power conversion efficiency, whereas, non-halide perovskites are
less toxic and more stable [56]. However, Hybrid perovskites can be classified re-
garding to environmental point of view as : toxic and non-toxic (environmentally

friendly).

It is to notice that B and X may be simple or mixed materials (such as B = Sn;_Pby
or X = I3_4Bry) [53].
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In this thesis, our work is focused on hybrid halide perovskites where the cation A
is the methyl ammonium CH3;NHY, the B cation group is (Ge*", Sn?*, Pb?")) and
the anion X is a halogen from the group (C1~, Br™, I7), because of its suitability
to photovoltaic applications [49]. In the rest of this thesis studied perovskite is
denoted MABX3 (MA for methyl ammonium).

The most common PVK materials used in photovoltaics are Methyl ammonium
lead tri-iodide (MAPDbI3), Methyl ammonium lead tri-bromide (MAPbBr3), mi-
xed Methyl ammonium lead iodide-chloride (MAPbI;_,Cly) and mixed Methyl
ammonium lead iodide-bromide (MAPbI;_«Bry) [59,60].

2.5 Characteristics of Perovskites

Perovskites have the advantage of good optical and electrical characteristics more
adapted to photovoltaics comparing with conventional silicon. Principal Per-
ovskite characteristics are, but not limited to

* Good optical properties and a high absorption coefficient [61];
¢ Ability to absorb solar energy efficiently [62];
¢ Large dielectric constant providing charge carrier easy movement [63];

® pair electron/hole can be transmitted in the same time because of the good
diffusion length that reaches even more than 1um [64-67];

¢ low recombination losses [59];
¢ Jow material costs [59];
* possibility of anion/cation substitution for bandgap tuning [59];

* needs advanced control of the morphology of the film and properties of the

material [59];
e the use of toxic substance like lead [59];
e cell instability [59];
* high proneness to moisture [59].

* material degradation and hysteresis [65]
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2.6 Overview on some Perovskites

In the next sections will be studied the advantages and disadvantages of most

suitable MABX3 perovskites for solar cell technology.

MAPbDI;

The methyl ammonium lead halide is the toxic element of hybrid perovskites cat-
egory because of the lead substitution in cation B situation. However, it presents
the better light absorption coefficient making it the best candidate for perovskite
solar cell applications. In the visible light range, its effective absorption coeffi-
cient is around 1.0 x 10~2(mol.L~1)~tem ™" at a thickness of 550nm which enable
it to absorb the full light in film. MAPbI3 diffusion lengths are L, = 130nm and
L, = 100nm for electrons and holes respectively [69,70]. It has a good electrical
transport properties and favorable bandgap (arround 1.55 eV) which is close to

the optimum value for a single junction solar cell [71].

MAPDbBr;

The Br substitution in halide anion position yields a high band gap energy of 2.3
eV, less optical absorption in the infrared region and higher Voc (1.16 V [72], 1.3
V [73]) compared to MAPbIz [71]. Quality of deposited bromide films is good
according to [74] XRD measurements which reported no remnants of CH3NH;3Br
and PbBr; in the synthesized MAPbBr; which is indicating that all of the PbBr;
is converted into MAPbBr3 and the CH3NHj3 has been completely used up [75].

MAPDLCl;

This chloride based n-type perovskite has a large band gap that reaches 3.09 eV
[76] and is the most stable comparing with MAPbI; and MAPbBr; [77]. The
MAPDCI3 is more suitable for light-emitting devices [78].

MAPbI;_,Cl,

The X anion in this perovskite is a mixed material. Its absorption coefficient is
similar to the MAPbI;. Whereas, the MAPbI;_,Cly diffusion length is higher
with L, = 1100nm and L, = 1200nm [69,70]. Properties of this perovskite can
be tuned with I and Cl fractions. This leads to changes in the energy band gap

(Figure 2.5) as well as the optical absorption band width. However, it has a
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high electron-hole diffusion length ranging from 100nm to 1uym [71]. In [79],
Snaith and and co-workers denoted that MAPbI3_,Cly exhibited better stability
and carrier transport compared to its pure iodide equivalent. Figure 2.5 presents
energy band gap of MAPbI;_,Cly in function of Cl composition.
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Figure 2.5 — Variation of Eg in function of Cl composition in MAPbIz_,Cly [72].

The energy levels and absorbance of some halide perovskites is reported in Figure
2.6.
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Figure 2.6 — Energy level and absorption spectra for some halide perovskite [30].

MASnI;

The MASnIj3 is a good candidate for lead free perovskite. The relativistic GW
(Green’s function and Wick’s theorem of density functional theory) calculations
on the electronic and optical properties predict MASnI3 to be a better electron
transporter than MAPbI; [49,81]. MASnI; exhibited a band gap of 1.3 eV that
permit it to cover a wide range of light spectrum [52]. The major limitation when
using MASnI; perovskites is oxidation of Sn from Sn?* to Sn** in air, which limits

device performance [52].

27



CHAPTER 2. PEROVSKITE MATERIALS AND THEIR IMPLEMENTATION IN
SOLAR CELLS

MAGeI3

Germanium based perovskite is another lead free material. MAGels was synthe-
sized with a wide band gap of 1.9 eV [83]. However, this material exhibited a
major disadvantage of instability because of the high oxidation tendency of Ge?*
and emergence of deep defect states [33-55]

2.7 perovskite based solar cells operation

perovskite based solar cells are usually fabricated by a perovskite absorbing layer
sandwiched between an electron transporting layer (ETL) and a hole transport-
ing layer (HTL) according to an n-i-p or p-i-n structure (see Figure 2.7). The
charge generation process of the perovskite absorbing layer responsible on light
harvesting is not well understood because of the complex nature of the medium
[71]. The charge transport dynamics in PSC suppose that the electron-hole pairs
are generated directly after photo-excitations in perovskite material and then dis-
sociated into free charge carriers where electrons diffuse into the ETL and the
holes into the HTL in less than 2 ps [74,79,86] under the effect of built-in electric
field generated by the difference of workfunction between the cathode and the

anode.
PSC can be classified into four structures as shown in Figure 2.7:
1. n-i-p planar heterojunction
2. p-i-ninverted planar heterojunction
3. n-i-p mesoscopic heterojunction
4. p-i-n mesoscopic heterojunction

(a) n-I-p mesoscopic {B) n-i-p planar (¢) p-i-n planar {d) p-iI-n mesoscopic

© Metalanode(Au)  Metalanode (Au) Metal Cathod (Al Metal Cathode (Al
HTM [Spira-MeQTAD]

HTM (Spiro-MeQTAD) ETM (PCEM)

40t 000 000 000

Sunlight

Figure 2.7 — Different PSC structures [37].
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In this thesis, we investigated both n-i-p and p-i-n planar heterojunction-based
PSC. This choice is made because of previous research efforts that confirmed the
superiority of planar structures in term of charge carrier mobility that reached
over 20cm2V~1s~1 than mesoporous ones [858-91].

2.7.1 n-i-p planar heterojunction-based PSC

Figure 2.8 illustrates a sample PSC structure based on n-i-p planar heterojunc-

tion, where it can be noticed that this structure have the folowing characteristics

1. the HTL used is the 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-OMeTAD),

2. the front layer is the ETL,
3. the used ETL can be : TiO,, ¢ — TiO;, Zn0O, TayOs5, Al,O3, ZrO;, SnO;,

4. the PVK material can be based on Pb*2, Sn*2, or Get2.

Metal
HTM

Perovskite

ETM
TCO

Glass

Figure 2.8 — n-i-p planar heterojunction-based PSC design.

The n-i-p planar architecture of PSC is an evolution of the mesoscopic structure,
because the absence of mesoporous metal oxide layer leads to an overall simpler
structure [75]. Without mesoporous layer, PSC can achieve high efficiency by
a judicious control of different layers that constitute the cell (PVK, ETL, HTL as
well as electrodes) [92]. Therfore, with the same materials and approach, a pla-
nar n-i-p PSC shows increased Voc and Jsc relative to a mesoscopic PSC device;
however, the planar configuration also had more severe J-V hysteresis which calls

into question the accuracy of the reported efficiencies [57].
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2.7.2 p-i-n planar heterojunction-based PSC

Figure 2.9 shows a sample structure of PSC based on n-i-p planar heterojunction,

where it can be noticed that this structure have the folowing characteristics :

1. the HTL used is the poly(3,4-ethylenedioxythiophene) poly(styrene-sulfona-
te) (PEDOT:PSS),

2. the front layer is the HTL,

3. the used ETL can be the Cg or its derivatives such as Cg¢;, [6,6]-phenyl Cg;-
butyric acid methyl ester (PC41BM), [6,6]-phenyl Cy;-butyric acid methyl
ester (PC71BM), 1',1”,4’ 4”- Tetrahydro-di[1,4] methanonaphthaleno [1,2:2,
3’,56,60:2”,3"][5,6]fullerene-Cgy (ICBA).

4. the PVK material can be based on Pb*2, Snt2, or Get2.

In p-i-n structure, HTL is deposited first followed by PVK layer then ETL. Jeng
et al. have deposited the first p-i-n PSC with PCE of 3.9% [93]. Later in 2017,
Hu et al. developed a high efficiency p-i-n PSC achieving a PCE of 18.2% [94].
Actually, p-i-n planar structure recorded the highest PCE, offers low-temperature
processing and negligible hysteresis behavior [78]. Kim et al. also observed that
J-V hysteresis problem is significantly reduced comparing by the n-i-p structure
because of use of the PEDOT:PSS or any other inorganic hole-transporting mate-

rials [95].

Metal
ETM

Perovskite

HTM
TCO

Glass

Figure 2.9 — p-i-n planar heterojunction-based PSC design.
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2.7.3 ETL materials used in PSC

In PSC, ETL belongs to two principal categories : organic and inorganic materi-
als. In regular structure (n-i-p) the most used ETL is the inorganic one, whilst in
the inverted structure (p-i-n) the most used is the organic type [75]. Anideal ETL
material is supposed to have two principal characteristics : an energy level com-
patible with that of perovskite to enhance injection of photo-generated electrons
and hence reducing energy losses; and innately high electron mobility to boost
fast electron transportation [96]. Consequently, ETL material acts as selective
layer for electron transportation to the anode.

Figure 2.10 shows energy levels for some inorganic ETL materials. Actually, the
most suitable ETL for n-i-p structure is the titanium dioxide (TiO;) because it
has excellent electron-transporting properties. Regarding to high temperature
processing of TiO; that reaches more than 500°C, it is not suitable neither for
temperature sensitive materials nor for low cost PSC [97]. For the last reasons,
researchers developed low temperature processing for TiO; fabrication based on
several ways such as sol-gel method [98], chemical path deposition method [99]

and solution-processed [100].

In comparison with TiO;, oxide of zinc (ZnO) shows higher electron mobility
(bulk mobility, 205 — 300cm?V~1s~1 ) and can be easily deposited via a low-
temperature process which requires no heating or sintering [101], which makes
it a good candidate for TiO, replacement. However, ZnO presents a chemical

instability, so it is not suitable for long term commercialization [78].

Lately, SnO, is to be another candidate for ETL material substitution because of
its wide bandgap, high transparency, high electron mobility, excellent optical and
electrical properties and low temperature processing [78].

Indium oxide (InpO3) is also a promising ETL material which have excellent op-
tical and electrical properties including a wide band gap, high electron mobility,
and good light-transmitting properties. Based on these advantages, Fang et al.
[98] employed a low-temperature solution-processed In,O3 nanocrystalline film
as an ETL in PSCs for the first time and achieved an efficiency exceeding 13%.
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Furthermore, WOx is a possible potential ETL material for its good chemical sta-
bility, wide band gap, and high electron mobility. Wang et al. [102] applied
WOX as an electron selective layer in PSCs through a simple, low-temperature
solution process which exhibited comparable light transmittance and photoelec-
tric conversion efficiency to TiO,, but with higher electric conductivity as well as
short-circuit current density; however, they obtained a lower open-circuit volt-

age.

Because of some excellent properties such as wide band gap and high thermal
and chemical stability, CeOy is also being considered as a promising material for
ETLs. Though CeOy has already been used in different solar cells for its out-
standing properties, Wang et al. reported using CeOy as an ETL material in PSCs
for the first time in 2017. They demonstrated that solution-processed CeOx (x
= 1.87) based PSCs could be prepared via a facile, simple sol-gel method at a
low temperature (150°C), as a possible alternative to high-temperature sintering-
processed TiO-based PSCs. The CeOx-based planar PSCs achieved a PCE as high
as 14.32% with good stability [103].
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Figure 2.10 — Energy level for different inorganic ETL materials.

Figure 2.11 demonstrates energy levels for some organic ETL materials.
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Organic ETL materials such as fullerenes (Cgp) and their derivatives (including
[6,6]-phenyl-C61-butyric acid methyl ester (PCg1BM), indene C60 bis-adduct (IC-
BA), and [6,6]-phenyl-C71-butyric acid methyl ester (PC7;BM)) have seen very
widespread use as ETLS in p-i-n structure PSC due to their good bandgap align-
ment, sufficient electron mobility, and amenability to a low-temperature solution-
based deposition process. PCBM has high electrical conductivity and has been
the most commonly used as ETL material of the fullerene derivatives. It has been
shown to efficiently quench the photoluminescence of MAPbI3, lending it a high
probability of efficient charge transfer [104]. Jeng et al. tested different fullerene
derivatives as ETMs in inverted planar PSCs and found that devices with PC4; BM
outperformed those prepared with Cg and ICBA [93]. The lowest unoccupied
molecular orbital (LUMO) energy level of C¢y compared to PCs;BM (4.5 eV vs.
3.9 eV) explains the Voc drop in PSC devices prepared with Cgy, whereas cells
prepared with ICBA (which has a higher LUMO energy level than PC41BM) yield
a higher Voc [93]. Wang et al. also observed similar results regarding the photo-
voltage in planar PSC devices [105]. Other than the fullerene derivatives, there
are other organic materials that have been evaluated as ETLs in inverted PSC ar-
chitectures. For example, Malinkiewicz et al. demonstrated that organoborane
compounds like 3TPYMB could be suitable as an ETL material for inverted PSCs
[104]. They found that 3TPYMB-based PSCs achieved a PCE of 5.5% which com-
pares somewhat favorably with expensive PCBM-based devices which exhibited
10% PCE [104].
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Figure 2.11 — Energy level for different organic ETL materials.
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2.7.4 HTL materials used in PSC

The HTL material is responsible of hole extraction and transportation to the cath-
ode. An ideal HTL material should have some basic characteristics, including a
well-matched highest occupied molecular orbit (HOMO) energy level relative to
the perovskite layer for efficient interfacial hole transfer, good internal hole mo-
bility, and good thermal and photochemical stability [29]. HTL materials can
be classed into three types namely : small molecules, polymeric and inorganic.
Figure 2.12 presents a summary of most HTL materials used in PSC.

-1.46

-2.1

-2.77

NiO

PANI
P3HT

Energy Level (eV)

-5.1

52 523 Sl 526 g5 52

Figure 2.12 — Energy level for HTL materials [75].

Small molecules HTL materials have the advantage of the relatively simple pro-
cessing and extensive modifiability [78].The most common small molecule used
in n-i-p structure is the famous spiro-OMeTAD which has some encouraging ad-
vantages namely : efficient hole transportation, small series resistance and small
interfacial losses, thereby aid to enhance FF and Voc [92]. However, this mate-
rial is high cost processing which is the main disadvantage, it is 10 times more
expensive than gold [106]. Furthermore, the addition of ionic additives such as
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) and 4-tert-butyl pyridine
(TBP) and co-dopants are required to improve the innate conductivity and hole
mobility of Spiro-OMeTAD [107], which further increases the fabrication cost of
Spiro-OMeTAD-containing PSCs.
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Concerning the polymeric HTL materials such as polyaniline (PANI), poly (tri-
arylamine) (PTAA), and poly(3-hexylthiophene-2,5-diyl) (P3HT) they offer higher
hole mobility than the small-molecule HTL materials and, also typically, have ex-
cellent film-forming properties due to their polymeric nature [29]. Heo et al.
reported that PTAA yielded a significantly higher PCE (12%) compared to P3HT
(6.7%) [108]. Although at the early stages P3HT-based PSCs exhibited lower effi-
ciencies due to the high rates of charge recombination compared to other HTMs
(like Spiro-OMeTAD) [109], recently, PSBHT HTM-based PSC devices have shown
competitive efficiencies with carefully controlling the thickness of P3BHT to avoid
problems associated with voltage loss and high resistance [110,111]. Xion et al.
demonstrated that PANI could act as both the sensitizer and the hole-transporting
material in PSCs and reported a PCE of 7.34% as well as excellent long-term sta-
bility [112]. A common used HTL in p-i-n PSC structure is the PEDOT:PSS which
is a water soluble polymer. Recently the PCE of PEDOT:PSS-based PSC increased
rapidly and approaching 19% [113]. However the acidity of such compound
pose a fundamental threat to the long-term stability of the PSCs.

Inorganic HTL materials are used in n-i-p PSC for their intrinsic high stability,
high internal charge mobility, and generally low cost [109]. Many different in-
organic materials have been investigated as HTMs, including Cul (PCE 14.7%)
[114], NiO (PCE 12.5%) [115], and CuSCN (PCE 17.5%) [116]. The Cul HTL-
based PSCs showed low open-current voltagewhichcan be attributedto higher
recombination losses, as was determined via impedance spectroscopy [117]. Op-
timization of the thickness of the HTL is a promising way to improve the per-
formance of PSC devices. Qin et al. optimized the thickness of a CuSCN-based
HTL and were able to achieve a PCE of 12.4% as well as a high short-circuit cur-
rent due to the enhanced charge extraction from the perovskite and efficient hole
transportation to the cathode [115]. Chen et al. found that film thickness of NiOx
HTL plays a crucial role in device performance,and with adequate oxygen flow
doping of 10%,they managed to improve the performance of hole extraction/-
electron blocking layer achieving a PCE of 11.6% [119].

2.8 Conclusion

Perovskites are a wide range of semiconductor materials that exceeds hundreds
of types and combinations with the ABX3 molecular structure. The most used
perovskites in solar cell applications are the methyl ammonium halide wher the
B metal cation is Pb, Ge or Sn. This chapter exhibited the perovskite architecture
and some principal perovskite materials used in photovoltaic technology. It is
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noticed that MAPDI;3 is the most suitable material for solar energy conversion.
However, the lead free MASnl; and MAGel; indicates a good alternative low
toxic materials for solar energy harvesting. Therfore, the operation of perovskite
solar cells has been described, where both p-i-n and n-i-p planar heterojunction-
based PSC will be investigated in this work.
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CHAPTER 3

OVERVIEW ON NUMERICAL
SIMULATORS

3.1 Introduction

The importance of modeling and simulation of the performance of PVK solar
cells cannot be overemphasized. Software simulations present a powerful tool
for performance prediction in solar cell application because of the high cost of ex-
periments. One of the most used software simulators for semiconductor behavior
is the technology computer aided design (TCAD) software program : Atlas 2018,
from the American society Silicon Valley Corporation (Silvaco) [38]. Silvaco At-
las is a powerful text oriented 2D /3D device simulator that we used to predict
the electrical characteristics of specific solar cell structure. It provides a set of
physical models for different materials, so that users can chose the appropriate
one that matches specific material behavior (electrical, optical, ...). In addition,
the Solar Cell Capacitance Simulator (SCAPS version 3.3.07) is also a free soft-
ware used for photovoltaic simulations in this thesis. SCAPS is a 1D graphical
oriented simulator developed at the department of Electronics and Information
Systems (ELIS) of the University of Gent, Belgium [120]. This software is the
result of teamwork of Alex Niemegeers, Marc Burgelman, Koen Decock, Johan

Verschraegen and Stefaan Degrave.
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In this chapter, simulation softwares are briefly described to have an overview of
modeling techniques for each one. More information about each software can be

found in more details in [38,120].

3.2 Silvaco Atlas description

Silvaco Atlas is a 2D and 3D device simulator. It helps researchers to predict
semiconductor behavior prior to experimental efforts to enable saving money and
time. It is a text oriented simulator in which one have to write a code describing

the simulated device and the necessary parameters to be studied.

Figure 3.1 presents the different inputs/outputs of Atlas, where it is distinguished
two input files one containing instructions (with .in extension) to be executed and
the other holds the structure to be simulated (with .str extension). The command
tile is generated and/or edited using DeckBuild, while the structure file can be
generated and/or edited using DevEdit or Athena. It is to be underlined that At-
las is a device simulator, Athena is used for structure definition and deposition,
DevEdit is used for mesh generation, DeckBuild is used for command edition
and TonyPlot is used for result visualization. Nonetheless, it is remarked three
output files :

1. Run time output that contains details of simulation process such as progress,

errors and warnings.
2. Log file that contains obtained final I-V values.

3. Solution file that stores more 2D and 3D data relative to the values of solu-
tion variables within the device at a given bias point.

The two last output files can be exploited by TonyPlot for result visualization

[35].

Every statement in Atlas software have th following format :
<Statement> <parameter>=<values>

where

- statement : is an Atlas keyword

- parameter : is a set of parameters needed by the Atlas statement.

- value : is the corresponding value of the "parameter".
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DevEdit

(Structure and
Mesh Editor) Runtime Output

Structure Files
ATLAS Log Files
Device Simulator

(Visualization
Tool)

L

(Process Simulator)

Command File

Solution Files

DeckBuild

(.

(Run Time Environment)

Figure 3.1 — Atlas inputs and outputs.

Parameters in the statement may have four different types of values: logical, in-

teger, real or character.
For example in the following line of code
DOPING P.TYPE CONC=2e15 REGION=3 OUTFILE=output.dop

"DOPING" is the statement, and the remaining are parameters and their corre-
sponding values.

In Atlas, statements are not case sensitive, but being executed under DeckBuild

they are case sensitive.

Atlas commands are classified into groups and have imperatively to follow the
order presented in Figure 3.2. Firstly, we have to specify the structure to be sim-
ulated, then define the material models, after that selection of numerical method
to resolve differential equations system, followed by giving the solution specifi-
cations and finally analyzing/visualizing the results.

A judicious programming technique is to use a set of constants to define common

variables, for example :

set thicketl=0.100
set thickpvk=0.700
set thickhtl=0.200
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These commands define the variables "thicketl" (ETL thickness), "thickpvk" (per-
ovskite layer tickness) and "thickhtl" (HTL thickness) to be assigned the values of

0.100 pm, 0.700 pm and 0.200 um, respectively, which can be modified easily if it
is needed.

Group Statements

MESH

P REGION
1. Structure Specification ELECTRODE

DOPING

MATERIAL

. I MODELS

2. Material Models Specification ——— CONTACT
INTERFACE

3. Numerical Method Selection —m—— METHOD

LOG
SOLVE
LOAD
SAVE

4. Solution Specification

5. Results Analysis EXTRACT
TONYPLOT

Figure 3.2 — Command order in Atlas.

3.2.1 Structure specification

The first used statement to precise structural parameters is "MESH", which makes
a grid with a set of horizontal and vertical lines to describe the device shape. It
can be defined according two forms : the standard and the automatic. The first

form (standard meshing), can be written according to the following form :

MESH SPACE.MULT=<VALUE>
XMESH LOCATION=<VALUE> SPACING=<VALUE>
Y.MESH LOCATION=<VALUE> SPACING=<VALUE>

40



CHAPTER 3. OVERVIEW ON NUMERICAL SIMULATORS

The SPACE.MULT parameter value is used as a scaling factor for the mesh created
by vertical and horizontal lines generated by X.MESH and Y.MESH statements,
respectively. Its default value is 1. If its value is greater than 1 it will create coarser
mesh for fast simulation, and if its value is less than 1 it will create finer mesh for

increased accuracy.
The LOCATION parameter value specifies the X.MESH or Y.MESH location.

The second form (automatic meshing) can be written according to the following

statement :

MESH AUTO
X.MESH LOCATION=-1.0 SPACING=0.1
X.MESH LOCATION=1.0 SPACING=0.1

Where SPACING parameter value defines the X direction spacing between ver-
tical grid lines in the LOCATION value position. Y direction meshing will be
generated later in the REGION statement. Auto meshing is usually used in de-
vices that have homogeneous X direction (that’s the case in solar cells devices).
In our work we used the auto meshing, an example of mesh of perovskite solar
cell structure is presented in Figure 3.3 according to the following deck :

MECH auto

X.MESH LOCATION=0.0 SPACING=0.01

X.MESH LOCATION=1.0 SPACING=0.01

REGION num=1 user.material=TiOx user.group=semiconductor \

bottom thickness=$thicketl ny=$thicketlx*100 donors=3e19

REGION num=2 user.material=CH3NH35nI3 user.group=semiconductor \
bottom thick=$thickpvk ny=$thickpvk*100 accep=3.2e15

REGION num=3 user.material=spiro user.group=semiconductor bottom \
thick=$thickhtl ny=5$thickhtl*100 accep=1e18

The second statement "REGION" is used to define materials assigned to each zone
of the studied solar cell (see the deck above). Therefore, every REGION statement
has the following syntax (in the case of automatic mesh) :

REGION number=<integer> <material_type> <user.group=material_group> \
<position> <thick=layer_thickness> <ny=number_of_lines> \
<charge_carrier_concentration>

Where the region number must begin from 1 and increases for each subsequent
region statement. Atlas software supports up to 15000 different regions,
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Microns

Figure 3.3 — Typical perovskite solar cell structure mesh.

"material_type" defines the name and type of material, in Atlas there is prede-
fined materials in its database, however user can define new materials with the
"user.material" parameter.

"user.group" parameter value defines the user defined material group which can
take one of three values : conductor, insulator or semiconductor.

"position" parameter can take either "BOTTOM" or "TOP" character values to in-
dicate layer position according to the previous layer.

"thickness" (can be written "thick" only) parameter value gives the layer thickness
and "ny" parameter value gives the number of horizontal lines to be generated by
the automatic meshing.

"charge_carrier_concentration" parameter defines the charge carrier concentra-
tion value of the actual layer. In Atlas there are two types of charge carriers :
ACCEPTORS (ACCEP) or DONNORS (DONNOR).

The backslash character indicates that the command continues on the next line.

The third statement is "ELECTRODE" which can be used to define at least one
electrode that contacts a semiconductor material as shown in the following line

command :

ELECTRODE NUM-=<integer> NAME=<electrode_name> <position_parameters>
MATERIAL=<material_type>
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Where NUM value is an integer that must begin by 1, NAME value specified
the electrode name (anode or cathode ...), and "position_parameters" indicates
the electrode position on the device (TOP or BOTTOM in the case of automatic
meshing) and the MATERIAL parameter value indicates the type of the material
(from Atlas database or from user defined materials). For example the following

command lines :

ELECTRODE NUM=1 NAME=cathode TOP MATERIAL=ITO
ELEC NUM=2 NAME=anode BOTTOM MATERIAL=gold

determine two electrodes an ITO cathode on top and a gold anode on the bottom.
It is to note that Atlas supports up to 50 different electrodes.

The fourth (optional) statement is "DOPING". It is used to specify analytical dop-
ing distributions or have Atlas read in profiles that come from either process sim-
ulation or experiment.

DOPING <distribution_type> <dopant_type> <position_parameters>

Where "distribution_type" defines the analytical doping distribution (Gaussian,
uniform, ...), "dopant_type" indicates whether the dopant is p-type or n-type and
"position_parameters” gives the exact zone where doping is applied. For example

DOPING gaussian p.type conc=2el7 region=5

Which indicates that we have a Gaussian p-type doping in the fifth region with a
concentration value of 2el7.

Figure 3.4 demonstrates region and electrodes specification for a typical per-
ovskite solar cell used in our simulations.

20 i Cathode
ot

Microns

Figure 3.4 — Regions and electrodes specification of typical perovskite solar cell.
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3.2.2 Material and model specifications

When structure mesh, geometry and doping profiles are defined, we can mod-
ify the parameters of contacts, materials and interfaces. Then, we choose phys-
ical models which will be used by Atlas during the device simulation. To ac-
complish these actions, CONTACT, MATERIAL, INTERFACE, MOBILITY and
MODEL statements are used and presented in the following formats :

CONTACT NAME=<contact_name>
WORKFUNCTION=<contact_workfunction>

The contact statement is defined the contact name and the workfunction value.

MATERIAL MATERIAL=material_type \
USER.DEFAULT=default_material_type \

EG300=material_band_gap AFFINITY=material affinity NC300=NC_value \
NV300=NV_value PERMITTIVITY=relative_permittivity \

TAUP=_tau_p TAUN=tau_n

Where MATERIAL parameter value indicates the material type and
USER.DEFAULT parameter value gives the basic material type parameters to be
assigned to the new user defined material "material_type". However, the EG300,
AFFINITY, NC300, NV300, PERMITTIVITY, TAUP and TAUN parameters val-
ues indicates the material band gap Eg at 300°K, the electron affinity ), the con-
duction band effective density of states Nc, the valence band effective density of
states Nv, the relative permittivity €,, hole Shockley-Read-Hall (SRH) recombi-

nation lifetime 7, and electron SRH recombination lifetime 7, respectively.
INTERFACE <set_of_parameters>

That last statement is used to define interface parameters such as charge density

and surface recombination velocity at interfaces between different layers.
MOBILITY <mobility_parameters>

The MOBILITY statement is defined different material mobility parameters ac-
cording to the material’s model.

MODEL MATERIAL=material_type <set_of_material _models>

The MATERIAL statement associate the "material_type" with a set of mobility
and recombination models such as : SRH, Langevin, Auger, Poole-Frenkel ...

The following code elucidate these statements :

44



CHAPTER 3. OVERVIEW ON NUMERICAL SIMULATORS

CONTACT NAME=cathode WORKFUNCTION=3.8
CONTACT NAME=anode WORKFUNCTION=5.1

MATERIAL MATERIAL=CH3NH35nI3 user.default=Organic \
EG300=1.3 affinity=4.17 NC300=1e18 NV300=1e18 permittivity=8.2 \
taup=1.e-6 taun=1.e-6

MATERIAL MATERIAL=spiro user.default=Organic \

EG300=3 affinity=2.45 NC300=2.2e18 NV300=1.9e19 permittivity=3 \
taup=1.e-7 taun=1.e-7

MATERIAL MATERIAL=TiOx user.default=Organic \

EG300=3.2 affinity=4 NC300=2e18 NV300=2e19 permittivity=19 \
taup=1.e-7 taun=1.e-7

INTERFACE S.N=1e8 S.P=0.1 YMIN=0.095 YMAX=0.105S.S
MOBILITY MATERIAL=CH3NH35nI3 MUNO0=1.6 MUP0=1.6 \
eOn.pfmob=1e5 e0p.pfmob=1e5

MOBILITY MATERIAL=TiOx MUN=0.20 MUP=0.10

MOBILITY MATERIAL=spiro MUN(=2e-4 MUP0=2e-4 \
eOn.pfmob=1e5 e0p.pfmob=1e5

MODEL MATERIAL=TiOx conmob srh

MODEL MATERIAL=CH3NH35nI3 pfmob langevin srh

MODEL MATERIAL=spiro pfmob langevin

From this example we have the following device structure parameters :

Two contacts : a cathode of a workfunction value of 3.8 and an anode with

a workfunction value of 5.1.

Three user defined materials with their appropriate electrical and optical

parameters.

An interface between the TiO2 layer and the CH3NH35nI3 layer (see Y. MIN
and Y.MAX values) with an electron surface recombination velocity (S.N)
value of 1 x 108 and a hole surface recombination velocity (S.P) value of
1 x 10® with application of semiconductor-semiconductor (S.S) interfacing

model.

Define the mobility parameter values for each layer according to the models

assigned later.

TiOx material associated to the concentration dependent mobility model
and the SRH recombination model.

CH3NH3S5nI3 material associated to Pool-frenkel mobility model, Langevin
recombination model and SRH recombination model.
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* spiro material associated to Pool-frenkel mobility model and Langevin re-

combination model.

Note :

MUN, MUP, MUNO, MUPO, eOn.pfmob and eOp.pfmob are the electron mobility
}in, the hole mobility ), the zero field Pool-Frenkel electron mobility 11,0, the zero
field Pool-Frenkel hole mobility p 0, the Pool-Frenkel electron characteristic field

and the Pool-Frenkel hole characteristic field, respectively.

3.2.3 Numerical method selection

Parameters in the METHOD statement are used to set the solution technique,
specify options for each technique and tolerances for convergence according to

the following syntax :
METHOD <gp> <mdp>

Atlas software have various calculation methods among them, three basic types
: decoupled (GUMMEL), fully coupled (NEWTON) and decoupled and fully de-
coupled (BLOCK).

The default used method is NEWTON. However, users can define more than one
method as presented in the following line code :

METHOD NEWTON GUMMEL BLOCK

3.2.4 Solution specification

When the device and resolution method are well defined according to the three
last sections, the Atlas software is ready to calculate different device output pa-
rameters using LOG, SOLVE, LOAD and SAVE statements.

LOG statement is used to define output file name that contains all captured sim-
ulation data (especially I-V characteristics) using the following instruction;

LOG OUTFILE=<file_name>

For example the following statement logged data to Sim1.log file :
LOG OUTFILE=Sim1.log

SOLVE statement is used to calculate specific bias points, for example the follow-
ing line code is used to obtain convergence for the equations used to calculate
bias points from 0 V to 1.2 V with a 0.02 step at the anode :

SOLVE vanode=0 vstep=0.02 vfinal=1.2 name=anode
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It is to notice that a good initial guess is recommended prior to this line of code

using the following instruction :
SOLVE init

LOAD and SAVE statements are used to load previous solutions from a file as
initial guess or store all node point information into a specific file, respectively.

Th statements can be written as following :
LOAD INFILE=<filename>
SAVE OUTFILE=<filename>

It is to notice that in case of optoelectronic device simulations, one or more light
beam have to be defined using the BEAM statement that needs Luminous 2D
software (a part of Silvaco family dedicated to optical analysis). The following
instruction precised the light source region (NUM=1), location (5.TOP means on
top and X.O gives the X position), angle (ANGLE value gives the incidence angle)
and solar spectra (AML1.5) :

BEAM NUM-=1 S.TOP X.0=0.5 ANGLE=90 AM1.5 VERBOSE TR.MATRIX

In the last statement VERBOSE and TR.MATRIX are logical parameters used to
Enables a higher level of diagnostic run-time printing and Specifies that optical
absorption and photogeneration analysis in Luminous 2D will be done using the
Matrix Method respectively.

3.2.5 Result analysis

In this section, EXTRACT and TONYPLOT statements are used to pick up rele-

vant results and to draw necessary curves and characteristics.

Series of EXTRACT statements are used to display specific results on the run-time

output, for example :

EXTRACT INIT INFILE="khalnv1.e-001.log"

EXTRACT NAME="]sc" max(curve(v."anode", i."cathode"))

EXTRACT NAME="JscmAcm?2" $Jsc*1e08*1e03

EXTRACT NAME="Voc" x.val from \

curve(v."anode", i."cathode") where y.val=0.0

EXTRACT NAME="Pm" max(curve(v."anode", (v."anode" * i."cathode")))
EXTRACT NAME="Vm" x.val from curve(v."anode", (v."anode"*i."cathode") ) \
where y.val=$"Pm"
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EXTRACT NAME="Im" $"Pm"/$"Vm"

EXTRACT NAME="FF" ($"Pm"/($"Jsc"*$"Voc"))*100
EXTRACT NAME="Opt_int" max(beam."1")
EXTRACT NAME="Eff" (1e8*$Pm/$"Opt_int")*100

The first instruction specify the filename file used for parameter extraction, and
the second one is used to extract the short circuit density of current Jsc (A/m?).
The next statement for unit changing of Jsc from A/m? t mA/cm?. The fourth
statement extracts the Voc (V) characteristics. The next three statements are used
to extract solar cell max power Pm, max voltage Vm and max density of current
Jm, respectively. After that, the fill factor is deduced from previous parameters,
then the light beam is normalized and the last statement is used to extract the

power conversion efficiency Eff.

TONYPLOT statement is used to plot I-V curves from file.log using the following

instruction;

TONYPLOT <file.log>

3.3 SCAPS description

SCAPS program is a 1D graphical oriented software based on drift and diffusion
physical model. The graphical interface of SCAPS 3.3.07 is shown in Figure 3.5

[120].
Once SCAPS software is started, simulation steps are:

1. Clic the orange "Set problem" button to define the problem, thus the geom-
etry, materials and all properties of studied device.

2. Indicate the circumstances in which one want to do the simulation, i.e. spec-
ify the working point using zone 1 in Figure 3.5.

3. Indicate what curves one needs to calculate, i.e. which measurement one
wants to simulate using the fields in zone 2 in Figure 3.5 (I-V,capacitance-
voltage characteristics C-V, frequency-voltage characteristic C-F or quan-
tum efficiency characteristics QE).

4. Set up calculation using gray buttons in zone 3 of 3.5 and then start the
appropriate calculations using red buttons. It is to notice that it is possible to
do single shot, batch, recorder or curve fitting calculations or even execute

a script.

5. Display the simulated curves using buttons in zone 4.
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Figure 3.5 — Graphical interface of SCAPS.

Problem definition

By clicking on "Set problem" button (Figure 3.5) we will obtain the graphical

interface presented in Figure 3.6.

Layers
left contact (back) ‘

add layer

right contact (front) ‘

# 1

Info on graded

Interfaces

ilable after a calculati

only

inumerical settingsi

Problem file

new problem
setup on: 9-4-2020 at 22:5:0

Remarks (edit here)

Comments (to be) included in the deffile
Can be edited by the user

illuminated from : apply voltage V to © current reference as a:
right left contact consumer

ﬁ Iesit right contact generator Invert the structure
——
~a—
S
=
-

]
new ] load ] save

A

cancel

Figure 3.6 — Problem definition interface.
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In the interface given by Figure 3.6, different layers can be determined in which

we can define seven layers in case of solar cell architeture. Therefore, we can fill

the appropriate parameters (including material defects) of each layer, and we can

define interlayer defects as given in Figure 3.7.

SCAPS 3.3.07 Layer Properties Panel

([(=TEree)

LAYER 1 PEDOT:PSS
thickness (um) vj 0.050

uniform pure A (y=0) ~
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dielectric permittivity (relative)

CB effective density of states (1/cm”™3)

VB effective density of states (1/cm”3)

electron thermal velocity (cm/s)

hole thermal velacity (emfs)

electron mobility (cm?/Vs)

hole mobility (cm3Vs)

,— AT effective mass of electrans
effective mass of holes 1

no ND grading (uniform)

shallow uniform donor density ND (1/em3) | 0.000E+0
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Auger hole capture coefficient (cm”™6/s) 0.000E+0

Recombination at defects: Summary
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charge type : neutral
total density (1/cm3): Uniform  1.000e+15
grading Nt(y): uniform
energydistribution: single; Et= 060 eV above EV
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Absorption interpolation model
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from file [I] from model
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List of absorption submodels present:
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show
save

Add a

Edit
Defect 2

Defect 1

Remove

{no metastable confiquration possible)

cancel ] | Load Material H

Save Material

I

Figure 3.7 — Different electrical and optical parameters of each layer.

For each material it is possible to add defects using "Add defect 1" button (see

Figure 3.7) to get the defect properties panel presented in Figure 3.8.

SCAPS 3.3.07 Defect Properties Panel o8] %

Defect 1 of PEDOTPSS

defecttype Neutral V
capture cross section electrons (em?) 1.000E-15

capture cross section holes (cm?) 1.000E-15

energetic distribution Single VI
reference for defect energy level Et |Above EV (SCAPS <2.7) -
energy level with respect to Reference (eV) 0.600 ]
characteristic energy (eV) 0.100 |

Nt total (1/cm3) uniform Nt

Optical capture of electrons
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Optical capture of holes
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= B

m model
m file
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cutoffer
optical hole capture cross sections file:

cancel I

Figure 3.8 — Material defect properties panel.
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Once different layers electrical, optical and defect parameters are filled, it is pos-

sible to add interlayer defects by clicking on
3.6 and 3.9)

-
SCAPS 3.3.07 Interface Panel

the appropriate button (see Figures

INTERFACE 1/2 | Name ofinterface

PEDOT.PSS | MAGel3

INTERFACE STATES |

Defect1

chargetype: neutral

concentration: N = 1.00e+15 /cm™2

energydistribution: single; Et = 0.60 eV above highest EV

this defect only, if active: Snileft) = 1.0e+03 cm/s, Sn{right) = 1.0e+03 cm/s
this defect only, if active: Sp(leff) = 1.0e+03 cm/s, Sp(right) = 1.0e+03 cm/s

Defect2

none

cancel

Defect3

none

g‘l 000E+D
g‘l 000E+D

Effective mass of electrons (rel)
Effective mass of holes (rel)

™ Allow intraband tunneling

Figure 3.9 — Interlayer defect panel.

Figure 3.10 presents the hole typical perovskite solar cell with material and in-

terlayer defects.

%] SCAPS 3307 Solar Cell Defirition Panel

T e

apply voltage V to
left contact
right contact

Invert the structure

illuminated from
Layers 1 HE I right
left contact (front)
PEDOT.PSS Ineriaces
PEDOT:PSS / MAGel. j
MAGel3
MAGel3 / PCBM(ETL)|
C60
add layer
right contact (back)
Info on graded parameters only available after a
numerical settings
Problem file
c:\Program Files (x86)\Scaps3307\defi
Paperd C60.scaps

lastsaved: 14-11-2019 at 12:12:42
Remarks (edit here)

SCAPS 3307 ELIS-UGent Version scaps3307 exe. dated 16-02-2019, 19:21:40 Probld|
lastsaved by SCAPS: 14-11-2019 at 12:12:42

Comments (to be) included in the def file
Can be edited by the user

> end of problem definition file

o

Figure 3.10 — Solar cell definition panel with a typical perovskite solar cell with

material and interlayer defects.

By clicking on OK button in Figure 3.10 we will get back to a pannel similar to

Figure 3.5, where the "Calculate: single shot"

button is then used to begin selected

simulation in zone 2 (see results panel on Figure 3.11).
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Figure 3.11 — Energy bands panel.

In Figure 3.11, it is possible to visualize the IV curves and extracte

d Voc, Jsc, FF

and PCE by clicking on "I-V button", and hence obtain the I-V panel shown in the

following Figure.
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Figure 3.12 — I-V panel.
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3.4 Solar radiation spectra

Simulations are achieved under the reference AM1.5 solar spectra presented in
Figure 3.13. This spectra is known as the ASTM G173 spectra represents terres-
trial solar spectral irradiance on a surface of specified orientation under one and
only one set of specified atmospheric conditions. These distributions of power
(watts per square meter per nanometer of bandwidth) as a function of wave-
length provide a single common reference for evaluating spectrally selective PV
materials with respect to performance measured under varying natural and artif-
ical sources of light with various spectral distributions. The conditions selected
were considered to be a reasonable average for the 48 continguous states of the
United States of America (U.S.A.) over a period of one year. The tilt angle selected
is approximately the average latitude for the contiguous U.S.A.

ASTM G173-03 Reference Spectra

2.00
—Etr W'm-2*nm-1
1.75 — Global tilt W*m-2*nm-1

—— Direct+circummsalar W*m-2"nem-1
1.50
1.25

1.00

0.75

Spectral Irradiance W m™ nm '

0.50

0.25

0.00 N -
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000
Wavelength nm

Figure 3.13 — Reference spectra AM1.5.

The receiving surface is defined in the standards as an inclined plane at 37° tilt
toward the equator, facing the sun (i.e., the surface normal points to the sun, at
an elevation of 41.81° above the horizon)

The specifed atmospheric conditions are:
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1. the 1976 U.S. Standard Atmosphere b with temperature, pressure, aerosol
density (rural aerosol loading), air density, molecular species density speci-
tied in 33 layers

2. an absolute air mass of 1.5 (solar zenith angle 48.19°s)
Angstrom turbidity (base e) at 500 nm of 0.084 ¢
total column water vapor equivalent of 1.42 cm

total column ozone equivalent of 0.34 cm

A

surface spectral albedo (reflectivity) of Light Soil as documented in the Jet
Propulaion Laboratory ASTER Spectral Reflectance Database
(http://speclib. jpl.nasa.gov.)

(See description of US standard atmosphere at

http://www.pdas.com/atmos.html.)” !

To specify AM1.5 solar spectra, define AM1.5 parameter in the appropriate BEAM
statement in Atlas. However, to specify this spectra in SCAPS, one have to choice
the spectrum file AM1_5G1sun.spe (see Figure 3.14)

ANZIYUCal Moae! 10r SPECTUM g | | SPECTum Tom e ———
Spectrum file illuminated from left [ | | illuminated from right
Select M AM1_5G 1sunspe  sun
spectrum file yes Shortwavel. (nm) :I 200.0
Spectrum cut off 7 g o afte
Long wavel. (nm) —‘ 4000.0 |

Figure 3.14 — Selecting AM1.5 spectrum in SCAPS.

3.5 Conclusion

This chapter was presented general informations on Atlas and SCAPS programs.
It is noticated that Atlas is a 3D text oriented software with a set of statements
to define device geometry, electrical and optical parameters and much more in-
formations. It contains a variety of physical models, recombination models and
mobility models. Also, the material database of Atlas is extensible. However,
SCAPS is a 1D graphical oriented software, where we can fill different fields with
appropriate material parameters, and then run the simulations to study and an-
alyze different characteristics. It contains an initial material and solar spectrum
database, and also is extensible. Both softwares will be used to study and inves-

tigate diverse perovskite based solar cells.

Ihttps://rredc.nrel.gov/solar//spectra/amil.5/#about, consulted in 08.17.2019
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CHAPTER 4

OPTIMIZATION OF DIFFERENT
PEROVSKITE SOLAR CELLS

41 Introduction

In the last few years, there has been a surge of interest in the use of perovskite
materials in photovoltaic solar cell research has developed exponentially [21],
prompting researchers to invest in research to improve the performance of per-
ovskite based photovoltaic cells as well as trying to understand the various inter-
nal mechanisms that control several characteristics, including hysteresis [4-5],

power conversion efficiency (PCE) [9-13,121] and stability [15-18].

Power conversion efficiency of perovskite based solar cells was stepped from
3.8% in 2009 [19] up to 25.2% in 2019 [21,22]. In this context, experimental
research investigations are made to increase conversion efficiency and enhance
electrical performances of solar cells. Therefore, simulations efforts are also con-
ducted to help sizing (thickness, doping density, band gap, ...) and minimizing
experiment costs of solar cells

In this chapter, numerical simulations of diverse structures of perovskite based
(MAPbI3 and MASnI3) photovoltaic solar cells have been studied in order to im-
prove the electrical performances of these devices using Atlas 2018 software [35].
The key idea of this work is to find out better layer thicknesses of solar cells to
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enhance them power conversion efficiency. For this reason, the effect of layer
thickness of different materials (electron transport layer, hole transport layer and
perovskite layer) on various electrical parameters of the studied solar cells are

presented and discussed to find out optimal configuration.

4.2 Device structure and simulation methodology

As can be seen from Figure 4.1, the n-i-p perovskite based planar heterojunc-
tion solar cell design is considered where TiO, is used as electron transport layer
(ETL), spiro-OMeTAD is used as hole transport layer (HTL) for both structures.
CH;3NH;3Pbl; and CH3NH35nlI; are used as absorber layer for the first and the
second structure, respectively. All the work on the computer simulations was
carried out using SILVACO ATLAS software to study the effect of different layer
thicknesses on solar cell electrical performances, namely, Jsc, Voc, FF and PCE.

As other software simulators (SCAPS, GPVDM and wxAMPS) use the drift-diffu-
sion model and don’t make difference between organic or inorganic materials, the
present work uses SILVACO ATLAS device software having different physical
models such as the Organic model for the provskite and the HTL layers which
are organic materials. Table 4.1 shows different material type and models for
each layer of both structures used in the simulation. Therefore, the correspond-
ing material proprieties [122—127] used for each layer are presented in Table 4.2.
It is to note that Pool-frenkel field mobility model is suitable for organic material’s
mobility [123]. This should be done in conjunction with the Langevin recombi-
nation model. Langevin recombination is needed to enable exchange between
charged carriers and singlet and triplet excitons [38,125]. However carrier con-
centration model is recommended for TiO, mobility [122,124] which is suitable

to inorganic materials.

The absorption parameters of perovskite and hole transport layers are taken from
literature [122, 128] while for TiO2 layer they are taken from SILVACO Atlas
database [38]. It is to underline that the simulated structures are under a 300 °K

temperature.
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HTL

CH;NH;PbI;

ETL

Sun Light

Figure 4.1 — First structure model

Table 4.1 — Different material type, mobility and recombination models for each

layer.
Layer Material type Mobility model Recombination model
ETL  inorganic Carrier concentration Shockley-Read-Hall (SRH)
HTL  organic Poole-Frenkel field Langevin and SRH
PVK  organic Poole-Frenkel field Langevin
Table 4.2 — Material property for each layer.
Material property spiro-OMeTAD MAPbI; MASnI; TiO;
Thickness (nm) 700 200 200 100
Eg (eV) 3 1.55 1.3 3.2
X (eV) 2.45 3.9 417 4
Nc (cm™3) 2.2 x 10 2% 10 10’ 2 x 10'8
No (cm™3) 1.9 x 10 2x 10 10 2 x 10"
Np (cm=3) - 1013 - 3 x 10"
Ny (cm™3) 108 - 32x 100 -
€r 3 100 8.2 19
ty (cm?V—1s71) 2x107* 1 1.6 0.2
y (cm?V—1s71) 2x107* 1 1.6 0.1
T, (s) 107 10 10—° 10~7
T, (s) 10~7 10~° 107° 1077
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In order to find the optimized layer thicknesses that corresponds with the max-
imum power conversion efficiency of both structures, the following steps have

been applied using parameters in Table 4.2;

* Hole transport layer and electron transport layer thicknesses are constant
and equal to 700 nm and 100 nm, respectively while the perovskite layer
thickness is variable from 100 nm to 900 nm with a step of 100 nm.

* The optimal perovskite layer thickness that gives a maximal PCE value is
tixed. The electron transport layer thickness is also fixed in 100 nm and the
hole transport layer thickness will change from 100 nm to 900 nm with a
step of 100 nm.

* The optimal hole transport layer thickness that gives a maximal PCE value
is fixed. Also perovskite layer thickness has previously been fixed and elec-
tron transport layer thickness is variable from 100 nm to 900 nm with a step
of 100 nm.

Finally, the obtained optimized layer thicknesses of different materials for both
structures that match the maximal PCE value are found and discussed in next
section.

4.3 Results and discussions

Simulations were carried out using parameters given in Tables 4.1 and 4.2. Ac-
cording to simulation methodology discussed above, Figure 4.2 shows the effect
of MAPbI3 and MASnI3 perovskite layer thickness on different electrical param-
eters of the PSC. It is shown that Jsc (Figure 4.2a) increases with increasing of
perovskite layer thickness in both cases (MAPbl; and MASnI3) to a saturation
values of 23.99mA /cm? and 19.03mA /cm?, respectively. This can be explained
by more material exposed to light and hence more absorbed energy in this layer
which generates more pair electron-hole. Therefore, the electron mobility will be
increased. It is noticed that the first structure demonstrates a better Jsc behavior.
Figure 4.2b presents the variation of Voc along the perovskite layer thickness.
This later is approximately still constant around 1.1 V and 0.8 V in both struc-
tures the first and the second, respectively. However, the FF is decreasing from
88.09 % to 63.59 % when the perovskite thickness layer is increasing in case of
the first structure and similarly variation for the case of second structure. This
is due to the internal recombination in PVK material because of the short charge
carriers life time (7, T;,) that do not allow enough time for charge carrier to get
conduction band at PVK material.
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Figure 4.2 — Effect of MAPbI3 and MASnI; perovskite layer thickness on electrical
parameters of both structures, where hole transport layer and electron transport
layer thickness are 700 nm and 100 nm, respectively

The variation of PCE for both structures as function of perovskite layer thickness
is shown in Figure 4.2c. As can be seen from the last mentioned figure, PCE
is increasing with increases of MAPbI3 perovskite layer thickness from 10.54 %
to a maximal value of 18.14 % which corresponds to thickness values of 100 nm
and 500 nm, respectively, then decreases to 16.84 % with the thickness of 900
nm. Whereas, for the MASnI; perovskite based structure, the power conversion
efficiency increased considerably from the perovskite layer thickness of 100 nm
to 500 nm which corresponds to 5.78 % and 9.56 %, respectively. This can be
explained by a considerable increasing of Jsc between 100 nm and 500 nm and
a noticeable decreasing in FF at 900 nm. It is evident that MAPbI; perovskite
based structure shows a better performance in comparison of that of MASnI;
perovskite based structure. This can be explained by the difference of band gap
and absorbance values of MAPbI3; and MASnI;3.
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Figure 4.3 illustrates the effect of hole transport layer thickness on Jsc, Voc, FF
and PCE for both structures. The values of Jsc (Figure 4.3a) for both structures
is around 21.1 mA/cm? and 18.5 mA /cm? for MAPbI; and MASnI;, respectively.
The variation of Voc as function of hole transport layer thickness is presented in
Figure 4.3b where its value is around of 1.12 V for the first structure and 0.8 V for
the second structure. Therefore, a slight effect of hole transport layer thickness on
fill factor (Figure 4.3c) and it is approximately 76 % and 64.2 % for the first and

second structure, respectively.
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Figure 4.3 — Effect of hole transport layer thickness on electrical parameters of
both structures, where perovskite and electron transport layer thicknesses are
500 nm and 100 nm, respectively.

In Figure 4.3d, the maximum power conversion efficiency is found at hole trans-
port layer thickness of 200 nm which equals to 18.16 % for the first structure,
whereas it is maximal, equals to 9.56 %, at hole transport layer thickness of 200
nm for second structure. It is clearly shown from figures that no considerable
effect of hole transport layer thickness on different electrical parameters for both
solar cells-based designs. This is due to the constant number of charge carriers
generated in the PVK layer.
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Figure 4.4 displays the effect of electron transport layer thickness on various
electrical parameters of both structures. It is observed that no significant effect of
electron transporting layer thickness on different electrical parameters (Jsc, Voc
and FF according to Figures 4.4a, 4.4b and 4.4c, respectively) because of the
invariable number of charge carriers generated in the PVK layer. Therefore, the
maximum power conversion efficiency values obtained are 18.16 % and 9.56 %
(Figure 4.4d) for the first and the second structure, respectively. These values

correspond of electron transport layer thickness of 100 nm for both designs.
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Figure 4.4 — Effect of hole transport layer thickness on electrical parameters of
both structures, where perovskite and electron transport layer thicknesses are
500 nm and 100 nm, respectively.
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From Figures 4.2, 4.3 and 4.4 it is noticeable that the maximal PCE value for sim-
ulated n-i-p heterojunction photovoltaic solar cell of MAPbI3-based perovskite
equals to 18.16 % and in case of MASnl3-based perovskite it equals to 9.56 %.
Moreover, the optimized layer thicknesses of perovskite, hole transporting layer
and electron transporting layer for both solar cell designs obtained are equal to
500 nm, 200 nm and 100 nm, respectively.

Table 4.3 presents the values of different electrical parameters (Jsc, Voc, FF and
PCE) of the simulated structures depending on layer thicknesses mentioned in
Table 4.1, optimized ones, and experimental results found in literature [92,129].
As can be seen from the Table 4.3, the optimized results are so close to experimen-
tal measurements except for the FF of the second structure, its value is different
of experimental one and this is due to impurities found in real materials and in-
terlayer defects established between ETL/PVK and HTL/PVK layers.

Using the obtained optimized layer thicknesses of both structures, the J-V char-
acteristics of both optimized structures with comparison of that using no- opti-
mized structure and experimental one are given in Figures 4.5a and 4.5b, respec-
tively. It is demonstrated that optimized structures of both cases show a better
performance in comparison of no-optimized structures. Hence, the obtained re-

sults are so close to experimental ones for the first structure [92].
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Figure 4.5 — J-V characteristics of conventional, optimized and experimental de-
signs for both structures
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4.4 Conclusion

In this chapter, modeling and optimization of perovskite solar cells based on
MAPDI3 and lead free MASnI3 according the n-i-p structure was presented. It
is found that the perovskite layer thickness of both MAPbI3-based solar cell and
MASnI;3-based solar cells have an important effect on electrical parameters in
comparison with that of hole and electron transporting layers. Therefore, the
obtained results show that perovskite based on MAPbI3 has better electrical per-
formances than perovskite based on MASnlz. The found optimized layer thick-
nesses values are 100 nm, 200 nm and 500 nm for electron transport layer, hole
transport layer and perovskite layer, respectively, which provide the better power
conversion efficiency of 18.16% and 9.56% for both MAPbI; and MASnI3-based
solar cell, respectively. Furthermore, the obtained results are close to experimen-
tal ones (in case of MAPbI3-based structure) found in literature. Thus, this numer-
ical model provides guidance and can be used to predict other solar cells-based

devices for enhanced solar cells conversion efficiency.
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CHAPTER 5

EFFICIENCY ENHANCEMENT OF
MAGEI3-BASED SOLAR CELLS

5.1 Introduction

Despite the high performance provided by lead halide perovskite material, the
factor of instability and toxicity may hamper its commercial production [130-
]. The better way about improving these factors, an alternative candidate
ecologic perovskite material is introduced and replacing the Pb-perovskite. The
Ge-perovskite material may potentially provide analogous photovoltaic perfor-
mances similar to Pb-perovskite devices. In this context, this chapter presents nu-
merical simulations of lead free methylammonium germanium tri-iodide
(MAGel3)-based solar cell using 1D-Solar Cell Capacitance Simulator (1ID-SCAPS)
developed at the Department of Electronics and Information Systems (ELIS), Uni-
versity of Gent, Belgium which is a one dimensional solar cell simulator based
on the drift diffusion physical model [120]. The photovoltaic performances of
Ge-perovskite solar cell is compared to that of Pb-perovskite solar cell and the
obtained results are validated by experimental ones taken from literature [134]
showing a good agreement between them. Therefore, the work is extended to
study and investigate the ETL/HTL materials effect on Ge-perovskite solar cell
design in order to enhance the electrical performances of solar cell. Moreover, the
obtained results might indicate a suitable ETL/HTL materials for improving the
photovoltaic performance of solar cells based on Ge-perovskite material.
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5.2 Part1: ETM effect on performance of MAGels;-

based solar cell

In typical perovskite solar cell design, a perovskite absorber material is sand-
wiched between an electron transport material (ETM) and a hole transport mate-
rial (HTM). To improve the reproducibility and stability of perovskite solar cells,
it is important to select suitable ETM of these devices. In this part, we will inves-
tigate and study perovskite solar cells based on germanium with diverse kinds of
ETMs.

5.2.1 Device structure and methodology

The basic perovskite solar cell p-i-n structure is presented in Figure 5.1. It con-
sists of three different layers, a perovskite absorbing layer (PAL) which is sand-
wiched between an electron transporting layer (ETL) and a hole transporting
layer (HTL). The PAL represents one of both perovskite materials, MAPbI3 or
MAGel;. Whereas, the PEDOT:PSS is used as HTL and various material types
are inserted as ETL. In perovskite devices, ETL is connected at metal back contact
(silver, Ag) and HTL at the transparent conducting indium tin oxide (ITO). Note
that the structure is illuminated under AM1.5 solar spectrum with 100 mW /cm?
incident power density an 300 °K.

Ag

ETL

PAL

HTL

ITO

Glass substrate

Sun light

Figure 5.1 — p-i-n perovskite solar cell architecture.
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In order to carry out our simulations, different parameter materials related to
each layer and collected from recent experimental and simulation studies [51,

—138] are summarized in Table 5.1. The pre-factor values, A,, of both ETL
and HTL is set to 10° to achieve the desired curve of absorption coefficient («)
which calculated using the following expression 5.1:

& = A, (hv— Eg)'/? (5.1)

Where « is the absorption coefficient, Eg the band gap and (hv) the incident pho-
tons energy.

Table 5.1 — Material property for each layer of perovskite solar cell.

ITO PEDOT:PSS MAPbl; MAGel; PCBM
Eg (eV) 3.65 1.6 1.55 1.9 2

X (eV) 4.8 3.4 3.75 3.98 3.9
Nc(em™3) 5.8 x 108 10?2 22 x 10" 10 2.5 x 10%!
No(cm=3) 1018 102 2.2 x 107 10%° 2.5 x 102!
Np(cm=3) 10% 0 101 10° 2.93 x 10"
N4 (cm=3) 0 10?2 5x 10  10° 0

€ 8.9 3 6.5 10 3.9
tn(em?V=1s71) 10 45x107% 2 16.2 0.02
uy(em?v=1s71) 10 99x107°> 2 10.1 0.02
Defect density - 25x 10  15x10% 10 101
(cm—°)

Besides, optical models used for different PAL materials are taken from experi-
mental results found in literature [81,131-133,135-139]. To investigate and study
the Ge-perovskite solar cells, numerical simulations are performed to various p-i-
n perovskite structures in order to show the influence of each perovskite material
on perovskite solar cell performances. Using the methylammonium lead iodide
(MAPDI3) as perovskite material in p-i-n perovskite design, simulation results
is compared with experimental ones found in literature [134]. Then, the lead-
perovskite layer is changed into germanium-perovskite material at the same p-
i-n perovskite design showing the effect of Ge-perovskite material on electrical
performance of perovskite solar cell. In addition, the ETL material effect on Ge-
perovskite solar cell performance is studied and investigated in order to amelio-
rate the power conversion of solar cell. Moreover, the appropriate ETL material-
based perovskite structure may be considered as novel designing for future Ge-

perovskite solar cells.
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5.2.2 Results and discussions

Numerical modeling was carried out using 1D-SCAPS software and including
various material properties given in Table 5.1 and Table 5.2. Firstly, the p-i-n so-
lar cell structure, ITO/PEDOT:PSS/MAPbI; /PCBM/Ag, based on Pb-perovskite
material and corresponds to layer thicknesses of 30 nm, 400 nm and 30 nm for
HTL, PAL and ETL, respectively is studied and analyzed. Figure 5.2 plots the
J-V characteristics of both simulated and experimental Pb-based perovskite solar
cell structure measured under reverse voltage. As can be seen from the figure,
the obtained simulated results are very close to experimental ones taken from
literature [134]. Therefore, the extracted photovoltaic parameters of both simu-
lated and experimental results are presented in Table 5.4. These results indicate
that no big difference between both simulated and experimental values which
validate our model and the parameters used in the simulation. In second time,
using p-i-n solar cell structure, ITO/PEDOT:PSS/MAGel3z /PCBM/Ag, based on
Ge-perovskite material and corresponds to the layer thicknesses of 50 nm, 400 nm
and 50 nm for HTL, PAL and ETL, respectively. Figure 5.3 displays the variation
of J-V characteristic of the Ge-perovskite solar cell. The photovoltaic parameters
Jsc, Voc, FF and PCE resultant were 20.66 mA/cm? , 0.87 V, 59.79% and 10.79%,
respectively. It is necessary to carry out an optimization process of the perovskite
device. This can be done by varying the diverse thicknesses for absorber, HTL
and ETL layers. In this context, the optimization process consists to fix two layer
thicknesses and vary the remaining one. Then, in each case we select the layer
thickness that gives the optimal PCE value.

Table 5.2 — Material proprieties of different ETL materials.

1GZO C6() Sl’lOz ZnO TiOz
Eg (eV) 3.05 1.7 35 3.3 32
X (eV) 4.16 3.9 4 4.1 3.9
Nc(cm™3) 5x 108 8x10Y  22x107 4x10® 102!
No(cm™3) 5x10% 8x10Y 22x10% 109 2 x 1020
Np(cm=3) 1018 2.6 x 108 10Y7 1018 10"
Ny (cm™3) 0 0 0 10° 0
€ 10 4.2 9 9 9
pn(cm?v=1s71) 15 8x1072 20 100 20
up(em?v=1s71 0.1 35x107% 10 25 10
Defect density 101° 10t 101 2 x 107 10
(cm~3)
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Figure 5.2 — J-V characteristics of both simulated and experimental MAPbI3-

based solar cell measured under reverse voltage.

Table 5.3 — Optimized performance of MAGelz-based solar cell.

Parameters No-optimized design | Optimized design
ETM | 50 50

Thickness (um) | HTM | 50 50
PVK | 400 650

Jsc (mA/cm2) 20.66 23.07

Voc (V) 0.87 0.87

EF (%) 59.79 55.37

PCE (%) 10.79 11.16
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Figure 5.3 — ]-V characteristic of no-optimized MAGel;-based solar cell.

Table 5.4 — Electrical parameters of both simulated and experimental MAPbI;3-

based solar cell.

Jsc (mA/cm?)  Voc(V)

FF(%) PCE (%)

MAPDI3-based solar 20.08 0.87
cell (simulated)
MAPDbI3-based solar 18.2 0.93

cell (experimental re-
sults)

7528 13.22

71.2 12.05
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Figure 5.4 shows the optimized J-V characteristics of the Ge-based perovskite
solar cell compared to that of no-optimized structure. It is evident that the op-
timized perovskite device shows a noticeable enhancement in PCE from 10.79%
to 11.16%. Consequently, the obtained optimized characteristic parameters and
layer thicknesses of different materials are reported in Table 5.3. As illustrated
from the table, Ge-based perovskite device shows analogous photovoltaic perfor-
mance comparable to Pb-based perovskite device.
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Figure 5.4 — J-V characteristic of no-optimized MAGelz-based solar cell.

To obtain strongly performance of Ge-based perovskite solar cell with more re-

producibility and high stability, diverse kinds of ETL materials effect such as

IGZO, SnO;, Cgp, TiO; and ZnO are studied and results are compared to PCBM.

Therefore, the material proprieties of different ETL taken from literature [34,140-
] are given in Table 5.2.

Using the same optimization method mentioned above, our simulation is per-
formed on the power conversion efficiency as function of absorber layer thick-
ness for different types of ETLs in order to find the optimum absorber thickness.
The optimized thicknesses of both absorber and ETL layers which give the higher
PCE for various ETL materials is obtained for 650 nm and 50 nm, respectively. Ev-
idently, the PCE increases with increasing of absorber thickness for all proposed
ETL materials as illustrated in Figure 5.5. This increasing is due to more photons
absorbed by carrier concentration in this layer creating more electron-hole pairs
and led to high short-circuit current density in the device. In the case of Cg, TiO;
and SnO; materials, the power conversion efficiencies achieve its values of 13.5%,
13.30% and 13.19% respectively, and present the highest efficiencies among other
used ETL materials. In addition, Cgy, TiO, and SnO, seem more suitable mate-
rials for perovskite solar cell which facilitate the extraction and transportation of
electrons from perovskite to front contact. However, IGZO displays the lowest
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PCE of 10.16% compared to the proposed ETL materials. This characteristic may
be due to inadequate bands alignment between the conduction band of IGZO and
the LUMO of perovskite. Thus, the optimized obtained values of device perfor-
mance for different ETL materials are summarized in Table 5.5.

Power conversion efficiency (%)
=]

C60

T T T
00 0.2 0.4 0.6 0.8 1.0
Absorber thickness (um)

Figure 5.5 — Conversion efficiency against absorber thickness for diverse ETL ma-
terials.

Table 5.5 — Photovoltaic parameters of MAGelz-based solar cell with diverse ETLs
and with PEDOT:PSS as HTL.

Various ETL materials Jsc (mA/ cm?) Voc(V) FF(%) PCE (%)

PCBM 23.07 0.87 55,37 11.16
1GZO 23.04 0.81 5436 10.16
Ceo 23.38 0.94 61.66 13.5

SnO, 234 0.93 60.39 13.19
ZnO 20.82 0.88 60.64 11.05
TiO; 23.44 0.93 60.75 13.30

In results illustrated in Figure 5.6, the J-V characteristics of Ge-perovskite solar
cell for diverse kinds of ETL materials is presented. It is observed that the better
photovoltaic performance is displayed by inserting Cgg, TiO, and SnO; as ETL
which provide very close values of Jsc, Voc, FF and PCE as shown in Table 5.5.
The device performance is significantly enhanced from 11.16% to 13.5% by intro-
ducing the Cgp compared to PCBM. This is can be explained by the use of the ap-
propriate ETL material which could effectively improve the device stability and
facilitate the electron transfer from perovskite material and hence minimizing the

carrier recombination probability in perovskite cells.
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Figure 5.6 — Current density against voltage for various ETL materials.

5.3 Part2: Efficiency optimization of MAGel;-based

solar cell using CuSbS, material

A perovskite solar cell design consists of perovskite material which is sandwiched
between ETM and HTM. Accordingly, selecting an appropriate HTM seems an
effective strategy for enhancing device performance as well as improving hole
extraction from the perovskite and facilitate its transportation in structure. In this
scenario, some studies have been used organic materials, such as Spiro-OMeTAD,
PEDOT:PSS and D-PBTTT-14 as HTMs [146,147]. However, the high processing
costs and high-purity requirements of these organic materials is the major obsta-
cles for commercialization of PSCs [148]. To solve these issues, alternative inor-
ganic materials (p types) are the better choice because of their superior features
as well as high stability and high mobility.

5.3.1 Device configuration

The proposed perovskite solar cell p-i-n structure is given in Figure 5.7, where
a perovskite absorbing layer (PAL) is sandwiched between an upper electron
transporting material (ETM) and a downer hole transporting material (HTM).
The considered PSC design is based on the methylamine germanium tri-iodide
(CH3NH3Gel3) as absorbing layer and Cg as electron transporting material. This
later is selected as an appropriate ETM based on results found in literature [146]
which gives higher power conversion efficiency of CH3NH3Gels-based PSC.
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It
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Figure 5.7 — p-i-n perovskite solar cell architecture.

Different hole transporting materials including inorganic materials, such as
CuSBS;, CuSCN and NiO are employed. For comparison, PEDOT:PSS is also
applied as organic material to PSC structure in order to find a suitable HTM for
high efficiency and high stability.

The electrical and optical parameters of different materials used in simulations
are selected from literature [134-136,144,145,147,149,150], and are exposed in
Table 5.6. The perovskite absorption curve is taken from experimental results
found in [131]. Therefore, ETM and HTM absorption curves are generated by
SCAPS software with pre-factor A, = 10° to obtain absorption curve (x) which
calculated by equation 5.1.

Noticing that our simulations are performed under the AM1.5 solar spectrum at
100 mW /cm? light intensity and 300 °K temperature.

Figure 5.8 shows the energy band alignment of the diverse materials used in the

simulation program of our study.
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Figure 5.8 — Energy band alignment of different used materials.

5.3.2 Results and discussions

In order to investigate and study the Ge-perovskite solar cells, numerical mod-
eling was carried out using 1D-SCAPS simulation program. Different p-i-n PSC
structures are modeled and examined to show the impact of various HTMs on de-
vice performances. The p-i-n PSC design, ITO/PEDOT:PSS/MAGelz/Ceo/Ag,
with layer thicknesses of 80 nm, 400 nm and 80 nm for HTM, PAL and ETM,
respectively is studied. Then, PEDOT:PSS is replaced by inorganic materials,
CuSBS,;, CuSCN and NiO as HTMs in PSC design. Figure 5.9 plots ]J-V charac-
teristics of various PSC structures introducing four different HTMs, PEDOT:PSS,
CuSBS;, CuSCN and NiO. As can be seen from the figure, the values of Jsc of
diverse PSC designs employing PEDOT:PSS, CuSBS,;, CuSCN and NiO are 18.31
mA/cm? ,17.39 mA/cm? , 26.53 mA/cm? and 26.57 mA/cm? , respectively. Ad-
ditionally, the Voc values are 0.93 V, 1.64 V, 1.17 V and 1.13 V for PEDOT:PSS,
CuSBS;, CuSCN and NiO-based PSC structures, respectively. Consequently, the
power conversion efficiency of CuSBS;, CuSCN and NiO-based PSC are 19.26%,
21.6% and 20.77% respectively, which are higher than PEDOT:PSS-based PSC.
The photovoltaic parameters of four different PSC structures are presented in Ta-
ble 5.7. It is evident that the performances of PSC are enhanced by insertion
of inorganic materials as HTM due to their high mobility and adequate energy
bands alignment between HTMs and perovskite material.
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Figure 5.9 —J-V characteristics of MAGels-perovskite solar cell based on different
HTMs

Table 5.7 — Electrical parameters of MAGelz-perovskite solar cell with different
HTMs.

Different HTMs Jsc (mA/cm?) Voc(V) FF(%) PCE (%)

PEDOT:PSS 18.31 0.93 68.22 11.55
CuSCN 26.53 1.17 69.38 21.6

CuSBS; 17.39 1.64 67.6 19.26
NiO 26.57 1.13 68.95 20.77

To further performance enhancement of Ge-perovskite solar cells with more re-
producibility and high stability, an optimization process is applied to four differ-
ent PSC designs. In results displayed in Figure 5.10, the photovoltaic parameters
(Jsc, Voc, FF and PCE) are plotted as function of absorber layer in order to find
the optimum absorber thicknesses of four PSC designs. It is to note that the op-
timized thicknesses of both ETM and HTM are identical and equal to 50 nm. It
is remarkable that the Jsc increases with increasing of absorber thickness in four
cases of PSC designs due to more absorbed energy in this layer which creates
more electron-hole pairs as illustrated in Figure 5.10a. As shown in Figure 5.10b,
above of 300 nm of absorber layer thickness, the Voc is approximately still con-
stant for four cases of PSC structures. It is observed that CuSCN-based PSC,
CuSBS,-based PSC and NiO-based PSC demonstrate better behavior in terms of
Jsc and Voc in comparison of PEDOT:PSS-based PSC. In addition, FF degrades
slightly as absorber thickness increased (Figure Figure 5.10c) in four cases of PSC
designs due to high series resistance. Moreover, the PCE increases with increas-
ing of absorber thickness in different cases of HTMs-based PSC as displayed in
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Figure 5.10d. Evidently, CuSCN-based PSC, CuSBS,-based PSC and NiO-based
PSC present maximum efficiencies compared to PEDOT:PSS-based PSC. This is
due to adequate energy bands alignment between the valence bands of CuSCN,
CuSBS; and NiO with the HUMO of perovskite material.
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Figure 5.10 — Variation of electrical parameters against absorber thickness of
MAGelz-perovskite solar cell with diverse HTMs

The optimized photovoltaic parameters of various PSC designs are reported in

Table 5.8. As can be seen from the table, perovskite solar cell formed by CuSBS;
shows the highest PCE reaching 23.58%. Whereas, by inserting CuSCN, NiO and
PEDOT:PSS as HTM, their PCE values are 21.93%, 21.04% and 13.5%, respectively.
Consequently, CuSBS, seems more appropriate material for perovskite solar cell

which facilitates the extraction and transportation of holes from perovskite to

back contact.
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Table 5.8 — Optimized photovoltaic parameters of MAGels-perovskite solar cell
with various HTMs and with Cgy as ETM.

Different HTMs PEDOT:PSS | CuSCN | CuSBS, | NiO
Parameters ETM | 50 50 50 50
Thickness (um) | HTM | 50 50 50 50
PVK | 650 550 950 550

Jsc (mA/cm?) 23.38 2842 | 23.59 28.42
Voc (V) 0.94 1.18 1.66 1.14
FF (%) 61.66 65.45 60.29 65
PCE (%) 13.5 21.93 23.58 21.04

The corresponding J-V characteristics of Ge-perovskite solar cell based on four
different HTMs are given in Figure 5.11. It is clearly that the better performance
is illustrated in case of perovskite solar cell formed by CuSCN, NiO and CuSBS;
as HTM compared to that by PEDOT:PSS. This is can be explained by the in-
troduction of the appropriate HTL material which could potentially enhance the

PSC stability and facilitate the hole transfer from perovskite material.
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—e— CuSCN
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Figure 5.11 — Variation of J-V characteristics of optimized MAGel3-PSC design
with different HTMs.

5.4 Conclusion

In the first part of this chapter, Germanium-based perovskite solar cell is stud-
ied and investigated using 1D-Solar Cell Capacitance Simulator (1D-SCAPS). The
obtained simulation results of Ge-based perovskite solar cell demonstrate similar
photovoltaic performance compared to Pb-based perovskite solar cell and there
is no big difference between both structures. In addition, various ETL materials
effects on Ge-based perovskite solar cell have been studied and discussed. The

performance of Ge-based device was effectively improved by inserting Cgp, TiO;
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and SnO, as ETL compared to other proposed ETL materials. Therefore, the per-
ovskite device with Cgg exhibits the highest PCE of 13.5% compared to that with
other ETL materials. The obtained results designate that Cgy is an appropriate
candidate for enhancing the performance of Ge-based device. Thus, introducing
Cep in perovskite solar cell structure may be considered as novel designing to
fabricate future Ge-perovskite solar cells. On other hand, the second part of this
chapter, various hole transport materials such as PEDOT:PSS, CuSCN, NiO and
CuSBS; were inserted to perovskite solar cell based on CH3NH;3Gels. The device
performance was significantly improved by applying CuSCN, NiO and CuSBS;
as HTM compared to that of PEDOT:PSS. Therefore, an optimization process has
been applied, and the power conversion efficiency reaches its maximum value of
23.58% using PSC formed by CuSBS,. This later may be considered as an excel-
lent candidate for enhancing the performance of Ge-perovskite solar cell. Thus,
our obtained results illustrated that CuSBS; is a suitable HTM for fabricating Ge-
perovskite solar cell with high efficiency and enhanced stability.
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The perovskite based solar cell technologies belongs to the fourth generation pho-
tovoltaics. The rapid growth of research in this field is very promising to find out
new solar cells with high power conversion efficiency, low processing costs, high
stability and nature friendly. From hundreds of perovskite materials, the MAXI3
family, where X is a metal cation (Ge?", Sn?>*, Pb?*) is the most suitable for light
harvesting due to the adapted band gap to solar spectra. However, this fam-
ily suffers from some lead toxicity, so further enhancements and research work
have to be conducted to avoid this major inconvenient. Researchers over the last
decade was trying to do intensive experimental and theoretical works to over-

come perovskite solar cells disadvantages.

This work was an extensive work of perovskite material-based solar cells field
of research. In which we tried to carry out a software modeling and optimiza-
tion of different solar cells based on three types of perovskites namely : methyl
ammonium lead tri-iodide, methyl ammonium tin tri-iodide and methyl ammo-
nium germanium tri-iodide. The choice of these materials is due to their good
optical and electrical characteristics. The obtained results indicate that the lead-
based perovskite is much better in term of power conversion efficiency than the
tin or germanium-based perovskite. Meanwhile, MASnI; and MAGel; are envi-
ronment friendly materials which is an important characteristic for commercial
production. Accordingly, simulations and optimization of both Pb-perovskite so-
lar cell and Sn-perovskite solar cell basing on carefully selected experimental lit-
terateur results to find out better layer thicknesses of these devices that yield high
power conversion efficiency were presented and discussed in the first part. The
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second part was focused on study and investigation of Ge-perovskite solar cells
engineering in order to improve their performances in term of electrical and opti-
cal behavior. Then, we tried to examine the effect of electron and hole transport-
ing materials and to find the optimal onces that enhance Ge lead free perovskite-
based solar cell power conversion efficiency. It is found that Ge-perovskite solar
cells using Cgp as ETL material and CuSBS, as HTL material exhibited a high
power conversion efficiency of 23.58 %. Both materials, Csp and CuSBS,, may be
considered as excellent candidates for fabricating Ge-perovskite solar cells with
high efficiency and enhanced stability.

Our numerical modeling of perovskite-based solar cells provides a guidance and
can be used to predict other solar cells-based devices for low nontoxic and high
efficiency. However, future works can be conducted on theoretical and / or experi-
mental parts to find out new solar cell designs such as tandem structure by insert-
ing MAGel3, or using mixed perovskite in solar cell structure like MAGexPb_,I3
to enhance the lead free perovskite solar cell performances, especially high power

conversion efficiency and low cost processing.
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