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PREFACE

Hybrid metal halide perovskites are the new emerging materials that have been used in
photovoltaic (PV) technology for the last decade. The hybrid perovskite materials have
gained tremendous attention due to its several interesting optoelectronic properties and
low fabrication cost. The perovskite solar cells have been one of the fastest-growing PV
technology for the last few years, with the highest efficiency record of 25.7% in 2022. The
fast progress in power conversion efficiency has attracted many researchers worldwide to
explore this material class. Besides solar cells, the halide perovskites are also suitable for
other optoelectronic devices such as light-emitting diodes and photodetectors. Despite
several fascinating features of halide perovskite, a well-known issue in perovskite solar
cells (PSC) is its instability to humidity. When exposed to moisture, the efficiency of PSC
reduces drastically within a few hours or days due to the degradation of the halide
perovskite, the absorber layer in PSC. However, the ability to withstand moisture depends
on the perovskite composition and the deposition method used to some extent. Therefore,
the maotivation for the present thesis work has been to study MAPDI3 thin films deposited
using one-step and two-step deposition methods from the device application point of view.
Another motivation was to optimize various parameters of MAPDI3z perovskite (absorber)
layer to achieve high-efficiency solar cells.

Based on these motivations, the following objectives of the present thesis work have been
set.

e Deposition of perovskite thin films by one-step and two-step methods using
thermal evaporation (vacuum technique), spin coating and dip coating to gain
insight into the structural, optical and electrical properties of the perovskite thin
films and check their stability in ambient moisture.

e Fabrication of planar MAPDI3 perovskite based solar cells.

e Optimization of MAPbI3 absorber layer parameters, such as bulk defect density,

interface defects, and thickness using the Sentaurus-TCAD simulation tool for

high-efficiency solar cells.

The present thesis contains seven (07) chapters. Chapter 1 introduces metal halide
perovskite (MHP) material and MHP based solar cells. Chapter 2 describes the deposition
process of MAPDI3 thin films and the fabrication of solar cells. This chapter also briefly

TH-2730_156151001



describes different characterization techniques used to study different properties of
MAPbI3 thin films and the performance of fabricated solar cells. This chapter also details
optimizing absorber layer parameters for MAPbI3 perovskite solar cells using Sentaurus-
TCAD simulation tool. Chapter 3 presents studies on the structural, optical, and electrical
properties of the MAPDI3 perovskite thin films deposited using a one-step solution method.
A detailed study of luminescence features of MAPDI3 perovskite thin films was carried out
using photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy at
varying excitation wavelength (1ex) and emission wavelength (lem) are also discussed in
this chapter. Chapter 4 contains studies on the structural, optical, electrical properties and
stability of the MAPDI3 perovskite thin films deposited using the two-step method TE&DC
(thermal evaporation and dip coating) and SC&DC (spin coating and dip coating). In
addition, transient photocurrent measurements were done to study the charge transport and
carrier recombination process in MAPbIs perovskite thin films at different illumination
time duration (30-90 s) and temperatures (25-70 °C) at varying illumination intensity (100-
1000 Wm). Chapter 5 presents the fabrication and studies on p-i-n planar heterojunction
MAPDI3 PSC. The influence of absorber layer thickness variation on the performance of
one-step deposited PSC (FTO/PEDOT:PSS/MAPDbIz/PCBM/BCP/Ag) and the role of a
thin ITO layer as a passivation layer in the two-step deposited PSC
(ITO/PEDOT:PSS/MAPbIs/PCBM/ITO/Ag) are discussed in this chapter. Chapter 6
presents the optimization of absorber layer parameters for high-efficiency MAPbI3 solar
cells with n-i-p. (FTO/SnO2/MAPDIs/Spiro-OMeTAD/Ag) and
p-i-n (FTO/ PEDOT:PSS/MAPbIs/PCBM/Ag) configurations using Sentaurus-TCAD
simulation software. Chapter 7 is the final chapter of the thesis, which summarizes the
contents of each chapter and gives the conclusion of the work reported in the thesis. The

thesis work is concluded with the scope for future work from the present investigation.
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CHAPTER

1

Introduction

The worldwide energy demand is continuously rising with the growth of the human
population. Conventional energy resources like coal, oil, and natural gas have been
extensively used to meet the rising energy demand. On the other hand, the extensive use
of such conventional energy resources causes severe environmental issues and affects
human health in various ways. So, there is a requisite for alternate sustainable energy
sources to meet the high energy demand for the sustainable growth of human civilization.
Renewable energy resources like solar energy, wind energy and tidal energy are
sustainable, environmentally friendly and do not cause environmental pollution after use.
Among the various renewable energy resources, solar energy is an abundant form of
energy accessible at different geographical locations. Each year, the total sunlight energy

reaching the earth's surface is 3,400,000 EJ which is 7000 to 8000 times annual
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global primary energy consumption [1]. Thus, the well-established photovoltaic (PV)

technology that converts solar energy into electricity has a great potential to satisfy the
huge energy demand. Photovoltaic technology plays a significant role in the sustainable
development and utilization of renewable energy sources to reduce carbon emissions. The
advances in PV technology have improved efficiency, decreased the cost, and increased
the reliability of photovoltaic systems. Remarkably, the use of solar PV technology for
solar energy harvesting has been rapidly rising worldwide because solar PV panels are
reliable and easy to install without any complex moving parts. However, further
improvements can be made to enhance the economic feasibility of solar PV. A well-known
candidate in advancing photovoltaics is the halide perovskite-based solar cells. In recent
years, the emerging hybrid metal halide perovskite (MHP) materials have been studied
extensively and found to be a promising low-cost alternate material for solar PV

applications [2-9].

1.1 Hybrid metal halide perovskite solar cells (PSC)

The term ‘perovskite’ refers to the materials having the same stoichiometry as the mineral
CaTiO3 (calcium titanium oxide). The halide perovskites used as absorber layers in solar
cells are typically called ‘hybrid” because they are composed of organic and inorganic
components. A typical PSC generally consists of an electron transport layer (ETL) covered
with a light absorber (perovskite) layer widely known as the active layer and a hole
transport layer (HTL). In 2009, Miyasaka’s team first used the hybrid perovskite
(CH3NHsPbls, MAPbDIs) as an absorber layer in a solar cell based on the architecture of a
dye-sensitized solar cell (DSSC), which showed a power conversion efficiency (PCE) of
3.8% [10]. Following the same architecture, Park et al. could improve the PCE up to 6.5%

in 2011[11]. The perovskite layer had a dissolution issue while using liquid electrolytes
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in PSC fabrication. In 2012 Gratzel et al. fabricated PSC using spiro-MeOTAD (2,2',7,7'
-tetrakis  (N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene) hole transport layer
(HTL), which was earlier developed for organic LED and solid-state DSSC [12, 13].
Usage of spiro-MeOTAD HTL increased the PSC stability and efficiency from 6.54% to
9.7% [14]. The drastic efficiency improvement using spiro-MeOTAD was an important
breakthrough that accelerated the progress of PSC. It can be noted that most of the reported
high-efficiency PSC are developed using spiro-MeOTAD as HTL. Subsequently, higher
efficiencies were achieved by optimizing device fabrication parameters and using new
deposition techniques such as the two-step method and thermal co-evaporation [15, 16].
Various modifications in growth techniques for depositing uniform perovskite films with
large grain sizes (~1 um) and low non-radiative recombination losses in the perovskite
layer have facilitated for higher cell efficiencies [17-19]. Along with material selection,
different treatments such as structure modification [20, 21], thermal annealing [22],
variation of substrate temperature [23], precursor concentrations, solvent treatment [24],
and mixed solvents [18] have also been investigated to improve the efficiency of PSC.
However, control over the structure, grain size, and degree of crystallinity remains a key
scientific challenge in achieving high-performance devices [19, 25-29].

In 2022, perovskite solar cells reached a high-efficiency record of 25.7%, close to the
efficiencies of inorganic solar cells [30]. Because of the rapidly rising high-efficiency
records in the last few years, hybrid perovskite semiconductors and perovskite solar cells
have gained tremendous attention worldwide. The field of PSC is exploding, with newly
engineered materials such as fully inorganic perovskites, lead-free perovskites, being used
as photo absorbers. In addition to solar cells, the halide perovskites are also found suitable
for other optoelectronic devices such as light-emitting diodes (LED), photodetectors and

lasers [31-37].
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1.2 Properties of hybrid metal halide perovskite (MHP)

1.2.1 Structure of hybrid metal halide perovskite

The hybrid halide perovskite compounds have the general crystal structural formula ABX3
[4, 38], typically consist of an organic cation, A = methylammonium (CHsNH3");
formamidinium (CH3(NH2)?"), a divalent metal, B = (Pb?*; Sn?") and halide X = (CI-; Br—;
I7). The single halide perovskite MAPDI3z and the mixed halide perovskites MAPb(11xBrx)3
and MAPD(1:xClx)3 (0<x<1) are often used as absorber materials in perovskite solar cells
(PSC) [24, 39, 40]. The cubic crystal structure of a halide perovskite material is as shown

in Fig. 1.1.

Figure 1.1: Structure of a cubic metal halide perovskites with the formula ABX3. The organic or inorganic
cations occupy the center position A (green, large circle), whereas metal cations and halides occupy the

position B (grey, medium circle) and position X (purple, small circle ) [38]

Scheffler and co-workers in 2019 have introduced a tolerance factor (z) to predict a stable
perovskite structure with better accuracy than the Goldsmith tolerance factor introduced
earlier [9, 41]. The z relation is given in Eqg. 1.1, where the value of 7 < 4.18 indicates a

stable perovskite structure.

rx TA/ 1§:]

T= — ny (nA — m) (1.2)

Where na is the oxidation state of A, ris the ionic radius of ion, and ra> rg by definition.
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The tolerance factor z has an overall accuracy of 92% for predicting the probability of
practically achieving a stable perovskite structure. Perovskite structural phase change
occurs with the temperature variation. The MAPbIz (CHsNH3sPblz) perovskite has a cubic
phase above 327 K, which changes to a tetragonal phase from 162 K to 327 K and
orthorhombic phase below 162 K [6, 42]. It has been found that the PCE of PSC is directly
related to perovskite’s crystal orientation. In the case of MAPDI3 perovskite, the CH3sNH3
does not contribute to the optical and electronic response, but it helps to their structural
cohesion [43]. The metal-halide mainly governs the optoelectronic properties of ABXs
perovskite because the valence band and the conduction band are formed by the
combination of the metal and the halide orbitals [44]. Although the A-site cation does not
directly contribute to the band edge energy levels, lattice contraction and octahedral tilting
can indirectly impact the band positions [45]. The lattice contraction increases the metal
halide orbital overlap, which raises the bands to shallower energy and hence decreases the
bandgap. On the other hand, the octahedral tilting reduces the metal-halide orbital overlap,
thus pushing the bands to deeper energy levels and the bandgap increases. The perovskite
layer’s proper crystal orientation at the interface with suitable charge transport layers

results in higher short circuit current density and PCE [46].

1.2.2 Optoelectronic properties of hybrid metal halide perovskite

MHP exhibits an impressive cell performance due to its ideal optoelectronic properties,
such as a direct bandgap, a strong absorption coefficient of ~10° cm™, and long carrier
diffusion lengths (~1 um) [5, 47, 48]. Other exciting features of MHP are weak exciton
binding energy of ~10 meV, the high carrier mobility of ~25 cm?V-!st and low charge
recombination rate on microseconds time scale [49-51]. The crystallization process of

perovskite ends quickly in seconds with large grain growth up to ~1 pum, which is
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beneficial for achieving high-efficiency PSC [19]. These inherent properties make MHP
an excellent absorber material for solar cells that convert a significant portion of the visible
spectrum into photocurrent and exhibit good cell performance. Moreover, the optical
bandgap of halide perovskite can be tuned by varying the ratio of two different halides in
the mixed-halide perovskite compounds [52]. For instance, the bandgap of MAPb(11.xClx)3
can be tuned from 1.6 to 3 eV by varying the ratio of | and CI [53]. Similarly, in the case
of MAPD(11xBrx)s and MAPb(Br1xClx)3, the bandgap can be tuned from 1.6 to 2.3 eV and
2.42 10 3.16 eV, respectively [54, 55]. Depending on the halide ratio variation, the mixed-
halide perovskite exhibits different photovoltaic performance and stability due to its
modified structural and optical properties [52]. The mixed-halide MAPbIsxClx perovskite
has diffusion lengths greater than 1 pm; in contrast, the single halide MAPbIs perovskite
has electron-hole diffusion lengths of ~100 nm [48]. Therefore, the device with MAPDIs.
xClx as an active layer showed higher PCE compared to MAPDbI3 based PSC. The high
bandgap perovskites can be stacked as a top cell with other solar cells for fabricating
tandem solar cells and blue LED [55, 56]. The reported high short circuit current density
(Jsc) and open-circuit voltage (Voc), along with the high efficiency of PSC, are comparable
with stable inorganic solar cells, and these notable features have attracted many
researchers globally to explore MHP materials [57-60]. The feasibility of using different
compatible organic charge transport layers have also encouraged to explore many of the

available materials conventionally used for organic solar cells.

1.3 Structure of perovskite solar cells
A perovskite solar cell (PSC) consists of a perovskite absorber layer sandwiched between
two layers, namely the electron transport layer and the hole transport layer, to transport

only one type of carrier (and block the other) to the respective electrode as shown in Fig.

Page | 6
TH-2730_156151001



Introduction

1.2 [10]. The typical device configuration of PSC is: FTO-coated

glass/ETL/perovskite/HTL/Ag or Au electrode [6, 11, 18].

Light

Energy (eV)

A

o
&
w
g,

Figure 1.2: Typical structure of a perovskite solar cell. The perovskite absorber layer is between ETL and
HTL on FTO coated glass substrate with Ag as a top metal electrode. ETL- electron transport layer,

HTL- hole transport layer, and FTO- Fluorine doped tin oxide

The evolution of PSC structures is shown in Fig. 1.3(a-c). The Fig. 1.3(a) shows the
original architecture mesoscopic(mp) n-i-p structure of PSC [10, 61, 62] having the device
configuration of FTO/c-TiO2/mpTiO2(ETL)/perovskite/HTL/metal electrode. It is still a
widely used device structure to fabricate high-performance PSC [63]. For this structure,
the device fabrication starts with ETL deposition (E.g., mp-TiO2 or mp-SnOz) on
transparent conductive oxides (FTO or ITO, Indium-doped tin oxide) coated glass
substrate. In the next step, the perovskite absorber layer is deposited (by using one-step or
two-step method) over the ETL, after that, a thin layer of HTL (E.g.- spiro-MeOTAD) is
deposited on the perovskite layer, and finally, metal (Ag or Au) electrode is evaporated on
HTL to complete the device stack. The planar n-i-p structure is similar to that of the
mesoscopic n-i-p structure but without mesoporous TiO2, as shown in Fig. 1.3(b) [16, 17].
The inverted planar (p-i-n) device structure has a device configuration of
FTO/HTL/perovskite/ETL/metal electrode, as shown in Fig. 1.3(c) [59, 64, 65], where the

device architecture is inverse of the n-i-p structure.
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n-i-p mesoscopic n-i-p planar p-i-n planar

Metal electrode (Ag) Metal electrode (Ag) | Metal electrode (Ag) |

HTL(Spiro-MeOTAD) HTL(Spiro-MeOTAD) _

B |
TCO(FTO) TCOFTO) TCO(FTO)
Glass Glass Glass
P 1t NN
Light Light Light

(a) (b) (¢)

Figure 1.3: Structural evolution of perovskite solar cells (a) mesoscopic n-i-p structure, (b) planar n-i-p

structure and (c) planar p-i-n structure

It is to be noted that the structure of a PSC is dependent on the choice of HTL and ETL
materials for solar cell fabrication. Since PSC utilizes similar device architectures to
DSSC and OSC(organic solar cells), these predecessors provide an understanding of
physical, chemical and electronic properties of charge transport layers, electrode contacts,
transparent conducting oxides (TCOs), and interfacial layers to be directly applied to PSC
development [66]. Thus, PSC have another vital advantage of having the understanding
of available applicable materials for device fabrication.

To further improve the stability and performance of PSC, interfacial layers are
incorporated between the perovskite absorber and charge transport layers [67, 68]. These
interfacial layers block carriers' reverse flow, reduce carrier recombination rate, assist
carrier injection into the carrier selective layers, and maintain proper carrier extraction at
the electrodes [69, 70]. However, extra interfacial layers increase the number of fabrication

steps, total fabrication time and cost of PSC.
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1.4 Challenges in perovskite solar cells

The primary drawback in PSC is the degradation of MHP in moisture, which deteriorates
the PSC performance within a few hours or days. Therefore commercializing these solar
cells with long-duration stability comparable to conventional inorganic solar cells is a
major challenge [71, 72]. This degradation phenomenon of MHP is discussed in detail in
the next section. Typically, solar cells operate in harsh environmental conditions such as
high humidity and full solar irradiation with frequently varying weather conditions. In
contrast, the PSC have a very short lifetime due to instability of the perovskite layer in
high humidity conditions, which constrains the outdoor use of PSC [4]. Other factors
influencing PSC's stability are perovskite composition, ambient temperature, and
ultra-violet (UV) radiation in the atmosphere [73, 74]. Furthermore, the effects of
interfacial defects, selective contacts and metal electrode stability, light-induced
degradation, and instability under bias are the critical factors influencing PSC's stability.
These factors are inevitable during device operation, even with perfect encapsulation to
exclude humidity [54, 69, 75, 76].

In addition, lead (Pb) is toxic and harmful, so it has been a concern for the broad
application of lead halide perovskite in photovoltaics. Finding a suitable alternative for Pb
has been a prime target to address the toxicity issue. So lead-free PSC have also been
fabricated using non-toxic tin(Sn) and bismuth(Bi) [3, 77]. However, the drawback of Sn*
is the poor chemical stability as it quickly oxidizes to Sn** [78]. Though Bi-based
perovskites have better stability than Pb-based perovskites, the bismuth perovskites-based
PSC shows lower cell efficiencies than Pb-based PSC [79, 80]. Therefore, the challenge is
to find the ideal perovskite composition to achieve stable and high-efficiency PSC.
Moreover, maintaining the good photovoltaic properties in the PV module similar to

devices fabricated in the research laboratories is another challenging task.
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1.5 Degradation mechanism in halide perovskites

When exposed to moisture, the PCE of PSC falls drastically within a few hours or days
due to the degradation of the halide perovskite absorber layer. Seok et al. reported that
CH3sNH3Pbl3 starts to degrade at relative humidity (RH) ~55%, which could be witnessed
by the change in CH3NH3Pbls perovskite films from dark brown to yellow and becomes
transparent [52]. In moisture (water molecule) and oxygen, the CHsNH3sPblz perovskite
degrades irreversibly and produces various volatile products such as CHsNH2, HI and Pbl>
[81]. UV-induced degradation is also a well-known issue for mesoporous TiO> based PSC
[82].

Moreover, metal electrode [silver (Ag) or gold (Au)] diffusion into the absorber layer of
PSC is another cause of potential degradation. The volatile by-product hydrogen iodide
(HI) escapes from the perovskite layer through the pinholes of the charge transport layer
and it reacts with the top Ag electrode to form silver iodide (Agl), which further diffuses
into the solar cell and deteriorates the device performance and stability [75, 83]. It is also
experimentally explained that the reactive polyiodide [137] released during the degradation
of iodide-based perovskite reacts with the Au electrodes in PSC to form the [Aulz] and
[Auls]” complexes, which ultimately worsens the performance of PSC [84]. Another issue
related to mixed halide perovskite is the halide phase segregation under illumination.
Hoke et al. demonstrated the light-induced phase segregation in mixed halide perovskite
MAPDb(Br«l1-x)3, forming iodine (1) rich and bromine (Br) rich domains, which is reversible
to the original unsegregated state again in dark conditions [54]. This phase segregation
during illumination creates trap-states formed by the I-rich phases having lower bandgap
value than the mixed halide perovskite, leading to a lower Vo value than the estimated
value. This kind of photo-induced instability can have severe implications for the

operation of the devices based on this material.
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1.6 Fabrication techniques of perovskite solar cells

PSC are generally fabricated by simple solution process techniques like spin coating, dip
coating, blade coating, and spray coating at low temperatures (~100 °C) [23, 24, 85-87].
These solution techniques require relatively low processing time without using any
complex high vacuum systems. Thus, the perovskite fabrication process consumes less
energy and is inexpensive. At a lab-scale, spin-coating is the most widely used technique
for PSC fabrication because: (i) it is a low-cost process for lab-scale, simple, and fast, (ii)
film thickness can be controlled easily, and (iii) multi-layer deposition can be quickly
done. However, this technique is not suitable for a large scale due to the non-uniformity
in film thickness and material wastage. Other techniques, such as thermal evaporation and
chemical vapor deposition, have also shown good cell results [16, 88].

It is also feasible for large-scale production of PSC by an industrial process such as roll-
to-roll manufacturing and printing technology [85, 89, 90]. Currently, several research
teams are scaling up the PSC fabrication process for mass production and high throughput
[91, 92]. Large area deposition procedures such as blade coating, slot-die coating, inkjet
printing, and spray coating for cost-effective processing and roll-to-roll printing
techniques are being used for scaling up the PSC fabrication through optimized automation
[85, 93-95]. The current research on PSC also focuses on improving the perovskite
material's inherent stability, modifying the device architecture, and finding resilient
encapsulating materials to protect the device from moisture effects to increase the
performance and stability of PSC [76]. Since PSC are printable and require
low-temperature processing [89], the overall manufacturing cost is low. Therefore, these

low-cost PSC can be widely used to fulfill the high energy demand in the future.
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1.7 Motivation and objectives

Halide perovskites have been the widely studied hybrid semiconductor material for
photovoltaic applications due to their several exciting features, as discussed in the previous
sections. The high efficiencies of halide perovskite solar cells attainable with simple and
cost-effective fabrication techniques make them exceptionally unique in photovoltaic
technology. These unique features have attracted the scientific community to explore these
materials for various optoelectronic devices and contribute basic scientific knowledge
concerned with the material property. Most of the recent reports are on the efficiency
enhancement of the PSC using various halide perovskite formulation and fabrication
techniques. Primarily, the performance of PSC depends on the deposition techniques used
for preparing halide perovskite (absorber) thin films. Thus, it is essential to gain insight
into the fundamental properties of halide perovskites synthesized using different
applicable methods. Moreover, only a few reports deal with perovskite film deposition
using vacuum techniques. These facts have motivated us to synthesize halide perovskite
thin films and solar cells using different techniques, including the vacuum technique to
deposit large area thin film with better qualities than the solution-processed films.
Therefore, our motivation behind the thesis work is to fabricate and study
methylammonium lead iodide (CHsNHz3Pbls or MAPbI3) perovskite thin films synthesized
by different methods such as one-step and two-step methods and gain insight into the
structural, optical and electrical properties of the halide perovskite thin films and then
fabricate PSC. Another motivation is to optimize various parameters of MAPbI3
perovskite layer using Sentaurus-TCAD simulation tool for achieving high-efficiency

solar cells.
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In view of the above mentioned points, the following objectives and work plan have been

set for the thesis.

1. Synthesis of MAPbIz thin films by the one-step and two-step deposition techniques
using thermal evaporation, spin coating, and dip coating methods.

2. Investigate the optical, structural and electrical properties and stability of the
MAPbI3 thin films using various characterization techniques.

3. Systematic investigation into the electrical transport properties of the thin films by
transient current measurements in coplanar geometry at various measurement
conditions.

4. Fabrication of MAPDbI3 perovskite-based solar cells and study their performance
and stability.

5. Simulation of MAPbI3 perovskite-based solar cells by optimizing absorber layer
parameters such as bulk defect density, interface defects, and thickness for cell

efficiency improvement.

1.8 Contents of thesis chapters
The present thesis contains seven (07) chapters.

Chapter 1 is the Introduction chapter.

Chapter 2 gives a brief description of details of sample preparation and different
characterization techniques used for the analysis of the structural, morphological, optical,
and electrical properties of MAPbIs thin films and the performance of solar cells. This
chapter also details optimizing absorber layer parameters for MAPDIs perovskite solar

cells using Sentaurus-TCAD simulation tool.
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Chapter 3 contains studies on the structural, optical, and electrical properties of the
MAPbIs perovskite thin films deposited using a one-step solution method. Studies on
luminescence features of MAPbIs thin films carried out using photoluminescence (PL) and
photoluminescence excitation (PLE) spectroscopy at varying excitation wavelength (Aex)

and emission wavelength (lem) are also presented in this chapter.

Chapter 4 presents systematic studies on the structural, optical, electrical properties and
stability of the MAPDI3 thin films deposited using the two-step methods TE+DC (thermal
evaporation and dip coating) and SC+DC (spin coating and dip coating). In addition,
transient photocurrent measurements were done to study the charge transport and carrier
recombination process in MAPbI3 thin films at different illumination time duration (30-

90 s) and temperatures (25-70 °C) at varying illumination intensity (100-1000 Wm2).

Chapter 5 presents the fabrication and studies on p-i-n planar heterojunction MAPbI3 PSC.
The influence of absorber layer thickness variation on the performance of one-step
deposited PSC (FTO/PEDOT:PSS/MAPDI:/PCBM/BCP/Ag) and the role of a thin ITO
layer as a  passivation layer in the two-step  deposited PSC

(ITO/PEDOT:PSS/MAPbIs/PCBM/ITO/Ag) are discussed in this chapter.

Chapter 6 presents the optimization of absorber layer parameters such as bulk defect
density, interface defects and thickness for high-efficiency solar cells with n-i-p
(FTO/SnO2/MAPDI3/Spiro-OMeTAD/AQ) and p-i-n
(FTO/PEDOT:PSS/MAPDI3s/PCBM/AQ) configurations using Sentaurus-TCAD simulation

tool.

Chapter 7 is the final chapter of the thesis, which summarizes the contents of each chapter
and gives the conclusion of the works reported in the thesis. The thesis work is concluded

with the scope for future work from the present investigation.
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CHAPTER

2

Experimental details and characterization
techniques

In the course of the thesis work, several experimental and characterization
techniques have been used for processing and characterizing thin film samples and solar
cells. This chapter describes the synthesis of MAPDI3 thin films, device fabrication and
characterization techniques used to study the perovskite thin films and solar cells. Extra
care was taken to avoid the ambient moisture effect on the MAPbIs perovskite samples.
All the measurements and characterizations were performed immediately after sample

preparation by transferring the samples in a vacuum desiccator as required.

2.1 Thin film preparation techniques
Generally, halide perovskite thin films are prepared by various solution process techniques
like spin coating [1, 2], dip coating [3], blade coating [4], and spray coating [5]. Other than

the solution process, vacuum techniques like chemical vapor deposition [6] and thermal
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evaporation techniques [7] are also used. Each of the above mentioned methods has its
own merits and demerits, and we shall confine our discussion only to spin coating, dip
coating and thermal evaporation, which we have employed for MAPbI3 perovskite film
preparation in the present thesis work. Indium tin oxide (ITO) thin films were deposited
by the RF sputtering technique and bathocuproine (BCP) thin films were deposited using
the thermal evaporation technique. Brief descriptions of these techniques are given in the

following sections.

2.1.1 Spin coating

The spin coating technique is a commonly used solution process technique for thin-film
fabrication. The two standard methods of solution dispense are static dispense and
dynamic dispense. The schematic of steps involved in the spin coating technique are shown
in Fig. 2.1 [8]. Most of the reported high-efficiency perovskite solar cells are fabricated
using this low-cost spin coating technique. In this technique, a small quantity of coating
material (solution) is dispensed onto the center of the flat substrate mounted on the chuck,
and then the substrate is spun at a particular speed (typically in the range 1000-8000 rpm).
During the spinning of the substrate, centrifugal force spreads the solution radially outward
on the substrate, leaving a uniform thin film [8, 9]. The volatile solvents used in the
solution mostly evaporate during the spinning process itself. Eventually, the uniformly
coated thin film is annealed to dry out the residual solvents and obtain the crystalline nature
of the film. Film thickness greatly depends on the viscosity and concentration of the
solution [10]. Film thickness obtained by this method lies in the range of nanometer to

micrometer, and it is an excellent technique for laboratory scale [8, 11].

The advantages of this technique are
e uniform thin films can be fabricated
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e fast fabrication process
e |low energy consumption
e the film thickness can be adjusted by simply fine-tuning the spin speed, time, and
solution concentration.
However, the spin coating technique is not suitable for coating large-size substrates
because, at high rpm the substrate will vibrate more and eventually break. If the solution
viscosity is shear-dependent, the lower shear rate experienced near the substrate's center

results in higher viscosity and thicker film [9].

Applying the : Dryi Repeating to prepare
. Rotatin ng i .
solvent solutions 9 multilayer structure

N

AR o e < DRI,
Substrate Substrate Substrate Substrate
Pre———— P————— RS ——

E <i .

Figure 2.1: Process flow of spin coating technique

2.1.2 Thermal evaporation

The thermal evaporation technique is a widely used Physical Vapor Deposition
(PVD) technique for thin film deposition. This technique is simple and generally uses
resistively heated filament or boat made of refractory materials such as tungsten (W),
molybdenum (Mo) and tantalum (Ta) to evaporate the solid evaporant (to be deposited) in
a high vacuum chamber to form a thin film on a chosen substrate [12]. It consists mainly
of a vacuum chamber, vacuum pumps, heating filament or boat, substrate holder with or

without substrate heater. The film deposition process consists of several steps, such as
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(1) sublimation of the evaporant to the vapor phase, (ii) transfer of vapors from the
evaporant to the substrate, (iii) condensation of vapors upon arrival on the substrate and

(iv) their arrangement or modifications of their binding on the substrate surface.

This method is commonly used for the deposition of metal electrical contacts such as gold,
silver, and aluminum for thin-film devices such as solar cells, LED, thin-film
transistor (TFT), etc [13, 14]. Besides this, co-evaporation of more than one
source/material is also done by carefully controlling the source temperature to maintain
the desired stoichiometry of the films [15-17]. The evaporation rate and condensation have
wide limits, depending upon the type of source and the materials used. We have used a
molybdenum boat as the evaporation source. The characteristics/quality of the films is
influenced by the rate of evaporation, deposition pressure, the thickness of the film, angle
of evaporation, the temperature of the substrate, and residual gas atmosphere [18]. All
these parameters can be controlled in the thermal evaporation technique. Another
advantage of this method is that evaporation yields a large area of more or less uniform
thickness [12, 19]. The evaporation of material requires heating to a sufficiently high
temperature to produce the desired vapor pressure.

The rate of evaporation (@) is given by Eq. 2.1 [18].

@ = 3.513 x 10%2P, /(MT)/? [molecules cm?s?] (2.1)

Where Pe is the equilibrium vapor pressure (in torr) of the evaporant under saturated-vapor

conditions at a temperature T, and M is the molecular weight of the vapor species.
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2.1.3 Dip coating

Dip coating (DC) is a simple, fast and inexpensive method for thin-film preparation [10].
In this method, the substrate to be coated is cleaned and immersed into the coating material
solution for some time and then withdrawn slowly at a constant speed. After that, the
coated substrates are dried in the air to remove excess volatile solvents and obtain a thin
film [20]. Occasionally, the thin films may be annealed to form a good quality film having
the desired properties. This method is used widely due to its simplicity and free of
sophisticated equipment. However, non-uniformity in the film is sometimes observed due
to the manual steps involved in this method [21]. The film properties largely depend on
the parameters, such as immersion time, withdrawal speed, dipping cycles, solution
composition, concentration, temperature and environmental conditions.[22]. The main

steps involved in the dip-coating process are as follows [23].

1. Immersion: After cleaning, the substrate is slowly dipped into the coating solution.
Depending on the type of substrate, a pre-treatment process would be carried out before
dipping.

2. Startup: The substrate remains in the solution for some time and is slowly pulled out.
3. Deposition: While the substrate is being pulled out, the thin film starts to deposit on it.
The thickness of the coating is directly dependent on the speed of pulling out the substrate.
The slower pull will give a thinner coating layer.

4. Drainage: In this step, excess material is drained from the coated substrate.

5. Evaporation: Finally, the solvent starts to evaporate from the surface of the substrate,

forming a thin film on it. In the case of volatile solvent, this might happen in step 3 itself.
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2.1.4 RF Sputtering

In this thesis, indium-tin-oxide (ITO) layers in the device fabrication were deposited by
using RF sputtering. Sputtering is the ejection of atoms from a solid target or source
material to be coated on a substrate as a result of energetic gas ions bombardment on the
target surface [24]. The RF-sputtering technique is a physical vapor deposition (PVD)
technique that uses a high voltage radio frequency (RF) source, often fixed at 13.56 MHz,
to create plasma for the deposition process [24, 25]. In the sputtering deposition process,
at first base pressure of ~10°-10"" mbar is created inside the deposition chamber. Once the
chamber base pressure is achieved, the inert argon (Ar) gas is introduced into the vacuum
chamber at a controlled/required flow rate. A high voltage between the two electrodes,
cathode (target) and anode (substrate), leads to the ionization of Ar gas [25]. The ionized
Ar* gas is then accelerated towards the negatively biased cathode (target), which strikes
the target surface and sputter the target atoms. The sputtered atoms from the target move
towards the anode and impinge on the substrate to form a thin film. RF Magnetron
sputtering uses magnets behind the negative cathode to trap electrons over the negatively
charged target material, so they are not free to bombard the anode side (deposited film),
allowing for a faster deposition rate. The target area used in the sputtering system was
20.25 cm?. RF-sputtering offers advantages over DC-sputtering; in particular, sputtering
insulating or dielectric target materials like silicon oxide and aluminum oxide becomes

possible [24].

2.2 Preparation of MAPbI3 (CH3sNH3Pbls) perovskite thin films
For thin film deposition and characterization, the perovskite films were deposited on
Corning 1737 glass substrates. Prior to that, the substrates were sequentially cleaned with

soap solution, deionized water, acetone, and isopropanol in an ultrasonic bath for 15
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minutes each, followed by drying in the fast flow of dry nitrogen gas. After that, the
substrates were dried on a hot plate at 110 °C for 10 minutes, followed by UV-Ozone
treatment for 15 minutes. The perovskite film deposition methods used in this thesis are

briefly described in the following sections.

2.2.1 Using one-step method

The one-step deposition of MAPbIs perovskite thin films is done with the spin coating
technique by following the procedure reported elsewhere [26]. For preparing MAPDI3
solution, 461 mg of Pbl2and 159 mg of MAI were added to 635 pul DMF and 70 pl DMSO
(dimethyl sulfoxide) together and then let to stir in a vial till a clear yellow solution was
obtained. The MAPDIs solution was spin-coated at 4000 rpm for 60 sec on cleaned
substrates in a nitrogen-filled chamber having RH (relative humidity) ~ 22% (measured by
a commercially available hygrometer). During the spin coating process, chlorobenzene (an
anti-solvent) was dripped over the spinning substrate. After that, the films were annealed
at 100 °C for 10 minutes [in the same nitrogen-filled chamber], and finally, MAPDI3

perovskite thin films (thickness ~500 nm) having dark shiny surfaces were obtained.

2.2.2 Using two-step methods

For the deposition of MAPDI3 perovskite thin films using the two-step methods, lead iodide
(Pbly) thin films are deposited in the first step and then in the second step, Pbl, films were
dip-coated in methylammonium iodide (CHsNHsl, MAI) solution to get MAPDI3
perovskite films. Thermal evaporation and dip coating (TE+DC) and spin coating and dip
coating (SC+DC) are the two different two step methods used for deposition of MAPDbI3

perovskite thin films.
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2.2.2.1 Thermal evaporation and dip coating (TE+DC)

In the TE+DC method for MAPDI3 thin films deposition, Pbl> powder (~50 mg) (99.99%
pure, Alfa Aesar) was thermally evaporated using a thermal Evaporator system (Hind High
Vacuum, Model-12A4D) at the substrate temperature of 100 °C and process pressure
~ 2x10° mbar to get Pbl; thin films (thickness ~200+10 nm). A molybdenum boat source
was used to evaporate the Pbl> powder at a secondary LT (low tension) supply of 33 A. In
the second step, the Pbl> films were dipped in the MAI solution (99% pure, Sigma-
Aldrich), having a concentration of 10 mgml™? in 2-propanol (anhydrous, 99.5% pure,
Sigma-Aldrich). Soon after a few minutes of dipping, the films were annealed at 100 °C
for 10 minutes to obtain dark perovskite films eventually (~thickness 395+10 nm). The
dip-coating step was performed in an ambient atmosphere (RH~ 40% and temperature

~28 °C) and/or inside the dry nitrogen-filled glove box.

2.2.2.2 Spin coating and dip coating (SC+DC)

In the SC+DC method for MAPDI3 thin film deposition, Pblz is first spin-coated, followed
by dip-coating in MAI in a dry nitrogen-filled glove box (pressure ~1010 mbar and
temperature ~28 °C). For coating Pbl film, one molar Pbl> solution was prepared using
dimethylformamide (DMF) solvent by stirring at 70 °C for 12 hours. The Pbl. solution
was spun on cleaned corning glass substrates at 3000 rpm for 30 seconds and then
transferred to a hot plate and dried at 70 °C for 30 minutes. In the next step, the spin-coated
Pblz films (thickness 190+18 nm) were dipped in MAI solution to form MAPDbIz and
annealed at 100 °C for 10 minutes to get perovskite layers of thickness 390421 nm, similar

to that for the thermally evaporated Pbl> films.
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2.3 Fabrication of solar cells

The planar heterojunction (p-i-n) perovskite solar cells are fabricated using one-step and
the two-step (TE+DC) methods. The fabrication steps are briefly described below.

2.3.1 Using one-step method

The fabrication is started after cleaning the transparent conducting oxide (TCO) coated
glass substrates in a similar procedure as mentioned in section 2.2. After proper masking
on the substrate for the back electrode on the cleaned substrates, PEDOT:PSS (Poly(2,3-
dihydrothieno-1,4-dioxin)-poly(styrene sulfonate)) [Clevios Al 4083], was spin-coated at
4000 rpm. The PEDOT:PSS layer (HTL) was then annealed at 120 °C for 15 minutes and
allowed to cool down. The thickness of PEDOT:PSS was found to be ~50 nm. After that,
the samples were transferred to a glove box where MAPbIz was spin-coated using the
one-step method as described in section 2.2.1. In the next step, the ETL layer PCBM ((6,
6)-phenyl C61-butyric acid methyl ester) 20 mgml= in chlorobenzene was spin-coated at
2000 rpm for 30 seconds on top of the perovskite absorber layer, which yields a thickness
of 30-40 nm. The samples were then transferred into the thermal evaporator chamber for
the bathocuproine (BCP). The BCP layer of thickness ~15 nm was deposited by thermal
evaporation at room temperature. Finally, the silver electrode (80-100 nm thickness)
was deposited in a thermal evaporator chamber at a process pressure of ~3x10° mbar to

complete the device structure.

2.3.2 Using two-step method (TE+DC)

The two-step fabrication steps are similar to one-step method till the deposition of
PEDOT:PSS. Then the MAPDIs perovskite absorber layer was deposited using the
two-step deposition (TE+DC) method as described in section 2.2.2.1. In the next step, the

ETL layer PCBM ((6, 6)-phenyl C61-butyric acid methyl ester) 20 mgml™? in
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chlorobenzene was spin-coated at 2000 rpm for 30 seconds on top of the perovskite
absorber layer, which yields a thickness of 30-40 nm. The samples were then transferred
into the thermal evaporator chamber for the Ag electrode deposition. Finally, the Ag
electrode (thickness ~100 nm) was deposited at room temperature and process pressure of
~3x10° mbar to complete the device structure. For devices having the ITO layer in the
stack, we have deposited the ITO layer as an interfacial layer between the PCBM and Ag
layers to prevent the diffusion of the top silver electrode layer. The ITO thin film (thickness
~40-50 nm) was deposited on top of the PCBM layer using the RF-sputtering technique
by following our previous work [27]. The deposition parameters used for ITO film were:
Argon flow rate of 7 SCCM (standard cubic centimetre per minute), RF power of 60 W
(power density~2.96 Wcm), process pressure (PP) of 0.05 mbar, and substrate

temperature of 50 °C.

2.4 Characterization techniques

The various techniques used for characterizing MAPDI3z perovskite thin films and solar
cells are described below.

2.4.1 X-ray diffraction (XRD)

X-ray diffraction or XRD is a non-destructive characterization technique used to study
microstructural properties of a material based on X-ray diffraction to find out the nature
of the material as amorphous or crystalline. This technique is used for the analysis of the
material composition, crystalline structure, crystal orientations, phase, average crystallite
size, lattice strain, and crystal defects [28].

In the present thesis, XRD is performed using Rigaku, TTRAX 11l or Rigaku, Smart Lab
equipped with CuK radiation of 1.54 A, for the structural study of MAPbIs thin films
deposited on corning 1737 glass substrates. The measurements are performed in thin-film

Page | 30
TH-2730_156151001



Experimental details and characterization techniques

mode at a grazing angle of incidence 1° with a scan rate of 3° per minute in 26 range
~ 10-60°. The mean crystallite size (d) are calculated using Scherrer’s formula given as in

Eq. 2.2.

092
" BcosO

(2.2)

Where 1 is the wavelength of x-ray, B is the broadening or Full Width at Half Maximum

(FWHM) of the peak and 6 is Bragg’s angle.

2.4.2 UV-Vis-NIR spectroscopy

Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) spectrometry is a useful characterization
technique for measuring the absorbance, transmittance, or reflectance of thin films. The
measurements are performed using Perkin-Elmer Lambda 950 spectrometer corning on
the films deposited on 1737 glass substrates in various wavelength ranges. The absorbance
and transmittance are measured with reference to air. The optical bandgap (Eg) is

calculated using the Tauc relation given in Eg. 2.3 [29].
ahv = B(hv—E,)" (2.3)

Where « is the absorption coefficient (cm1), hv is the incident photon energy (eV), B is
proportionality constant. The values of the exponent n are %2 and 2 for direct and indirect
bandgap material, respectively. Using Eq.2.3, the bandgap values of thin films are

calculated from the (ah )" vs. hv plot.

2.4.3 Atomic force microscopy (AFM)
AFM is a powerful tool to study the surface topography of thin films. AFM generates an

image by scanning a small cantilever with a sharp tip on the sample surface. As the tip
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moves in response to the interaction force with the film surface, the cantilever deflects.
The deflection of the cantilever is detected by a focused laser beam reflected from the top
surface of the cantilever to the photodiode. Thus the tip movement is traced with the
reflected laser beam and then the surface image is generated [30, 31]. Two basic modes
of operating AFM are contact and tapping mode. In contact mode, the tip is in contact with
the film surface. On the other hand, in the tapping mode, the AFM cantilever is vibrated
above the sample surface such that the tip is only in intermittent contact with the surface.
The tapping mode is commonly used for AFM imaging as it helps to reduce the shear
forces associated with the tip movement.

In this thesis, the AFM measurement were performed using Cypher, Oxford instrument in
tapping mode. The measurement results are analyzed using WSxM software for the root

mean square(RMS) roughness estimation for a selected area of 5 um x 5 pum.

2.4.4 Field emission scanning electron microscopy (FESEM)

In FESEM, a high-energy narrow electrons beam is used to obtain images from the sample
surface. FESEM uses a field emission gun as the electron source. After the electron beam
exits the electron gun, they are confined and focused on a small spot using metal apertures
and magnetic lenses. Finally, detectors in the microscope collect electron signals emitted
from the specimen to produce an image [32].

The confined small spot size of the electron probe makes FESEM a high-resolution
instrument. FESEM produces a cleaner image, less electrostatic distortions and spatial
resolution <2 nm, which is 3 to 6 times better than a scanning electron microscope (SEM).
The surface morphology of the thin films is obtained by field emission scanning electron

microscopy (FESEM, ZEISS, SIGMA 300). FESEM was operated with an accelerating
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voltage of 2 to 4 KeV and the films were coated with a very thin gold layer by sputtering

to avoid the surface charging effect during measurement.

2.4.5 Photoluminescence (PL) spectroscopy

PL spectroscopy is a contactless, non-destructive technique to probe the electronic
structure of materials. In PL spectroscopy, the incident light (excitation) is absorbed by
the material and then photoexcitation occurs, followed by the relaxation process
accompanied by the photon emission. A charge coupled device (CCD) camera collects the
spectrum for each examined point while scanning over the sample. The intensity and
spectral content of the emitted photoluminescence directly measure various important
material properties, including bandgap, impurity levels, defects, and recombination
mechanisms [33, 34]. When a semiconductor material is excited with a light source with
photon energy larger than the bandgap energy of the semiconductor, the excited electron
and hole will not remain in their excited states for very long; instead, they will relax very
rapidly (103 s) to the lowest energy states within their respective bands by emitting
phonons. When the electron (hole) finally arrives at the bottom (top) of the conduction
(valence) band, the electron-hole pair recombines radiatively with the emission of a photon
(luminescence), or non-radiatively by transferring the electron’s energy to impurities or
defects in the material or dangling bonds at the surface. The energy of the emitted photon
directly measures the energy difference between the involved bands. Thus, the direct
bandgap of semiconductors or the HOMO-LUMO gap in the molecules can be determined.
In semiconductors, it is also expected that the point defects yield states in the bandgap, so
the PL signal is observed at photon energies below the bandgap showing the characteristics
of different defects [35, 36]. In the present thesis, steady-state PL measurements on thin

film samples are carried out using Horiba Jobin- Yvon, Flouromax-4 at room temperature.
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2.4.6 Current-Voltage (1-V) measurements of perovskite thin films

Current-Voltage measurements of perovskite thin-film are performed using the two-probe
method in co-planar geometry by keeping the thin-film in a closed chamber. The Keithley
2450 source measurement unit (SMU) was used for I-V measurements. For I-V
measurements, silver (Ag) electrodes were deposited on the thin films by thermal
evaporation of high purity (99.999%) Ag wire. The length and separation of electrodes are
10 mm and 1 mm, respectively, in co-planar geometry. A 100 W halogen lamp with
incident power density of 1000 Wem™ was used for photocurrent measurements. In the
co-planar geometry, the conductivity (o) of the film is given by Eqg.2.4. This equation is
suitable for our case as the perovskite film are of few hundred nanometres and current flow

across the film while applying field between the two electrodes.

Ixd
o= (2.4)

Where | is the length of electrodes, d is the separation between the electrodes, V is the

applied voltage, I is the measured current, and t is the film thickness.

The activation energy (Ea) is estimated from temperature-dependent dark conductivity data
using the Arrhenius plot [37]. The relation between the dark conductivity (o4) and

activation energy (Ea) is given by Eq.2.5.

04 = 0y exp (— Fa ) (2.5)

KgT
Where o4 is the dark conductivity, oo is the pre-factor, k is the Boltzmann constant, T is the

absolute temperature in Kelvin.

2.4.7 Current-time (I-t) measurements of perovskite thin films
The I-t measurements of MAPbI3 thin films are done under vacuum (~0.05 mbar) to avoid

surface-related processes induced by chemisorption and desorption of oxygen. Here the
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transient current as a function of time at different light intensities and temperatures (25 °C-
70 °C) are recorded. The neutral density (ND) filters (Make: Melles Griot) are used to vary
the light intensity to 10%, 30%, 50%, and 80% of full intensity (1000 Wm2). During
measurements, the light intensity and temperature were increased from low to high. Time
step 0.1s (100 ms) was used to record the I-t data.

Aluminum (Al) electrodes of 10 mm length and 1mm separation were made by thermal
evaporation of high purity (99.999%) Al wire on the perovskite thin films for I-t
measurements. The samples were mounted on a stainless-steel sample holder in a vacuum
chamber, which has a heater within it. The temperature of the film sample was measured
with the help of a platinum resistance thermometer (PT-100) on a digital multimeter

(Agilent, model: 34401A).

2.4.8 Current-Voltage (I-V) measurements of solar cells

The performance of a solar cell can be determined from the current-voltage (I-V)
measurement. The I-V characteristic measurements of fabricated MAPbIs perovskite based
heterojunction solar cells were done under 100 mWcm of incident power density from a
Xenon lamp with AM1.5 conditions. The Keithley 2450 source measurement unit has been
used to apply voltage sweep and measure the current from solar cells. Fig. 2.2 shows the

schematic diagram of current density-voltage (J-V) characteristics of a solar cell.
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Figure 2.2: Current density-voltage (J-V) characteristics of solar cell
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From the J-V characteristics of the solar cell, short-circuit current density (Jsc), open-circuit
voltage (Voc), and fill factor (FF) can be determined. Jsc is short-circuit current density at
which voltage across the solar cell is zero. The Vo is the maximum voltage output of a
solar cell, at which no current flows through the external circuit; that is, at zero current
Jsc = 0. The FF is the ratio of the maximum power that can be obtained from the cell to the
product of Jsc and Voc. Graphically FF is a measure of the squareness of the 1-V curve. The
solar cell efficiency () is the fundamental parameter for comparing one solar cell's
performance to another working cell. The solar cell efficiency () is defined as the ratio of
maximum electrical energy output from the solar cell to the input solar energy on the cell.
The performance of a solar cell is described by a power conversion efficiency (7).

The n(%) is determined by the following equations Eq.2.6 and Eq.2.7.

(%) = L% 5 100 (2.6)

Where Js¢, Voc, FF and Pin are short-circuit current density, open-circuit voltage, fill factor

and input power.

2.5 Simulation details of MAPDI3 based perovskite solar cells (n-i-p and p-i-n) using
Sentaurus-TCAD software

The simulation studies were carried out for n-i-p and p-i-n planar structure MAPDI3 solar
cells using Sentaurus-TCAD simulation software under the AM 1.5 solar spectrum
condition at room temperature (300 K). This simulation tool simulates the electrical
behaviour in a semiconductor device that is represented as a mesh grid file [38]. All the
electrical simulations are performed using the drift-diffusion transport model, in which the
electrostatic Poisson equation and carrier continuity equation for electron and hole are
solved iteratively [39]. The n-i-p and p-i-n device structures used for simulations are
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FTO/SnO2/MAPDI3/Spiro-OMeTAD/Ag(n-i-p) and FTO/PEDOT:PSS/MAPbIs/PCBM/Ag
(p-i-n). In the n-i-p configuration, FTO is used as the front contact, SnO2 as ETL, MAPbI3
is the absorber layer, spiro-OMeTAD is HTL, and Ag is the metal back contact. In the
p-i-n device structure, PEDOT:PSS (Poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrene
sulfonate) and PCBM ([6,6]-phenyl-Cs1-butyric acid methyl ester) act as HTL and ETL,
respectively and the other layers are the same as given for the n-i-p configuration. In the
n-i-p structure, the light was shone through SnO2 (ETL) and in the p-i-n structure, the light
was shone through PEDOT:PSS (ETL). Through this simulation, we studied the influence
of varying some key parameters of the absorber (MAPbI3) layer, such as (i) bulk defect
density variation (1x10* to 1x10*° cm®), (ii) interface defect density variation (1x10° to
1x10'2 cm), at ETL/MAPbIs and MAPbIs/HTL interfaces and (iii) thickness variation of

the perovskite absorber layer (200 to 1000 nm), on the performance of the solar cell.
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CHAPTER

3

Synthesis and study of MAPDbI3 perovskite thin
films deposited using one-step method

This chapter presents the fabrication of MAPDbI3z perovskite thin films (on corning
1737 glass substrates) using a one-step solution method and study of optoelectronic
properties. Among the different halide perovskite, MAPbIs (CHsNHz3Pbls) has been
broadly studied, focusing on thin films for application in photovoltaics as a light absorber
layer [1, 2]. MAPbIs has an optical bandgap of ~1.6 eV and numerous excellent
optoelectronic properties, which are ideal for solar cells [3-5]. Thus, MAPbI3 perovskite
has shown good cell performance with high efficiency [6, 7]. Besides solar cells, hybrid
perovskite has also been studied and found suitable for other optoelectronic devices like
light-emitting diodes (LEDSs), photodetectors, and lasers [5, 8-11]. Thus, hybrid perovskite
materials have the potential for broad applications in next-generation optoelectronic

devices. However, it is also necessary to investigate the nature of defects and defect levels
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present in the material. For photovoltaic applications, understanding the nature of defects
in the absorber layer is essential to minimize non-radiative decay pathways by improving
the material properties to achieve a high internal quantum efficiency and a high open-
circuit voltage (Voc) [12].

With this motivation, the structural and optoelectronic properties of the synthesized
perovskite thin films are studied. The room temperature PL spectroscopy technique is
suitable for evaluating semiconductor material properties such as optical band gap, discrete
electronic states and defects [13-15]. A detailed study of luminescence features of MAPDI3
perovskite thin films was carried out at room temperature using photoluminescence (PL)
and photoluminescence excitation (PLE) spectroscopy at varying excitation wavelength

(Aex) (500 nm to 600 nm) and emission wavelength (Aem) (700 nm to 850 nm) respectively.

3.1 Experimental details

The MAPDI3 perovskite thin films were deposited on Corning 1737 glass substrates by the
one-step deposition process using the spin coating technique as mentioned in chapter 2,
section 2.2.1 [16]. The X-ray diffraction (XRD) was performed on perovskite thin films
deposited on the corning glass substrate at room temperature. Field Emission Scanning
Electron Microscope (FESEM) was used to study the surface morphology of perovskite
thin films. Optical absorption, transmission, and reflectance spectra were measured using
a UV-Vis-NIR spectrometer. PL and PLE spectra were recorded using Horiba Jobin-Yvon,
FluoroMax-4 spectrometer at the same sample position. The PL spectra were recorded at
fixed excitation energy by scanning the emission energy, whereas the PLE spectra were
recorded at fixed emission energy by scanning the excitation energy. The current vs. time
(I-t) measurements were done in co-planar geometry using aluminum (Al) electrodes of

10 mm length at 1 mm separation on the perovskite film using Keithley 2450 source
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measurement unit (SMU) at an applied field of 100 Vcm™. The measurements were done

in vacuum (pressure ~0.05 mbar) to avoid the moisture effect on perovskite film.

3.2 Results and discussion

3.2.1 X-ray diffraction analysis

The XRD analysis confirmed the formation of the MAPDbIs perovskite film on the Corning
1737 glass substrate. XRD pattern of the synthesized MAPbIz thin film is shown in Fig.
3.1. The XRD graph within the range of 26 values from 10° to 60° shows the prominent
peaks at 14.07°, 28.43°, 31.84°, 40.55°, and 43.10°, corresponding to (110), (220), (222),
(224) and (314) planes of the pure tetragonal () phase of MAPbI3 perovskite respectively
[1, 17, 18]. In addition, small peaks from other planes of MAPDI3 tetragonal structure are
also observed in Fig. 3.1 [19]. The XRD pattern confirms that the deposited perovskite

films are highly crystalline and pure with no excess or residual Pbl, reagent [20].

——MAPbI,

(110)

Intensity (arb. units)

10 20 30 40 50 60
20(degree)

Figure 3.1: XRD pattern of MAPbI3 perovskite thin film using CuK radiation. Peaks correspond to the

pure tetragonal (B) phase of MAPbI; perovskite
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3.2.2 FESEM analysis
The FESEM image in Fig. 3.2 shows the surface morphology of the deposited MAPDbI3
film. The films obtained are uniform and pinhole-free with homogeneous morphology and

a maximum grain size of ~500 nm.

EHT= 500kV  WD=53mm  Mag= S0.00KX SignalA=nLens

Figure 3.2: FESEM (top view) image showing the surface morphology of MAPblI thin film

3.2.3 UV-Vis analysis

Fig. 3.3(a) shows the UV-Vis (ultraviolet-visible) absorbance (A) spectra of MAPbI3
perovskite thin films. The perovskite thin films have absorption onset at ~783 nm (pointed
with arrow mark), with a sharp increase in absorbance up to 750 nm.  The strong
absorption characteristic of MAPDI3 perovskite is evident for the entire visible range [17,
21]. As seen in Fig. 3.3(b), the transmittance (T) and diffuse reflectance (R) spectra of
MAPbDI3 thin film decrease abruptly below 800 nm, consistent with the absorption
characteristic. The low values of T (< 5%) and R (< 20%) in the visible region below ~783
nm is due to the perovskite's high absorption coefficient at the photon energies above its
bandgap energy. However, the transmittance and reflectance are high in the near-infrared

(NIR) region.
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Figure 3.3: (a) Absorbance and (b) Transmittance and diffuse reflectance spectra of MAPbI thin film

The absorption coefficient («) is calculated using Eq.3.1.

2.3034
t

(3.1)
Where A is the absorbance and t is the film thickness.

The measured UV-Vis absorbance spectra do not account for the reflectance losses from
the surface of thin films, and thus the absorbance is usually overestimated. Therefore, for
absorption coefficient («) calculation, the measured diffuse reflectance value (R) (Fig.
3.3(b)) is subtracted from the measured A value [actual absorbance A* = (A-R)]. The
calculated o values of the perovskite films using A* in Eq. 3.1 are of the order 5x10%-
1x10%cm™ which is similar to the reported values in the literature and comparable to that
of the other inorganic semiconductors [22]. Since the absorption coefficient of MAPbI3
perovskite films is high, a thin layer of thickness ~300-400 nm is sufficient as an absorber
layer for solar cells [18]. The optical bandgap (Eg) is calculated using the Tauc plot
(ahv)Y" vs. hv; where a is the absorption coefficient (cm™), Av is the photon energy (eV),

and n = 1/2 for direct bandgap material [23]. The calculated bandgap is 1.58 + 0.01 eV,

which is close to the reported values [3].
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3.2.4 PL and PLE analysis

Fig. 3.4 shows the PL spectra of MAPbI3 thin film recorded at room temperature (~300 K)
for a selected range of Zex from 500 - 600 nm at an interval of 10 nm. A high-intensity PL
peak at ~783 nm (1.58 eV) is observed for all values of Aex (500 - 600 nm) . The peak
position is consistent with the bandgap value (~1.58 eV) estimated from the UV-Vis
absorbance data and very close to the reported bandgap value of ~1.60 eV of the MAPbDI3
tetragonal phase at room temperature (~300 K) [3]. The tetragonal phase of MAPbI3 could
also be identified from the XRD analysis as well (Fig. 3.1). This broad PL peak at ~783
nm arises due to the radiative recombination of electrons and holes near the band edge and
it depicts the direct bandgap nature of MAPDbI3 perovskite [24]. There is no shift in the
peak positions with the change in Aex, though a decrease in the peak intensity is observed
towards the longer Aex due to a decrease in absorbance (Fig. 3.3(a)). The intensity of the
emission peak gives a quantitative idea of the radiative recombination of free carriers
generated for a particular ex. The small peak observed at ~823 nm is identified as an

instrumental noise and is believed not to affect the PL spectra.

9x10°

6x10°

PL Intensity

3x10° |

700 750 800 850 900
Emission Wavelength (nm)

0 1
650

Figure 3.4: PL spectra of MAPbI; thin film at different excitation wavelengths (500-600 nm)
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The PL spectra are normalized by the incident photo flux corresponding to the Jex after
considering the reflection losses for quantitative analysis. The peak intensities of
normalized PL spectra in Fig. 3.5(a) indicate the fraction of absorbed photons in the top
thin layer responsible for the PL signal. A lower normalized intensity for high e is due to
the lower absorption coefficient for these photons. From the normalized PL spectra shown
in Fig. 3.5(a), it is observed that the peak at 783 nm is slightly asymmetric, indicating the
presence of an additional shoulder peak at a lower wavelength. Therefore, to get more
insight into the origin of PL emission, the normalized PL spectra are deconvoluted into
three peaks named peakl, peak2, and peak3 at the emission wavelengths 754 nm (1.64
eV), 783 nm (1.58 eV), and 823 nm (1.50 eV) (instrumental noise), respectively, as shown
in Fig. 3.5(b). The deconvoluted PL spectrum for iex = 500 nm after proper baseline
correction is shown in Fig. 3.5(b), and similarly, the deconvolution is done for all the PL
spectra. The adjusted R? values of peak fitting for all the /ex listed in Table 3.1 are close to

1, indicating a good fit.
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Figure 3.5: (a) Normalized PL spectra of MAPbI; thin film at different excitation wavelengths (500-600
nm). The PL spectra are normalized with the incident photon flux of the respective excitation wavelengths
after correcting reflection losses (b) The deconvoluted PL spectrum at Aex= 500 nm with the deconvoluted

peaks
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Table 3.1: Adjusted R? value of the peak fit for PL spectra of MAPbI; thin film at different excitation
wavelengths (500-600 nm)

Zex (NM) 500 510 520 530 540 550 560 570 580 590 600

Adj.R? 0998 0.997 0.999 0.998 0.998 0.999 0.998 0.998 0.998 0.997 0.998

From the area percentage of the fitted peaks shown in Fig. 3.6, it is observed that the area
percentage of peakl is lower than that of peak2. Peakl covers at least 10-20% area, and
peak2 covers 80-90% area, whereas the instrumental noise peak3 area is <2-3%. There is
no significant change in the positions of the deconvoluted peaks with the change in Jex.
Though the variation in FWHM of peakl (754 nm) is observed from 24 nm to 33 nm, there

IS no proper variation trend, and the FWHM of peak2 (783 nm) varies slightly from 35 nm

to 39 nm.
100 |
80}
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- —@—Peak 2 (783nm)
S 60 —&— Peak 3 (823nm)
E L
< 40
a0 .\'/.\/'\-—-—I—’"I—'
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1 M 1 " 1 " 1 " 1 2 1
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Figure 3.6: Area percentage of the peakl, peak2, and peak3 obtained after deconvolution of PL spectra at
different excitation wavelengths (500-600 nm)

These peak positions coincide with the absorption edges of the absorbance spectra, as
shown in Fig. 3.7(a). From the peakl and peak?2 intensities, it can be comprehended that
the majority of carriers get excited or thermalized to the slightly lower energy states after
excitation, which emits photons of the energy ~1.58 eV after relaxation. On the other
hand, the lower intensity of peakl shows that fewer photoexcited carriers remain in the

higher energy states, emitting photons having equivalent energy (~1.64 eV) to the bandgap
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energy. These carrier recombination processes are shown schematically in Fig. 3.7(b),
where two types of possible recombination occur: direct band-edge recombination and the

other via shallow traps.
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Figure 3.7: (a) Absorbance and normalized PL spectra of MAPbDIs thin film (Jex = 500 nm) with the
deconvoluted PL peaks at 754 nm (peakl) and 783 nm (peak2) (b) Carrier recombination process, direct

band edge and via shallow trap states

Ideally, for MAPDI3 perovskite with no defect states, only a single PL peak at ~1.60 eV
should be observed, corresponding to its bandgap energy. Observation of intense peak at
1.58 eV indicates shallow trap states at ~60 meV (~2kT) below the conduction band
minimum (~1.64 eV corresponding to low-intensity peak) in the bandgap energy region.
Since the defect levels are very shallow, a fraction of the charge carriers trapped in these
shallow traps are reemitted and direct band to band recombination occurs. Hence the direct
band-edge recombination is responsible for PL peakl at 754 nm (~1.64 eV) and another
recombination process via shallow traps gives rise to intense PL peak2 at 783 nm (~1.58
eV). The major contribution to the PL is from the radiative recombination via these shallow
trap states (peak?2). These shallow traps can be attributed to the point defects such as iodine
(I) and methylammonium (MA) vacancies in MAPbI3 perovskite, which have low
formation energies, and do not contribute to the non-radiative recombination [25-27].
Though a considerable amount of deep trap states can also be present in perovskite
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materials, possibly originating from Pb interstitial (Pbi) and anti-site defects (Pbi, Ima, Ipb)
[26, 28]. These deep defects result in non-radiative monomolecular recombination within
perovskite films and do not contribute to PL [26]. Since these deep defects have higher
formation energies and thus a low non-radiative recombination rate, long carrier diffusion
lengths are observed in the halide perovskite. These lead halide perovskites have been
shown to have intrinsic defect tolerance despite having several point defects, as the
performance of solar cells is not affected significantly due to these shallow defects [26]. It
is also believed that under certain excitation energy, the lowest vibrational level of
conduction bands or highest vibrational level of valance bands are split and/or shifted
when the photoexcitation energy is tuned around a threshold. The photoexcitation energy
may cause some structural changes or deformation in halide perovskite, due to which the
lowest level of the conduction bands (CB) or highest level of the valance bands (VB) may
get split. As a result, the energy states can be shifted up or down, resulting in
photoemission with relatively higher or lower energy than the ideal bandgap value [29].
This could be another reason for the peak at 1.64 eV in PL spectra.

To further understand the PL emission, PLE measurements were done by scanning over
the excitation wavelengths. The PLE spectra normalized with incident photon flux for Aem=
700-850 nm are shown in Fig. 3.8(a). The 1em range is selected according to the broadness
of the PL peak (700-850 nm). It is observed that the PLE intensity varies with Jem; the
intensity starts rising slowly from Aem = 700 nm and reaches the maximum at ~780 nm,
and again decreases towards higher Aem. From PLE data in Fig. 3.8(a), the PL spectra are
reconstructed for a clear illustration, as shown in Fig. 3.8(b). From Fig.3.8(b), it is seen
that the PL peak in reconstructed spectra is similar to the measured PL spectra in Fig. 3.4,
with the maximum intensity at Aem ~780 nm. The peak intensity is maximum for the shorter

Jex (470 nm) and decreases towards the longer Zex. In this reconstructed PL spectra also, a
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signature of a small shoulder peak around ~755 nm is witnessed. The decrease in
normalized PLE intensity with increasing excitation wavelength could be related to the

slight decrease in absorption coefficient with wavelength.
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Figure 3.8: (a) Normalized PLE spectra of MAPDI; thin film at the different emission wavelengths (700-850
nm). The spectra are normalized with the incident photon flux of the excitation wavelengths and corrected
for the reflection losses (b) Reconstructed PL spectra from the PLE spectra in Fig. 3.8(a) at different

excitation wavelengths (470-650 nm). The data points are spline interpolated

3.2.5 Optical absorption fraction calculation

The optical absorption calculation for MAPbIs perovskite film is done to study the
fractional absorption for different thicknesses and further explore the cause of the change
in normalized peak intensity with Jex. Fig. 3.9 shows the calculated optical absorption in
the wavelength range from 500- 650 nm using Eq. 3.2 for thickness 1- 400 nm [34].

Absorption = (1 — R(1))(1 — e~9D4) (3.2)

Where R is reflectance, « is absorption coefficient as a function of wavelength (1), and
d is the film thickness. In general, the (1-R(1)) factor is ignored if R = 0. However, in the
case of MAPbI3 perovskite the R is dependent on 4 as can be seen in Fig. 3.3(b). So, the R

is considered for the calculation of optical absorption.
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Figure 3.9: Calculated optical absorption fraction of MAPDbI3 perovskite film for different film thicknesses
at the wavelength range 500-650 nm. The inset figure shows the variation in absorption fraction of film

surface region up to 50 nm thickness

From Fig. 3.9, we can see that the fraction of light absorption increases with thickness and
then saturates after 300 nm, which shows that the incident light is almost completely
absorbed within a thickness of 300 nm. Corresponding to the variation in absorption
coefficient with wavelength, the absorption fraction slightly decreases with the increase in
wavelength for a few nm of initial film thickness (shown in figure inset). Since the
absorption coefficient depends upon the wavelength slightly, the variation in PL intensity
in Fig. 3.8(b) with Aex could be related to the variation in the number of photons absorbed
within a certain thickness in the film surface region from which the PL spectra is obtained.
On further investigation, it is found that for the film thickness ~ 50-60 nm, the ratios of
the maximum absorption fraction at A=500 nm to the corresponding absorption fractions
at 4=550 nm, 600 nm & 650 nm are nearly similar to the ratios of the maximum normalized
PL intensity at 1ex=500 nm to its corresponding peaks at 1ex=550 nm, 600 nm & 650 nm.
This finding suggests that the emission from the perovskite film surface region of

approximately 50-60 nm depth effectively contributes to the PL peak.
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3.2.6 Transient current measurements

Current vs. time (I-t) measurements on MAPbIsz thin films were performed to see the
transient current response of the films on exposure to light and the current decay after the
illumination is stopped to study the presence of defects. It can be observed from the I-t
curve in Fig. 3.10 that the MAPDI3 films show good photosensitivity with three orders of
magnitude change in current when exposed to light (intensity ~100 mWcm-2, for 60 secs).
As soon as the light is turned on, the current increases instantaneously and gets stabilized.
This fast generation process of photoexcited free carriers in MAPbI3 perovskite occurs in
picoseconds timescale [30, 31]. In MAPDbIs perovskite, free charges are the primary species
generated after photoexcitation above 80 K [32, 33]. As soon as the light is turned off, the
current initially decays sharply, followed by a relatively slow decay before reaching back
the dark current value. The inset figure particularly shows the current decay curve region
after turning off the illumination. The fast band to band recombination cause sharp decay
of current, while the slow decay of current is due to the slow re-emission of the trapped

charge carriers in defect states.
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Figure 3.10: Measured I-t characteristics of MAPDI; thin film for 60 s illumination. The inset figure shows
the current decay curve region after the illumination is stopped at 90 s and the exponential decay fit is

represented with the dotted line. By fitting the current decay curve, the decay time constant (z; and z,) values
are obtained
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To determine the decay time constants, the current decay curve (after illumination is

stopped) is fitted using exponential decay Eq. 3.3.
I(t) = Iy + Aje~ ()T 4 A, e~ (t=t0)/T2 (3.3

Where I(t) is current, I is offset, A1 & Az are amplitude, 71 & 72 are decay time constants,
and to is the starting point. The values of z1 and 7> obtained after fitting the decay current
curve are 0.07+0.01 sec and 0.25+0.01 sec, where 71 and 72 values denote the slow decay

process due to charges trapped in shallow defects levels.

3.3 Conclusion

In summary, we studied the optical properties of MAPbI3 perovskite thin films using UV-
Vis spectroscopy, PL, and PLE measurements. The excitation wavelength variation (500-
600 nm) has no significant influence on the PL peaks. From the PL study, the shallow
defect states in the bandgap region of the perovskite film could be identified.
Understanding the defects in a semiconductor material is essential for designing and
assessing the performance of optoelectronic devices. These shallow trap states could also
be identified from the photocurrent decay study. The MAPDIs films have good
photosensitivity and show two orders of magnitude change in current. This study gives a
comprehensive understanding of the optical and electrical properties of MAPbI3 perovskite

thin film, which will help in developing new optoelectronic devices.
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CHAPTER

A

Synthesis and study of MAPDI 3 perovskite thin
films deposited using two-step method

This chapter discusses the growth, structural, optical and electrical properties of
MAPDI3 perovskite thin films deposited by two-step deposition methods. Usually, the
perovskite thin films are deposited using one-step solution process. However, the
perovskite layer deposition by the one-step spin coating process has the limitation of small
area film coverage [1]. Thus, with the motivation of depositing large-area films and
improving the stability of the perovskite layer, we have used the two-step method for
fabricating the perovskite film by involving the thermal evaporation technique. In the two-
step method, the first step is the thermal evaporation (TE) of lead iodide (Pblz), and the
second is the dip coating (DC) in methylammonium iodide (CHsNHzl or MAI) solution to
fabricate methylammonium lead iodide (CH3NHsPblz or MAPDI3) perovskite film. At the

same time, we have also used the conventional spin coating (SC) method for depositing
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Pbl> film and then DC in MAI to get MAPbIs for comparative study with the TE+DC
method. The film morphology, optical properties, electrical properties, and stability of
MAPDI3 perovskite films synthesized by both the two-step methods TE+DC and SC+DC
are studied. The effects of depositing Pbl> film by thermal evaporation and spin coating
on perovskite film quality are discussed. Transient current measurements were done to
study the carrier generation, trapping and recombination processes in MAPbI3 perovskite

thin films deposited by the TE+DC method.

4.1 Experimental details

MAPDI3 thin films were prepared on Corning 1737 glass substrate using the two-step
methods TE+DC and SC+DC as described in chapter 2, section 2.2.2. The X-ray
diffraction (XRD), Field Emission Scanning Electron Microscope (FESEM) and Atomic
Force Microscope (AFM) were used to study the structural and surface morphology of
perovskite thin films. Optical absorption, transmission, and reflectance spectra were
measured using a UV-Vis-NIR spectrometer. Photoluminescence (PL) spectra were
recorded at varying excitation wavelengths (Zex). Stability tests were done on the
perovskite thin films prepared by the two different two-step methods (TE+DC & SC+DC)
using UV-Vis absorbance and electrical measurements as a function of time. The current
vs. voltage (I-V) and current vs. time (I-t) measurements on the perovskite films were done
in coplanar geometry using the Keithley-2450 source measurement unit at an applied field
of 100 Vem™. The I-t measurements were done in vacuum (0.05 mbar) to avoid surface-

related processes induced by chemisorption and desorption of oxygen [2].
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4.2 Results and discussion
4.2.1  X-ray diffraction analysis
Fig. 4.1(a-b) shows the XRD patterns of the Pbl, (vapor-deposited and spin-coated) and

MAPbI3 thin films for different dipping time durations.

(a)]z _Hs ® MAPbl3 (b) =2 ® MAPbI3
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Figure 4.1: XRD patterns of Pbl, and MAPDblI; thin films with different dipping times of Pbl; film in MAI
solution. (a) thermally evaporated Pbl, and MAPDbI; thin films, (b) spin-coated Pbl, and MAPbI; thin

films

The indexed XRD peaks confirm the complete formation of MAPDI3
(Pbl+MAI—MAPbDI3) perovskite films after dipping Pblz films in MAI solution for about
2 minutes. The observed peaks correspond to the pure tetragonal (5) phase of MAPDI3
films prepared by both the methods (TE+DC and SC+DC) [3-5]. The XRD pattern shows
that the perovskite films have high purity with significantly fewer intermediate phases. A
preferred orientation along the (110) direction was observed in the XRD pattern of
MAPDI3 films synthesized by both methods. After 2 minutes of dipping the TE and SC
Pbl. films in MAI solution, the Pbl, peak intensity at 28 value of 12.6° diminishes and the
MAPDI3 peaks become prominent [6]. However, MAPDIs film using the vapor-deposited
Pbl film shows a small peak of Pbl, (at a 20 value of 12.6°), indicating the presence of a

small fraction of unreacted Pbl,. The fraction of unreacted Pbl. is possibly present at the
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bottom of the film because the Pbl. films obtained by vapor deposition are more compact
than spin-coated films. Depending on the batch of sample preparation, the vapor-deposited
Pblz films sometimes require a slightly longer dipping time to react with MAI to form

MAPbI3 completely.

4.2.2 FESEM analysis

Figure 4.2(a-b) shows the FESEM images of MAPDI3 films synthesized using the two-step
methods. The vapor-deposited Pbly films form perovskite film (Fig. 4.2(a)) with large
grain sizes up to 1 um, while the spin-coated Pbl> films (Fig. 4.2(b)) form perovskite films
with smaller grain size and pinholes. The pinholes in the SC+DC films are formed after
the solvent evaporation during annealing, which shows the drawback of the solution
process for fabricating large-area films or devices. These observations indicate that
TE+DC perovskite films are likely to show better device performance because the films
are pinhole-free and large grain-sized films exhibit good transport properties due to less

grain boundary density [7].

— EHT= 200k Mag= 5000 KX WD= 42mm  Signal A = inLe{@dis
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Figure 4.2: FESEM images of MAPblI; films prepared by (a) thermal evaporation of Pbl, and dip coating
in MAI solution (b) spin coating of Pbl, and dip coating in MAI solution
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4.2.3 AFM analysis
Fig. 4.3(a-d) shows the AFM topography images (5 pm x 5 um) of Pbl, and MAPDI3 thin

films.

198.16 nm

Figure 4.3: AFM topography images of Pbl; and MAPDbI; thin films by dip-coating Pbl; in MAI solution.
(a) thermally evaporated Pbl; film, (b) spin-coated Pbl; film, (c) MAPbI; thin film by thermally
evaporated Pbl; film and dip coating and, (d) MAPbI; thin film by spin-coated Pbl; film and dip coating

It is observed that the vapor-deposited Pbl> films (Fig. 4.3a) are smoother than the spin-
coated films (Fig. 4.3b). The vapor-deposited films have uniform coverage and a lower
root mean square (RMS) roughness of 2.28+0.40 nm than the spin-coated films with the
RMS roughness of 16.35+3.27 nm. The higher roughness is due to the presence of pinholes
as observed in the AFM image of spin-coated Pbl> films. This non-uniformity and pinholes
are not suitable for a large-area device. As observed in the FESEM image, MAPblIs films
synthesized by the TE+DC films (Fig. 4.3c) have uniform coverage with a larger grain
size than SC+DC films (Fig. 4.3d). The RMS roughness of TE+DC (49.6348.57 nm) films

is higher due to the presence of large size grains than in the SC+DC films (33.39+6.16
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nm). In thermal evaporation, the surface energy gets enhanced due to elevated substrate
temperature (100 °C). Hence, uniform nucleation and growth of Pbl> occur throughout the
substrate leading to large grain growth in perovskite film with full surface coverage.
However, the Pbl, films spin-coated at room temperature followed by annealing did not

give uniform film growth.

4.2.4 UV-Vis analysis

The UV-Vis absorbance spectra of MAPbI3 perovskite thin films prepared by TE+DC and
SC+DC are shown in Fig. 4.4(a-b). The absorbance measurements were started after 30
minutes of film deposition. The MAPDI3 perovskite films have a sharp absorption edge at
~780 nm, almost covering the visible range, which shows the characteristic of MAPDI3
perovskite film [3, 8]. This optical absorption nature is consistent with XRD patterns,
confirming the perovskite formation. The optical bandgap was estimated from the
absorbance data using the Tauc plot (ahv)Y" vs. hv, where « is the absorption coefficient
(cm™), Av is the photon energy (eV), and n = % for direct bandgap material [9]. The
calculated bandgaps of fresh MAPDIs films are 1.55+0.02 eV and 1.54+0.02 eV for
TE+DC and SC+DC films, respectively. The bandgap values are slightly lower than the
reported values (~ 1.6 eV) in the literature [10]. As shown in Fig. 4.4(c), the transmittance
(T) and diffuse reflectance (R) spectra of TE+DC MAPDI3 thin film decrease sharply
starting from ~ 780 nm towards lower wavelength, corresponding to its bandgap
absorption. The low values of T and R below ~780 nm in the visible region are due to the
high absorption coefficient of MAPbI3 perovskite at the photon energies above its bandgap

energy.
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Figure 4.4: UV-Vis absorbance spectra of MAPbI; thin films with respect to exposure time in the air,
() thermal evaporation of Pbl, and dip coating, (b) spin coating of Pbl, and dip coating,
(c) Transmittance and diffuse reflectance spectra of TE+DC MAPDbI 3 thin film

For the stability test of MAPDIz films, the absorbance spectra were recorded as a function
of exposure time by subjecting the MAPbIs thin films continuously to ambient conditions
with a high RH of 76% - 88%. It is observed from Fig. 4.4(a) that the absorbance of
TE+DC film decreases slowly with time as it starts degrading. Remarkably, the
absorbance spectra showed the characteristics of perovskite even up to 72 hrs. Whereas
the SC+DC thin-film degraded entirely within 12 hrs, as seen in Fig. 4.4(b). These
observations confirm that the degradation rate is relatively slow in TE+DC perovskite
films, even at high RH, compared to SC+DC films. The fast degradation of SC+DC film
is due to pinholes in the film, as seen in the FESEM and AFM images. The complete
solution processing steps of SC+DC have led to the formation of pinholes in the MAPDbI3
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films, thus making them more susceptible to moisture effects [11]. As a result, fast
degradation of the films occurs in the air with high humidity, whereas pinhole-free TE+DC
films with large size grains exhibit better stability. Eventually, the dark brown fresh films

turn to faded yellow after complete degradation.

4.2.5 Electrical conductivity

The current vs. voltage (I-V) measurements of as-deposited MAPDIs thin films by TE+DC
and SC+DC were carried out at an incident power density of ~1000 Wm-to calculate the
dark (oq) and photo (opn) conductivity. The measurements were done at 24 hrs time
intervals to see the degradation effect on aq and oph. The o4 and oph 0f MAPDI3 films as a
function of storage time are shown in Fig. 4.5. Equation (4.1) is used to calculate the

electrical conductivity of the MAPDI3 thin film.

o = Ixd (4.1)

VxIxt

Where | is the measured current, V is the applied voltage, d is the separation between the

electrodes, I is the length of the electrode, and t is the thickness of the film.
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Figure 4.5: Dark and photoconductivity of as-deposited MAPDIs thin films measured with respect to

storage time
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The TE+DC film has a higher apn than the SC+DC film. Further opn degrades faster for the
SC+DC films with aging. The a4 for both TE+DC and SC+DC films are almost the same
and not much change is observed with storage time. Thus for both TE+DC and SC+DC
films, opn degrades faster than the og. The oph indicates that for almost 24 hrs, no
degradation in TE+DC film is observed, whereas the SC+DC film degrades right from the
beginning at a constant rate, which is consistent with the UV-Vis absorption spectra with
exposure time in air [Fig. 4.4(a-b)]. The TE+DC film starts degrading slowly after 24 hrs,
signifying that the rate of degradation in the TE+DC film is slower than the SC+DC film,
which is consistent with the degradation rate observed in UV-Vis absorbance spectra
(Fig.4.4). This is because the compact and dense films by TE+DC are more resilient to
moisture than the porous films by SC+DC, which gets easily affected by moisture.
Therefore, it can be concluded that the TE+DC films are more suitable for device
application as it has higher photoconductivity and better stability compared to SC+DC

films.

4.2.6 PL and PLE analysis

As it has been found that the MAPDI3 thin films by the TE+DC method have better stability
than SC+DC films, so the PL and PLE analysis were done only for TE+DC films. Fig.
4.6(a) shows the normalized photoluminescence (PL) spectra of MAPDI3z thin film
(TE+DC) at room temperature (~300 K) for a selected range of excitation wavelength (1ex)
from 500 nm to 600 nm. The PL spectra are normalized by the incident photo flux
corresponding to the Aex after considering the reflection (R) losses for quantitative analysis.
The normalized peak intensity decreases with increasing Aex, corresponding to the lower
absorption coefficient for longer A photons (already discussed in Chapter-3). A high-

intensity PL peak at ~772 nm (1.60 eV) is observed for all the Zex corresponding to the
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bandgap energy of MAPDI3 perovskite film. The peak position is slightly higher than the
bandgap value (~1.57 eV) estimated from the UV-Vis absorbance data but close to the

reported bandgap value of ~1.60 eV of the tetragonal structure MAPDI3 [12].
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Figure 4.6: (a) Normalized PL spectra of MAPDbI; thin film at different excitation wavelengths (500-600
nm). The PL spectra are normalized with the photon flux of the respective excitation wavelengths after
correcting reflection losses (b) The deconvoluted PL spectrum at Aex= 500 hm with the deconvoluted peaks

peakl, peak2 and peak3

There is no shift in the peak positions with Zex, though a decrease in the peak intensity is
observed towards the longer Aex due to decreased photon absorption. The minor peak
observed at ~821 nm is identified as an instrumental noise and is supposed not to affect
the PL spectra. The normalized PL spectra in the 700 - 850 nm range are deconvoluted to
get more insight into the PL emission. The PL spectra are deconvoluted into three peaks
named peakl, peak2, and peak3 at the emission wavelengths 772 nm, 795 nm, and 821 nm
(instrumental noise), respectively, as shown in Fig. 4.6(b). The deconvoluted PL spectrum
for Aex =500 nm after proper baseline correction is shown in Fig. 4.6(b).

Similarly, deconvolution is done for all the PL spectra at different Aex. The adjusted R?
value of PL peak fitting for all the Jex (500 - 600 nm) lies between 0.996 to 0.999,
indicating a good fit. The central peak at 772 nm is deconvoluted into two peaks, a high-
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intensity peak at a photon energy of 1.60 eV (peakl) and a low-intensity peak at a lower
photon energy of 1.55 eV (peak2). These peak intensities indicate that majority of the
photoexcited carriers emit photons of the energy equivalent to bandgap energy 1.60 eV
after relaxation, and only a few carriers emit photons having slightly lower energy of
~1.55 eV. This lower energy emission shows the presence of shallow trap states near the
conduction band edge through which a few charge carriers recombine and emits photons
of the energy lower than the bandgap energy (1.55 eV). In contrast to the PL spectra for
films deposited in one-step (Chapter-3), the PL peak intensity is more for the high energy
peak compared to the low energy peak indicating that the defect density at a shallow level
is much less in the films deposited by two-step, which could be due to the more dense and
compact nature of TE+DC films.

To further understand the PL emission, PLE measurements were done by scanning over
the excitation wavelengths. The photoluminescence excitation (PLE) spectra normalized
with incident photon flux for emission wavelength (Zem) from 700 nm to 850 nm are shown
in Fig. 4.7(a). It is observed that the PLE intensity varies with the Aem; the intensity starts
rising slowly from Jem = 700 nm and reaches the maximum at ~770 nm, and again
decreases towards higher Zem. The PLE peak intensity is highest at Aex = 470 nm and
decreases towards the longer Zex. The decrease in normalized PLE intensity with increasing
excitation wavelength could be related to the slight decrease in photon absorption with
wavelength. From PLE data in Fig. 4.7(a), the PL spectra are reconstructed for a clear
illustration, as shown in Fig. 4.7(b). It is realized that the PL spectra in Fig.4.7(b) are
similar to the PL spectra shown in Fig. 4.6(a), with the maximum intensity at Aem ~770 nm.
The peak intensity is maximum for the shorter Aex (470 nm) and decreases towards the
longer Aex. The decrease in the PL intensity with increasing Jex can be correlated to the

slight decrease in photon absorption in the 500 nm to 600 nm wavelength.
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Figure 4.7: (a) Normalized PLE spectra of MAPDI; thin film at the different emission wavelengths (700-
850 nm). The spectra are normalized with the incident photon flux of the excitation wavelengths and
corrected for the reflection losses (b) Reconstructed PL spectra from the PLE spectra in Fig. 4.7(a) at

different excitation wavelengths (470-650 nm). The PL data points are spline interpolated

4.2.7 Transient current measurements of MAPDIs thin films

In an optoelectronic device, the charge-carrier dynamics and performance are mainly
determined by the carrier generation, transport, and recombination processes related to
surface and bulk defects [13-15]. The presence of traps and recombination centers in the
perovskite films arising from chemical impurities or structural defects affects the device
performance [16-18]. Therefore, it is essential to understand the charge transport
mechanisms such as charge carrier generation and recombination process in perovskite
material. Thus, current Vs. time (I-t) measurements for the transient current are done on
the stable perovskite films synthesized by the TE+DC method to understand the charge
transport mechanisms. Fig. 4.8(a-d) shows the I-t characteristics of MAPbI3 films at the
different durations of illumination and varying light intensity at different temperatures.
Fig. 4.8(e) shows the transient photocurrent at an intensity of 100 Wm2 at 25 °C. An
expanded view of the transient photocurrent in Fig. 4.8(e) for 30 sec illumination is shown

in Fig. 4.8(f) to get more insight into the photocurrent decay during illumination.
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Figure 4.8: Measured I-t characteristics of MAPbI; film by TE+DC, (a-d) transient current of MAPDbI
film for different duration of illumination and varying light intensity at different temperatures,
(e) transient current of MAPDI; film for different duration of illumination at 25 °C for illumination
intensity of 100 Wm2 and (f) expanded view of transient photocurrent for 30 sec illumination [encircled
with dots in fig. (e)]

It can be observed that the MAPDI3 films show good photosensitivity with more than two
orders of magnitude change in current when exposed to full intensity (~1000 Wm-) of

light. As soon as the light is turned on, the current increases instantaneously. This rapid
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rise of photocurrent can be attributed to the quick generation of electron-hole pairs at a
time scale of picoseconds due to the absorption of photons having comparable energy or
more than the bandgap energy. However, a slight decrease in current was observed during
continuous illumination before a stabilized value was reached. The thermally generated
traps are responsible for the current decay during illumination. These traps could be both
shallow and deep with a large capture cross-section and slow re-emission rate. In steady-
state, trapping and re-emission rates are similar; thus, a nearly steady-state current value
is achieved. In some cases, small oscillations were observed in the transient current under
the light which could be due to a competition between the trapping and re-emission of
charge carriers in the traps. The stabilized current is about 90% of its maximum value
during illumination and was achieved in a time scale of 1-10 seconds of illumination. The
stabilized value of current did not depend upon exposure time, as the photocurrent remains
almost constant for different exposure times (30 sec, 60 sec and 90 sec) for particular light
intensity at a given temperature. However, the stabilized photocurrent increased with light
intensity and is weakly dependent upon temperature. The initial decay of current observed
in our case during illumination after reaching a peak value is not typical for semiconductor
films. Usually, a sharp rise in current followed by a slow rise has been reported in the
literature [19]. The major contribution to the photocurrent in these cases comes from the
band to band transition of the electrons after the absorption of photons and the subsequent
slow rise in current with time is understood in terms of the trapping of excess charge
carriers in band tail and defect states followed by subsequent slow re-emission from these
states.

After turning off the light, initially, the current decayed sharply, followed by a relatively
slow decay before reaching the dark value. The trend is observed in all the measurement

conditions, independent of illumination time, light intensity, or film temperature. It can be
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noted from Fig. 4.8(a-d) that as we increase the temperature, the noise in the dark current
increases, which could be due to continuous trapping and re-emission of the excess carrier

generated during illumination.

4.2.7.1 Transient current during illumination

The decay part of the transient current during illumination is fitted with two exponential
decay characteristics given by Eq. 4.2 and the obtained time constant values are listed in
Table 4.1. The decay curve fitting was done for the first 10 sec of the transient
photocurrent from the peak value to avoid the difficulty of fitting the fluctuating
photocurrent beyond 10 sec.

Exponential decay Eq.4.2 is used for fitting current decay curves.
I(t) = Iy + Aje~(Et0)/T1 4 4, o= (t=t0)/T2 (4.2)

Where, I(t) is current, I, is offset, A1 & A2 are amplitude, 71 & 72 are decay time
constants and t, is the starting point. We have written the decay time constants as 7.1, 7.2

and zq1, 742 for current decay curves under illumination and dark conditions, respectively.

Table 4.1: Photocurrent decay time constant values obtained by fitting current decay curves at full

intensity (~1000 Wm-2) for the first 10 sec of the 30 sec exposure time at different temperatures

Temperat 25 °C 50 °C 60 °C 70 °C

-ure

decay nia(sec)  mo(sec) | ma(sec)  za(sec) mia(sec)  wa(sec) | i(sec) 7L2(S€ec)
time

constants | 9 19+0.02 0.94+0.05 | 0.27+0.05 3.7620.26 | 0.52+0.01 4.25+0.19 | 0.42+0.01 7.05+0.39

It is observed that the values of both 7.1 and 7.2 depend upon temperature. The .1 varies
from 0.19 sec to 0.52 sec as the temperature is increased from 25 °C to70 °C, whereas a
much-pronounced increase in 7.2 is observed with temperature, which changes from 0.94

sec to 7.05 sec in the same temperature range. The initial sharp decay is thus due to the
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trapping of carriers in the thermally generated traps characterized by a large capture cross-
section and a short decay time. On the other hand, the subsequent slow decay during
illumination is likely due to the capture of photogenerated carriers by the shallow traps
having mostly unoccupied states. These traps have high filling rates and a much lower re-
emission rate. As the temperature increases, the re-emission rate increases, and it takes

longer to achieve the saturated current value.

4.2.7.2 Transient current after illumination turned off

As shown in Fig. 4.8(a-d), the excess current decays rapidly when the illumination is cut-
off. The expanded view of one of these decay curves with the exponential decay fitting is
shown in Fig. 4.9. The decay of excess current after turning the light off is similar to that
reported for several semiconductor films. Often a much slower current decay followed by
an initial sharp decay is observed [2, 20]. In some cases, the current does not return to its
dark value and remains at a higher value even after a much longer time, termed persistent

photoconductivity (PPC) [20].
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Figure 4.9: Rapid transient current decay (solid line) of MAPDI; film after illumination is cut-off and
the dotted line represents the exponential decay fit with Eq. 4.2. The figure inset shows the expanded

view of the current decay curve region after illumination is stopped
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The initial sharp decay of current in these cases is attributed to the band to band

recombination, followed by slow re-emission of charge carriers from traps and subsequent

recombination. Therefore, to understand the nature of traps, the decay curves after the

illumination is cut-off at varying intensity and temperature are further analyzed. The

current decay curve could be best fitted using the exponential decay equation given in

Eq. 4.2. The dark current decay time constants zq1 and zq2 values obtained by fitting current

decay curves for different exposure times at full intensity illumination and at varying light

intensity for different temperatures are listed in Table 4.2 and Table 4.3, respectively.

Table 4.2: Dark current decay time constant values obtained by fitting current decay curves after

different exposure time duration to full intensity (~1000 Wm) at different temperatures

25°C

50 °C

60 °C

70 °C

Exposure

7d1(Sec) 7d2(S€c)

7d1(Sec) 7d2(Sec)

7d1(Sec) 7d2(S€c)

7d1(sec) 7d2(Sec)

0.10+£0.01 0.31+0.01

0.10£0.01 0.3440.01

0.11+£0.01 0.37£0.01

0.10£0.01 0.30+0.01

0.09+0.01 0.27£0.01

0.09+£0.01 0.2940.01

0.12+0.01 0.35+0.02

0.10£0.01 0.32+0.01

0.12£0.01 0.49+0.10

0.11+0.01 0.31+0.02

0.10£0.01 0.30+0.01

0.08+0.01 0.23+0.01

Table 4.3: Dark current decay time constant values obtained by fitting current decay curves after 90 sec

illumination at varying light intensity for different temperatures (25 -70 °C)

:Bit%:gity 25°C 50 °C 60 °C 70 °C
(wm) 7d1(S€C) 7d2(sec) 7d1(sec) 7d2(SEc) 7d1(S€c) 7d2(sec) 7d1(sec) 7d2(Sec)
100 0.08+0.01 0.30£0.01 | 0.10+£0.01 0.49+0.03| 0.08+£0.01 0.28+0.01| 0.07+0.01 0.26+0.01
300 0.09+0.01 0.30#+0.01 | 0.10+0.01 0.39+0.02|0.11+0.01 0.37+0.02| 0.11+0.01 0.35+0.02
500 0.11+0.01 0.39£0.01 | 0.08+£0.01 0.28+0.01|0.12+0.01 0.40+0.02 | 0.10+0.01 0.32+0.03
800 0.11+0.01 0.394+0.01 | 0.12+0.01 0.45+0.01|0.12+0.01 0.43+0.03| 0.09+0.01 0.28+0.01
1000 |0.11+0.01 0.37+0.01 | 0.0940.01 0.29+0.01|0.12+0.01 0.49+0.10| 0.08+0.01 0.23+0.01
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The 41 is approximately 0.10 sec and zq2 varies from 0.23 sec to 0.50 sec. There is not
much variation in the decay constants values with variation in exposure time and
illumination intensity, as the values lie within the error bars. The two different values of
decay constants suggest that there are two different levels of the shallow defect. These
values indicate that the trapped carriers are slowly re-emitted to the conduction band, and
recombination occurs. The shallow defects were also detected in the PL peak analysis. It
is found that for the measurement condition of 25 °C, intensity = 1000 Wm™ illumination
time = 60 sec, the decay constant values (zq1= 0.10 s and zq> = 0.34 s) are slightly larger
than the one-step deposited perovskite film (zg1 = 0.07 s and zg2 = 0.25 s) discussed in
chapter 3. Thus, the perovskite films prepared by the one-step method have a little
shallower trap states than the two-step processed films. This is consistent with the PL
spectra, where the low energy peak has smaller intensity than the high-intensity peak for
the two-step.

In literature, a phase transition from tetragonal to the cubic structure between 327 K and
330 K (54-57 °C) is reported for MAbIz films [21]. During this phase change from
tetragonal to cubic in MADbIs films, the extent of rotational freedom of the
methylammonium cation changes and this factor has the potential to influence the charge-
carrier dynamics and thus the efficiency of charge transport within the perovskite film
[21]. However, we did not observe significant changes in the I-t characteristics through
the phase-changing temperature point. These characteristics indicate that the MAPDI3
perovskites are stable in the operating temperature range of 25-70 °C. Also, the MAPbIs

film did not show any distinct PPC effect in I-t characteristics.

4.2.7.3 Study of the recombination process
The intensity dependence of photocurrent has been studied to know the nature of

recombination processes. The stabilized photocurrent vs. intensity plots at different
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temperatures are shown in Fig. 4.10. As shown in Fig. 4.10, the photocurrent rises with
light intensity from 100 to 1000 Wm. The stabilized current under illumination depends
upon the steady-state carrier concentration, which in turn depends upon the generation rate
(afunction of illumination intensity) and the recombination rate (a function of trap density,
free carrier density and recombination probability). Under illumination, some of the free
carriers in the extended states are trapped by the defect states. However, the density of
these trapped carriers is a fraction of the photogenerated carrier density. The increase of
the steady-state photocurrent with the increases in temperature can be attributed to a
reduction in the height of the potential barrier in the grain boundaries caused by the thermal

excitation of electrons trapped in states of the grain boundaries [2].
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Figure 4.10: Photocurrents (l,n) of MAPDI3 film at different illumination intensities and temperatures.
The linear fit of the photocurrents at varying illumination intensities in a log scale plot determines the

exponent value yin Eq. 4.3

The curves of log(lpn) vs. log(Intensity) shown in Fig. 4.10 are straight lines, which
indicates that the photocurrent follows a power law, as given in Eq. 4.3 below.
Ly, = @Y (4.3)

Where Ipn is photocurrent, @ is the light intensity and y is the exponent.

Page | 77
TH-2730_ 156151001



Chapter 4

The values of exponent y obtained after fitting linear region of photocurrent curves (as
shown in Fig. 4.10) are 0.64+0.01, 0.65+0.01, 0.59+0.02 and 0.58+0.01 at different
temperatures; 25 °C, 50 °C, 60 °C and 70 °C respectively. The value of » indicates that
the recombination processes are predominantly bimolecular (electron-hole recombination)
in nature and the rate of recombination does not change much with the temperature rise. It
has also been reported that the bimolecular recombination rate does not change
significantly with the change in phase [21]. A close inspection of the » values indicates
that y~0.64 for T< 50 °C and y~ 0.59 for T>50 °C. This small change in the value of y
maybe due to the phase change in MAPbIs at around 54-57 °C [22]. Another reason for
the small decrease in the value of the exponent y could be due to a small decrease in the
bimolecular recombination rate. This is because, with the increasing temperature, the
interaction between the free carriers (electron and holes) and phonons increases and hence
the charge carrier mobility decreases. Thus the probability of recombination of free
electrons and holes decreases due to a decrease in mobility of electrons approaching to
hole’s Coulombic capture radius [21]. An increase in the monomolecular recombination
rate with increasing temperature is also reported and is consistent with a charge
recombination process assisted by ionized impurities [21]. The traps for either electrons
or holes in MAPDbI3z may originate from various sources, including elemental vacancies,

substitutions, or interstitials [17, 23].

4.2.7.4 Activation energy estimation

Figure 4.11 shows the dark current as a function of inverse temperature. The electrical
transport measurements are done in a vacuum. The linear variation of log g with 10%/T
suggests that the current transport is thermally activated. The activation energy is
estimated using the Arrhenius equation given in Eq. 4.4.
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I; = l,exp(—E,/kT) (4.4)
Where Iq is the dark current, 4o is the pre-factor, Ea is the activation energy, K is the
Boltzmann constant, T is the absolute temperature in Kelvin. The fitting yield activation
energy of approximately 210 meV is close to the reported value [21]. The small value of

activation energy suggests the electrical transport is via the trap states [23, 24].
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Figure 4.11: Dark current of MAPDI; film as a function of temperature. The linear fit of the data points is
done to estimate the activation energy using Eq. 4.4

4.2.8 Stability test of the MAPDI3 perovskite film

The primary issue of halide perovskite material is its degradation due to moisture.
Instability in moisture is the major challenge for its practical application and
commercialization. So, to check the stability of the perovskite film, current transient
measurements at different temperatures were repeated on the same sample used for I-t
measurements after storing it under a vacuum for 60 days. Fig. 4.12 shows the transient

photocurrent of aged MAPDbI; film for different exposure times to 2000 Wm2 illumination

at different temperatures.
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Figure 4.12: (a) I-t characteristics of aged MAPDI; film for different exposure times to full intensity
(1000 Wm) illumination at different temperatures (b) I-t characteristics of fresh and aged MAPbI; film
for different exposure times to full intensity (1000 Wm-) illumination at 70 °C

Remarkably, the perovskite film has shown good photosensitivity [Fig. 4.12(a)], with
stable transient current similar to the freshly deposited films. Fig. 4.12(b) shows that the
I-t characteristics of fresh and aged MAPDI3 are similar with almost the same photocurrent
values, showing that TE+DC perovskite films have good stability for up to 60 days without
significant changes in their optoelectronic properties. The decay constant values (after
light off) listed in Table 4.4 confirm that the MAPDI; films have retained their initial

property without significant changes in zq1 and zq».

Table 4.4: Decay time constant values obtained by fitting current decay curves of aged MAPbI 3 film
after 90 sec light exposure to full intensity (1000 Wm) at different temperatures

Lﬁ?perat 25°C 50 °C 60 °C 70 °C

decay 7d1(S€c) 7d2(Sec) 7d1(Sec) 7d2(Sec) 7d1(S€c) 7d2(Sec) 7d1(S€c) d2(Sec)
time

constants | 0 10+0.01 0.2640.01 | 0.12+0.01 0.29+0.01 | 0.11+0.01 0.3140.01 | 0.12+0.01 0.38+0.02

4.3 Conclusion

Highly stable MAPDI3 perovskite thin films could be synthesized using the TE+DC two-

step method. The TE+DC MAPDI3 films are pinhole-free with large grain sizes, whereas
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the SC+DC films have pinholes and small grain sizes. The MAPDI3 films synthesized using
vapor-deposited Pbl, films showed better photoconductivity and stability than the spin-
coated Pbl, films. Pbl, films deposited by thermal evaporation are more uniform and
reproducible than spin coating films. Because a spin-coated film quality depends a lot on
the solution dispensing process on the substrate, solution viscosity and temperature, thus,
it is not easy to reproduce a similar quality of films by spin coating technique. Moreover,
the material loss in the spin coating process is more compared to thermal evaporation. The
dip-coating technique is an easy and quick method for making large-area films. The
recombination nature of TE+DC films is almost similar in the temperature range of 25-70
°C, though the phase change of MAPbI3 occurs at 54-57 °C. In adittion two-step deposited
films are stable for up to 60 days when stored in a vacuum. Hence, the TE+DC method
can be used for large-area solar cell fabrication because it provides better film qualities
than spin-coating.

From the XRD analysis, it can be concluded that disadvantages with two-step process,
such as the incomplete conversion of Pbl, to MAPbIs and uncontrolled particle sizes of
perovskite, can be overcome by the one-step process using additives for morphology
control. Similar to the one-step deposited films [Chapter 3], the TE+DC films also have
strong absorption in the visible region and show good photosensitivity in |-t
measurements. The decay time constants show that the recombination nature is almost
similar for both one-step and two-step films and they have shallow defect levels, as also
identified from the PL measurement. In contrast to the one-step deposited films, the PL
peak intensity of two-step film is more for the high energy peak compared to the low
energy peak indicating that the defect density at a shallow level is much less in the films

deposited by two-step TE+DC films.
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CHAPTER

S

Fabrication and characterization of (p-i-n)
planar heterojunction MAPDI3; based solar cells

This chapter presents the fabrication and characterization of inverted planar
heterojunction (p-i-n) MAPDbIz solar cells fabricated using one-step and two-step
deposition methods for the perovskite absorber layer. The synthesis of MAPbIs perovskite
thin films using one-step and two-step methods and their optoelectronic properties were
already discussed in chapters 3 and 4. Following the optimized deposition method of
MAPbDI3 perovskite, solar cells with the configuration of
FTO/PEDOT:PSS/MAPDbI:/PCBM/BCP/Ag and
ITO/PEDOT:PSS/MAPbIs/PCBM/ITO/Ag were fabricated using the one-step and two-step
methods, respectively. The absorber layer thickness has a vital role in solar cell
performance; thus, PSC were fabricated at different absorber thicknesses using the one-
step method. The influence of MAPDIz layer thickness variation on the solar cell's

performance is discussed. A fast degradation was observed in the solar cells fabricated
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using the two-step method with a typical device structure of
ITO/PEDOT:PSS/MAPbIs/PCBM/Ag. This degradation is due to ambient moisture and
silver (Ag) diffusion into the PSC. The detrimental effects of Ag diffusion are discussed
in earlier reports [1, 2]. Therefore, to prevent the fast diffusion of the silver electrode into
the perovskite absorber layer, a thin layer of ITO (Indium tin oxide) was incorporated in
between the electron transport layer (ETL) and Ag electrode, which modified the device
configuration as ITO/PEDOT:PSS/MAPbLIs/PCBM/ITO/Ag. After adding the ITO
interlayer, the device efficiency and stability improved significantly due to the inhibition

of Ag diffusion into the perovskite device.

5.1 Experimental details

MAPbIs-based solar cells of size 0.1 cm? were fabricated in p-i-n structure using the one-
step and two-step deposition methods. The planar heterojunction solar cells with
configuration FTO/PEDOT:PSS/MAPbIs/PCBM/BCP/Ag were fabricated using the one-
step method by varying the MAPDI3 (absorber) layer thickness from 100 nm to 500 nm.
In  addition, the planar solar cells with the configuration of
ITO/PEDOT:PSS/MAPDIs/PCBM/ITO/Ag were fabricated by the two-step method using
ITO interlayer for preventing Ag electrode diffusion. The schematics of the solar cell
structures are shown in Fig. 5.1 (a-b). The energy band diagram of solar cell structures
[Fig. 5.1 (a-b)] with the HOMO (highest occupied molecular orbital level) and LUMO
(lowest unoccupied molecular orbital) levels of individual layers and the
work function of the electrodes are shown in Fig. 5.1 (c-d). The PEDOT:PSS (Poly(2,3-
dihydrothieno-1,4-dioxin)-poly(styrene sulfonate)) and PCBM ((6, 6)-phenyl C61-butyric

acid methyl ester) layers acts as HTL and ETL respectively. The ITO (indium tin oxide)
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interlayer deposited by RF sputtering and BCP (bathocuproine) by spin coating function

as buffer layers between ETL and Ag [Fig 5.1(a-b)].
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Figure 5.1: Schematic of p-i-n planar MAPbI; perovskite solar cell structure fabricated using (a) one-
step, and (b) two-step deposition methods, (c-d) Energy band diagram of solar cell structure (a) & (b)
showing the individual HOMO and LUMO levels with the work function of the electrodes

Details of solar cell fabrication are mentioned in section 2.3 of chapter 2. The I-V (current-
voltage) measurements of solar cells were done using a Keithley 2450 source measurement
unit (SMU) under incident power density of 100 mWcm2 using a Xenon lamp with AM1.5
conditions. The fabrication and characterization of the solar cells were carried out in an
ambience with moderate relative RH of 40-50%. The device stability test was done by I-V
measurement of the cells in the air (Avg. RH = 45%) at different time intervals for the

devices stored in a vacuum desiccator.
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5.2 Results and discussion

5.2.1 J-V characteristics of solar cells fabricated using one-step method

Fig. 5.2(a-b) shows the J-V (current density-voltage) characteristics and solar cell
performance parameters with varying thickness of the MAPbIs layer. The Jsc, Voc, FF and
PCE values for all the cells estimated from the J-V curve are listed in Table 5.1. A
systematic increase in the current density (Jsc) iS observed with increasing absorber
thickness from 100 nm to 400 nm. The Js increased from 2.24 mAcm=2 (100 nm) to
8.53 mAcm2 (400 nm) due to an increase in the number of photon absorption with
absorber thickness [3, 4]. A moderate increase in open-circuit voltage (Voc) is also
observed with thickness and the highest Vo of 0.96 V is achieved at 400 nm. However,
Jscand Vo slightly decreased as the thickness was further increased to 500 nm. This is
because the thick absorber layer beyond optimal thickness adds series resistance, due to
which Jsc starts decreasing. In addition to that, the charge carrier collection at the respective
electrodes decreases due to the longer transfer path and the subsequent carrier
recombination reduces the Vo [5]. Similarly, power conversion efficiency (PCE) reached
the highest value at 400 nm due to increased Jsc, Vocand FF values. The cells showed the
best PCE of ~5% at the absorber thickness of 400 nm, with Jsc = 8.53 mAcm?, Vo = 0.96
V and FF = 0.6. At a higher thickness of 500 nm, the PCE decreased to 4.47% due to
lower Jscand Voc. These efficiencies are lower than the reported values because the cell
performance was affected by moisture in the ambience during fabrication and
characterization. Moreover, it has been known that single cation perovskites like MAPDI3
are less stable than double or triple cation perovskites [6, 7]. Despite numerous challenges
in handling MAPbI3 perovskite in high humidity ambience, we could achieve an efficiency

of 5%. It is expected that further optimization in the device by improving the perovskite
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film quality, reducing interfacial defects, and fabrication in a humidity-controlled

ambience will definitely improve the performance.
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Figure 5.2: (a) J-V characteristics of MAPDbIls PSC at varying absorber thickness from 100 nm to 500 nm

(b) solar cell performance with respect to absorber layer thickness variation

Table 5.1: Solar cell performance parameters of MAPbIs PSC with absorber thickness variation

Thickness (nm)  Jsc (MACmM™2) Voc (V) FF 7(%0)
100 2.24 0.89 043 0.87
200 3.43 0.90 0.57 1.78
300 5.96 0.94 0.49 276
400 8.53 0.96 0.60 4.94
500 7.84 0.95 0.60 4.47

The device stability test of the best performing solar cell (absorber thickness of 400 nm)
was performed for 400 hrs by I-V measurement of the solar cell in the air (avg. RH ~ 45%)
at a regular time interval. Fig. 5.3(a-b) shows the J-V characteristics and corresponding
changes in cell performance parameters with the aging time. The Jsc , Voc , FF and PCE

values during aging at different time intervals are listed in Table 5.2.
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Figure 5.3: Stability test of MAPbIl3 PSC in the air with avg. RH of ~ 45% (a) J-V characteristics and (b)

Aging time (h)

performance of MAPbI; PSC during aging at different time intervals

Table 5.2: Variation in solar cell performance parameters of MAPDbI; PSC with aging

Aging time (h)  Jsc(MAcm?) Vo (V) FF n(%0)
0 8.53 0.96 0.6 4.94

50 8.13 0.95 0.51 4.00

100 7.39 0.95 0.56 3.94

200 7.13 0.95 0.46 3.16

300 6.45 0.91 0.42 2.48

400 5.29 0.91 0.45 2.22

The deposited fresh device shows a good J-V curve; however, the performance degraded
slowly with time in the course of aging. The fast deterioration of Jsc and FF due to the
decomposition of MAPDI3in moisture reduces the PCE [8]. Not much change is observed
in the Vo for the first 200 hrs; after that, the Vo decreased slightly and the device exhibited
s-shaped J-V curve. This is observed due to the degradation of perovskite and defect
formation in the perovskite layer after 200 hrs. As observed from the J-V curve, the series
resistance increases and shunt resistance decreases with perovskite degradation and thus,
the cell efficiency reduces to 2.14% after 400 hrs. Eventually, the change of cell
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appearance from dark brown to pale yellow indicated the degradation of the MAPDbI3
perovskite layer. As the performance degradation is primarily due to degradation of the
MAPDI3 layer in the moisture, proper encapsulation of the device is expected to improve

the stability [9].

5.2.2 J-V characteristics of solar cells fabricated using two-step method

Fig. 5.4(a) shows the J-V characteristics of the p-i-n planar PSC
(ITO/PEDOT:PSS/MAPbIs/PCBM/AQ) fabricated using the two-step method. The device
showed the highest Jsc of 5.43 mAcm2 and Voc = 0.65 V, FF = 0.31, and PCE = 1.08 %.
The device performance was low due to the fast degradation of the device due to moisture.
Especially fast corrosion of the silver electrode in the device was observed, which affected
the cell performance. As reported in the literature, the metal (Ag) electrode diffusion into
the perovskite absorber layer in PSC is another potential cause of degradation [1, 10]. Due
to Ag diffusion, the halide(l) in perovskite material reacts with Ag and forms silver iodide
(Agl); thus, dissociation of MAPbIs occurs, which ultimately degrades the intrinsic
properties of perovskite [11]. In addition, the corrosion of Ag electrodes in halide
perovskites accelerates due to humidity which severely affects the device's performance
[1]. Thus, the obtained low Js, Voc and PCE are also due to perovskite degradation and
shunting in the device.

In order to reduce the Ag diffusion into the perovskite layer, a thin conductive barrier layer
of ITO was used. The thin ITO layer of thickness ~ 40 nm was added between the PCBM
and Ag electrode, making the device configuration as
ITO/PEDOT:PSS/MAPDbIs/PCBM/ITO/Ag. The ITO has the same work function as Ag (4.7
eV) [Fig 5.1 (d)], so the electrons can easily flow from PCBM to Ag electrode. Fig. 5.4(b)
shows the J-V characteristics of the cell with an ITO interlayer. After adding the ITO
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interlayer, the Voc, Jsc and FF improved significantly. Thus, the new device showed an
improved Voc 0f 0.86 V, Jsc = 19.11 mAcm and FF = 0.49; hence, the PCE also enhanced
from 1% to 8.08%. Remarkably the overall performance enhanced significantly compared
to the devices without ITO and fast diffusion of Ag was not visible. This improvement in
device performance can be attributed to the role of the stable ITO interlayer in preventing
the diffusion of Ag electrodes into the perovskite layer, which is detrimental to the device
[12]. Thus, a thin ITO layer functioned as a suitable buffer layer between ETL and the Ag
electrode. The short-circuit current density is close to the reported values [13]. However,
Voc and FF need further improvement to match the reported results [14]. The low Vo and
FF could be due to defects formed at the interfaces and the different layers during the
fabrication process. In addition, the moisture effect during the measurement in ambient
has also affected the cell performance as the devices were not encapsulated.

The J-V characteristics of the solar cell stability performance test at different time intervals
are also shown in Fig. 5.4(a-b). The estimated solar cell parameters values from the J-V
characteristics are listed in Table 5.3. It is seen that for the cells without ITO, the Jsc and
Voc degraded quickly, and the cell efficiency declined to 0.15% just within 100 hrs.
Remarkably, the degradation rate is comparatively slower in the cells with an ITO
interlayer. This is because the ITO interlayer between PCBM and Ag prevented the Ag

diffusion and protected the device from fast degradation.
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Figure 5.4: J-V characteristics of MAPbI; based PSC without and with ITO interlayer,
(a) ITO/PEDOT:PSS/MAPbIs/PCBM/Ag and (b) ITO/PEDOT:PSS/MAPbIs/PCBM/ITO/Ag. The J-V curves
of the stability test at different time intervals are also shown in the figure

Table 5.3: Solar cell performance parameters of MAPbI3; PSC without and with ITO interlayer during

aging

PSC structure Aging time Jsc (MACM?) Vo (V) FF 7(%)

(a) Without ITO Fresh device 5.43 0.65 0.31 1.08
100 hrs 1.38 0.44 0.25 0.15
Fresh device 19.11 0.86 0.49 8.08

(b) With ITO 100 hrs 7.51 0.83 0.48 3.00
200 hrs 0.71 0.80 0.42 0.23
440 hrs 0.05 0.79 0.42 0.01

As the perovskite absorber layer starts degrading, it loses the ideal optical and electrical
properties, and hence the cell performance degrades [15]. The decrease in the Jsc directly
indicates the degradation of the MAPDIs perovskite layer, corresponding to a decline in
photon absorption during the decomposition process. The MAPDbIz degradation in high RH
was well demonstrated by Yang et al. using in situ UV-vis absorbance measurements
during the decomposition process [16]. It has been found that the high-energy absorption
feature below 500 nm rapidly declines at high RH = 98%; however, at lower RH, the
decomposition was relatively slow. The decrease in Jsc and FF while aging is the cause of
the fast decrease of PCE after 100 hrs. The PCE decreased to ~3% after 100 hrs. However,

the Voc remains stable with a slight decrease of ~70 mV even after 440 hrs. The device
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with ITO survived longer than the device without ITO due to the effective reduction of the
Ag electrode diffusion, which enhances both the efficiency and lifetime of the device. The
efficiency of the devices can be further improved by proper encapsulation to minimize the

detrimental effect of moisture in the ambience.

5.3 Conclusion

Planar heterojunction MAPbI3 perovskite solar cells were fabricated using one-step and
two-step methods in high humidity conditions. In the one-step deposited PSC, the best
PCE of ~5% was achieved for absorber thickness of 400 nm and it could retain 40% (PCE
= 2.14%) of the initial cell efficiency after 400 hrs. Initially, the performance of the two-
step deposited PSC degraded quickly due to the detrimental effect of Ag electrode
corrosion. Remarkably, the incorporation of the ITO interlayer improved the performance
and stability of the device significantly. The thin ITO film on ETL acted as a suitable
interlayer that inhibits the diffusion of the Ag electrode into the perovskite layer through
PCBM. The addition of an intermediate ITO layer significantly improved the PCE from
1% to 8%, with improved Vo, Jsc and FF. Thus, the ITO is a suitable material for
preventing Ag diffusion and protecting the device from moisture to some extent. Despite
high relative humidity during the fabrication process and measurements, we could achieve
cell efficiency of ~8%. Therefore, the cell efficiency can be further improved by
fabricating the devices in well-controlled humidity conditions and further optimizing the

different layers in the device to minimize the defects causing losses in the devices.
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CHAPTER

0

Optimization of absorber layer parameters for
MAPDI; perovskite solar cells using
Sentaurus-TCAD software

This chapter presents the simulation results of MAPbIs (CH3sNH3Pblz) perovskite-
based solar cells performed using Sentaurus-TCAD software. In this simulation tool, all
the electrical simulations are performed using the drift-diffusion transport model, in which
the electrostatic Poisson equation and carrier continuity equation for electron and hole are
solved iteratively [1]. As discussed earlier, MAPDIz perovskite has several excellent
properties for photovoltaic applications, such as suitable bandgap, high crystallinity, and
low-temperature processability [2, 3]. Despite the significant progress of perovskite solar
cells (PSC) with high efficiencies, a detailed analysis is needed to understand the critical
factors limiting the performance of PSC in depth. In this aspect, the numerical simulation
of solar cells gives better insight into these critical factors influencing device performance.

In solar cells, the generation and recombination of photogenerated carriers mainly occur
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in the absorber layer; thus, the quality of the absorber layer has a significant role in the
device's performance [4]. The density of defects is another crucial parameter determining
the electrical characteristics of solar cells [5]. So, understanding the impact of defects on
the performance of the device is essential in achieving high efficiency. In reality, the
defects form due to several factors such as experimental conditions, solvent ratios, and
precursor impurities that limit the formation of high-quality pinhole-free perovskite films
with superior crystallinity [6, 7]. Likewise, the absorber layer thickness also plays an
essential role in the device performance because the photon absorption depends on the
absorber (perovskite) thickness [8]. Thus, finding the optimum absorber layer thickness
is essential for achieving the best device output.

With this motivation, this simulation study has been carried out to present possible
optimization routes for efficiency enhancements of MAPDI3z solar cells by optimizing
various parameters such as defect density in the absorber layer, the density of interface
defects, and thickness of the perovskite absorber layer. The influence of these parameters

on device performance has been discussed in this chapter.

6.1 Simulation details of n-i-p and p-i-n structure MAPDbI3 based PSC

The simulation studies were carried out for n-i-p (FTO/SnO2/MAPbI3/Spiro-OMeTAD/AQ)
and p-i-n (FTO/PEDOT:PSS/MAPbIs/PCBM/Ag) planar configurations of MAPbI3 based
PSC under standard conditions of AM 1.5 solar spectrum at room temperature (300 K).
The schematics of two different device configurations are shown in Fig. 6.1 (a-b). Planar
structures are usually used for device fabrication to avoid a mesoporous scaffold layer and
improve reproducibility. Especially these structures are compatible with flexible substrates
because the device layers can be processed at low temperatures or replaced with organic

layers. Organic charge transport layers have been widely used in planar structures due to

Page | 98
TH-2730_156151001



Optimization of absorber layer parameters for MAPbI3 perovskite solar cells using
Sentaurus-TCAD software

their simple fabrication methods, decreased hysteresis effects, and enhanced device
performance [9]. Practically a PSC structure (n-i-p or p-i-n) depends on the choice of
suitable charge transport layers and the constraints in using them following a correct
sequence of device fabrication steps to avoid adverse effects on the perovskite layer.

For the n-i-p configuration shown in Fig. 6.1 (a), FTO acts as front contact, SnO2 as ETL,
MAPbI3 (CH3NH3Pbls) is the absorber layer, spiro-OMeTAD is HTL, and Ag is the metal
back contact. SnO> is used as ETL because it has several advantages, such as higher
mobility, wider bandgap, superior optical transmittance and better stability than widely
used TiO2 ETL [10-13]. Figure 6.1 (b) shows the p-i-n configuration of the PSC, where
PEDOT:PSS (Poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrene sulfonate) and PCBM
([6,6]-phenyl-Ce1-butyric acid methyl ester) act as HTL and ETL respectively and the
other layers are the same as specified for the n-i-p configuration. In the n-i-p structure, the
light is shone through SnO; (ETL) and in the p-i-n structure, light is shone through

PEDOT:PSS (ETL).

(a) (b)

Ag Ag
spiro-OMeTAD PCBM
Sn0, PEDOT:PSS
FTO FTO
Light Light

Figure 6.1: Schematic of the PSC structures used for simulation (a) n-i-p structure
FTO/SnO2/MAPbI3/Spiro-OMeTAD/Ag and (b) p-i-n structure FTO/PEDOT:PSS/MAPbIs/PCBM/Ag
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Through this simulation, the influence of varying bulk defect density, interface defects,
and thickness of the perovskite absorber layer on the device performance is studied. In the
first series of simulations, the bulk defect density in the absorber layer is varied from
1x10* to 1x10* cm™ for a fixed absorber thickness of 400 nm and interface defect density
of 1x10° cm™. In the next series, the optimal bulk defect density obtained from the first
series of simulations is used for studying the role of the varying interface (ETL/MAPDI3
& MAPbDI3/HTL) defect density from 1x10° cm2to 1x10%2 cm™ at the fixed absorber layer
thickness of 400 nm. Finally, the optimum defect (bulk & interface) density values are
used to determine the optimum thickness for achieving the best PCE by varying the
absorber layer thickness from 200 nm to 1000 nm. The specified bulk and interface defect
densities used in this simulation study are within the reported range for MAPbI3 perovskite
and are well-considered for simulation studies [15, 16]. The measured complex refractive
index (n and k) [using Spectroscopic Ellipsometry] of MAPbIz thin film synthesized in our
lab is used in the simulation. The absorption coefficient (a) of MAPDIs is calculated from
the extinction coefficient (k) using the relation, a = 4nk/1. The parameter values of different
layers are taken from previously reported optimal experimental results and theoretical
works [1, 12, 14]. The values of the different parameters and defect properties used in the

simulation are listed in Table 6.1 and Table 6.2.
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Table 6.1: Parameters of different layers used in the simulation of MAPbI; based PSC

Parameters FTO SnoO; PCBM MAPDI3 Spiro- PEDOT:PSS
OMeTAD

Thickness (nm) 150 30 200 200-1000* 200 50

Acceptor density, Na(cm?®) - - - 1x10% 1x10'8 1x10%°

Donor density, Np(cm®) 2x10%° 1x10Y 1x10%° - - -

Bandgap energy, Eq (eV) 35 3.6 2.1 1.6 3 2.2

Electron affinity, y (eV) 4.5 4.4 3.9 3.9 245 2.9

Relative dielectric 9 9 3.9 30 3 3

permittivity, &
Effective conduction band  2.2x10'®  4.36x10'®  2.20x10Y 2.5x10% 2.5x10%°  2.2x10%°
density, N (cm™)

Effective valence band 1.8x10%  252x10'°  2.20x10'¢ 2.5x10% 2.5x10%  1.8x10%
density, Ny (cm)

Mobility of electron, pn 20 240 1x10° 50 2x10* 1x1072
(cm?v-is?

Mobility of hole, 20 25 2x10°3 50 2x10* 2x10*
(cm?v-is?

Lifetime of electron, T (5)  1x107° 2.83x10%  1x10° 1x106 1x107 1x10°°
Lifetime of hole, 1p (S) 1x10°° 2.83x102  1x10° 1x10° 1x107 1x10°°
References [1] [12] [14] [12] [12] [14]

* Absorber layer thickness is kept 400 nm for bulk and interface defect density variation simulations; it is
varied from 200 nm to 1000 nm when thickness variation is studied.

Table 6.2: Defect parameters used in the simulation of MAPbI; based PSC

Parameters Bulk trap distribution  Interface trap distribution

Defect type Neutral Donor (ETL/MAPbDI5)
Acceptor (MAPbIs/HTL)

Capture cross section for electrons (cm?) 1x10% 1x101

Capture cross section for holes (cm?) 1x10%5 1x101

Energetic distribution Gaussian Gaussian

Reference for defect energy level Below Ec Below Ec

Energy level with respect to Reference (eV) 0.8 0.8

Defect density (varied) 1x10M-1x10%cm=3*  1x10°-1x10% cm2**

* Bulk defect density is kept constant at 1x10%*cm for interface defect density and absorber layer thickness
variation simulations. ** The interface layer is 10 nm thick for both interfaces and the defects are varied in
the same intervals at both the interfaces simultaneously. Interface defect density is kept constant at
1x108 ¢cm? for bulk defect density variation and 1x107 cm? for absorber layer thickness variation
simulations. Ec - conduction band energy (eV).

In the defect model, a neutral defect type with Gaussian distribution is chosen from the
midgap region at 0.8 eV below Ec. It has been considered as a perfect method to understand
the effect of defect densities of the absorber layer because many defect energy levels are
present in the halide perovskite [17]. Yin et al. explained the defect physics in MAPbI3
perovskite corresponding to different defect levels [18]. Defects facilitate the excess
carrier recombination, thus decreasing their lifetime. As a consequence, the diffusion
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length also decreases. The relationship between diffusion length, carrier mobility, and

lifetime is given in Eq. 6.1 [1].

L= |u—rt (6.1)

where L is diffusion length, u« is electron/hole mobility, kT/q is thermal voltage and z is
carrier lifetime.

The relationship between carrier lifetime and trap densities is given in Eq. 6.2.

1
NtO'Vth

(6.2)

Where N is trap density, o is capture cross-section, Vi is the thermal velocity (10” cms™).

6.2 Results and discussion

6.2.1 Simulation results of FTO/SnO2/MAPbIs/Spiro-OMeTAD/Ag (n-i-p) solar cells

6.2.1.1 Influence of bulk defect density on solar cell performance

In this series of simulations, the effect of defect density in the perovskite (absorber) layer
is analyzed by varying the defect density from 1x10%** to 1x10%*° cm™ while keeping the
other parameters constant as given in Table 6.1 and 6.2. Fig. 6.2(a). shows the J-V
characteristics of the PSC (FTO/SnO2/MAPbI3/Spiro-OMeTAD/AQ) at varying bulk defect
densities at a constant interface defect density of 1x108 cm. The variations in solar cell
performance parameters Jsc, Vo, FF and PCE at different defect densities are shown in
Fig. 6.2(b). The J-V characteristics show that as the defect density is increased above 10%°
cm3, the cell performance starts deteriorating. Especially the Voc, FF and PCE values start
deteriorating considerably with the rise in defect density, while Jsc remains less affected
initially and then decreases eventually at higher defect density. In this simulation series,
the highest PCE of 23.72% was obtained at the defect density of 1x10%* cm™, with Vo of

1.22 V, Jsc of 23.33 mAcm and FF of 0.83.
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Figure 6.2: (a) J-V characteristics of the n-i-p PSC (FTO/SnO2/MAPbIs/Spiro-OMeTAD/Ag) as a function
of bulk defect density in the perovskite layer (b) Solar cell performance parameters (Jsc, Voe, FF and PCE)

variation at different defect densities in the absorber layer

At defect density above 1x10% cm3, the device exhibit s-shaped J-V characteristics [Fig.
6.2(a)]. In literature, several factors, such as a mismatch between the energy levels of the
absorber layer and the charge transport layers leading to a barrier for charge extraction,
chemical degradation of the metal contact and low temperature, are ascribed to the
s-shaped J-V curve frequently observed in PSC [19, 20]. Fig. 6.3 shows the energy band
diagrams of the device at different bulk defect densities, and the figure insets show the
varying band offsets at the ETL/ MAPbIs and MAPbIs/HTL interfaces. At the defect
density of 1x10'° cm™ the spike type barrier height at the ETL/MAPDbI; interface (Fig. 6.3
inset) increases by ~ 0.13 eV, with a difference of ~ 0.27 eV between the tip of the spike
and the CB of MAPDI3, which impeded the transfer of photogenerated electrons from
perovskite to ETL significantly, resulting in a decrease in Jsc, Voc and FF. Likewise, kink

formation is observed at the MAPDI3/HTL (VB offset) interface with the increase in defect
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density, hindering the hole transport from MAPDbI3z to HTL. The difference between the
valence band of MAPDI3 and the tip of the spike increases by ~ 0.10 eV with an increase
in bulk defect density to 1x10%° cm™. Thus, the increased barrier in charge extraction with
bulk defect density in the perovskite layer causes the s-shaped J-V curve [19, 21].
Simultaneously with the increasing defect density, the recombination rate of the photo-
generated carriers increases, which shortens the carrier lifetime [22]. Thus, the diffusion

length of charge carriers decreases, leading to reduced Jsc, Voc and FF values [19, 22, 23].

19
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Figure 6.3: Energy band diagram of the n-i-p PSC at different bulk defect densities of MAPbI; layer
varying from 1x10% to 1x10%cm3

When the defect density is raised to 1x10Y cm®, the J« slightly decreases to
21.52 mAcm with substantial decreases in Voc to 0.87 V and FF to 0.27, thus reducing
the efficiency from 23.72% to 5.16%. From these results, it can be concluded that the
defect density of the order 10'* cm is the optimal value for achieving high efficiency

device. These simulation results follow a similar trend to earlier reports [24, 25]. The
defect density in the range of 10%6-10% cm= within the bandgap region contributes to the
monomolecular recombination [26], as the defects at deep energy levels in the bandgap
region act as Shockley-Read-Hall non-radiative recombination centers [17, 18, 26].
However, the defect levels nearer to perovskite Ec (shallow defects) have a lower adverse
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effect on performance than the deep defects in the midgap region (0.8 eV below E. =Ey/2)
[27]. Thus, reducing the deep defects and maintaining the defect density of the order

10 cm 2 in the perovskite absorber layer is essential for improving solar cell performance.

6.2.1.2 Influence of interface defect density on solar cell performance

The interface quality is another critical factor determining the performance of a solar cell.
The interface quality between the perovskite absorber layer and charge transport layers is
an important factor determining the Voc and FF of a solar cell [1]. Therefore, the influence
of interface defect density at both the interfaces of the perovskite layer, i.e., ETL/MAPDI3
and MAPDI3/HTL, is studied by varying the defect densities from 1x10° cm to 1x10*
cm at an optimal bulk defect density of 1x10%*4 cm™ (obtained from previous simulation
series). The J-V characteristics and device performance at different interface defect
densities are shown in Fig. 6.4(a-b).

It is observed that the interface defect density up to 1x108 cm has no significant impact
on the overall cell performance. From the defect density of 1x10° cm? onwards, the Vo,
and PCE start deteriorating. The FF value slightly increases from 0.83 to 0.86 at a defect
density of 1x10° cm due to the improvement of squareness in the J-V curve as the Vc
decreases. As the defect density is increased further (>1x10° cm™), the FF again starts
deteriorating. The Jsc remains almost constant till the maximum applied defect density of
102 cm; however, if we increase the defect density further, the Js starts decreasing (not
shown here). The best efficiency of 23.76% is achieved at a defect density of 1x10° cm,
with a high Voc of 1.22 V, Jsc 0f 23.33 mAcm™, and FF of 0.83. At the maximum interface
defect density of 1x10%2 cm™ the Vo , FF and PCE decrease to 0.98 V, 0.63 and 14.6%
due to losses at the interface. These results show that the interface's trap density should be

below 1x107 cm to achieve good device performance. It has also been found that at the
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low trap density, the change of trap energy level has no considerable impact on efficiency
[28]. Hence, low defects at the interfaces are essential for a high-efficiency device.
Experimental procedures, such as defect passivation and interface modification, can

effectively reduce the interface traps to improve the device efficiency [9].
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Figure 6.4: (a) J-V characteristics of n-i-p PSC at different interface defect densities (b) variation of device
performance parameters at different interface defect densities

6.2.1.3 Influence of absorber layer thickness on solar cell performance

The influence of the absorber layer thickness is investigated by changing it from 200 nm
to 1000 nm at optimum bulk defects and interface defects of 1x10'*cm=and 1x10” cm?,
respectively. We considered the interface defect density = 1x107 cm™ because this is close
to the reported defect density and the cell performance is almost the same as observed for
the defect density of 1x10® cm? (Fig. 6.4(b)) [15]. Fig. 6.5(a-b) shows the J-V
characteristics for perovskite layer thickness variation from 200 nm to 1000 nm. The
absorption of MAPbDIs film estimated for different film thicknesses at A = 600 nm

(o =1x10° cm™) is shown in Fig 6.6.
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Figure 6.6: Absorption of MAPDI; film with respect to film thickness at 600 nm (a = 1x10° cm™). The o is

determined from the extinction coefficient (k) using the relation, o = 4k/),

Initially, the Jsc value increases with absorber layer thickness up to 500 nm, corresponding
to the generation of more e-h (electron-hole) pairs due to increasing light absorption; it
then saturates from 600 nm onwards, consistent with the absorption graph as shown in Fig

6.6. The film thickness of about 500-600 nm fully absorbs the light; thus, the absorption
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saturates after ~ 600 nm. The highest PCE of 24.26% with Jsc = 24.07 mAcm™?, Voc = 1.21
V and FF = 0.83 is obtained at 500 nm, which implies that this thickness is optimum for
sufficient light absorption and charge carriers from the perovskite layer are efficiently
extracted. Further increase in absorber layer thickness (>500 nm) reduces the PCE due to
the decline in Voc and FF values. Because, for the thick absorber layer, the charge carrier
collection at the respective electrode decreases as the transfer route of the photo-generated
carriers increases; thus, the recombination rate increases, consequently reducing Vo [29].
The slight decrease in Voc (~70 mV) with the thickness is ascribed to the increment in the
dark saturation current due to an increase in the recombination of the charge carriers [30].
This can be explained by the relation given in Eg. 6.3, showing the dependency of Voc on

the photo-generated current and dark saturation current.

V,, = "q—Tln (’]— +1) (6.3)

where kT/q is the thermal voltage, Js is the photo-generated current density, and Jo is the
dark saturation current density.

The FF drops with absorber layer thickness due to an increase in series resistance. ldeally,
the absorber layer thicknesses should be slightly less than the diffusion length (L) of
carriers to efficiently extract the photogenerated carriers before recombining. The
diffusion length of charge carriers depends on the lifetime (z) and the mobility (x) of
carriers. The lifetime and mobility depend on film crystallinity, grain size and grain
boundaries determined by chemical composition and perovskite processing technique
[31]. The achieved Js, Voc and PCE values at an optimum absorber layer thickness of 500

nm are higher than recently reported MAPDI3 based solar cells [2, 3, 32, 33].
External quantum efficiency (EQE) is another essential characteristic for evaluating solar
cell performance, which is defined as the ratio of electrons extracted from the solar cell
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and incident photon flux on the solar cell. Fig 6.7 shows the EQE of MAPbI; PSC at

different thicknesses of perovskite layers.
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Figure 6.7: (a)External Quantum efficiency (EQE) of MAPbI; solar cells with respect to absorber layer
thickness variation (200 - 1000 nm) (b) EQE curve and integrated current density of perovskite solar cell at

an absorber layer thickness of 2000 nm

The EQE curve is almost constant up to 500 nm and at long wavelength > 500 nm, the
EQE increases with perovskite thickness. This is because, when the absorber layer
thickness is low, high-energy photons (< 500 nm) having high absorption coefficients are
fully absorbed, whereas the fraction of low energy (high 4 > 500 nm) photons with low
absorption coefficients remains unabsorbed and does not generate e-h pairs. As the
thickness increases, a larger fraction of the low-energy photons is absorbed, generating
more e-h pairs and then enhancing the short circuit current and EQE of the long A region
of the spectrum. However, at higher thickness above 500 nm, the EQE value gradually
saturates, which means the further increase of photo absorption is much smaller and this
is consistent with the absorption graph shown in Fig 6.5. Thus, the increase of Jsc value
with thickness is well correlated with EQE. The EQE curve cuts off sharply at ~775 nm
(1.6 eV) due to band edge absorption corresponding to the bandgap energy (1.6 eV) of

MAPbI; perovskite. Fig 6.7(b) shows that the integrated Jsc (~24.29 mAcm™?) based on the
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EQE spectra is consistent with the Jsc value (~24.76 mAcm™) obtained from the J-V curve

[Fig 6.5(b)].

6.2.2 Simulation results of FTO/PEDOT:PSS/MAPbI3/PCBM/Ag (p-i-n) solar cells

6.2.2.1 Influence of bulk defect density on solar cell performance

Fig. 6.8(a). shows the J-V characteristics of the inverted structure (p-i-n) PSC
(FTO/PEDOT:PSS/MAPDIs/PCBM/AQ) at varying bulk defect densities in the absorber
layer. In this series of simulations, the effect of defect density in the perovskite layer is
analyzed by varying the defect density from 1x10* to 1x10%° cm at a constant interface
defect density of 1x10°% cm™. The other constant parameters are given in Table 6.1
and 6.2. It is observed that the cell performance starts declining at the defect density of
1x10% cm and as it is increased further, the cell performance starts deteriorating
substantially. Fig. 6.8(b) shows the variations in solar cell performance parameters Jsc, Voc,
FF and PCE at different defect densities. The Vo, FF, and PCE start deteriorating as the
defect density increases above 1x10% cm3, while Jsc remains constant until 1x10*" cm™
and eventually decreases at higher defect density. The highest efficiency of 21.91 % is
achieved at a defect density of 10 cm, with a high Voc of 1.22 V, Jsc of 21 mAcm™?,
and FF of 0.85. At the highest defect density of 1x10%° cm the Js, Vo, FF and PCE
decreases to 9.65 mAcm2,0.71 V, 0.39 and 2.72%, respectively, due to an increase in the
recombination rate of charge carriers, as discussed already. However, unlike in n-i-p cells,
the s-shaped J-V curve is not observed at high defect density. Fig 6.9 shows the energy
band diagram at different defect densities and the figure insets show the enlarged image
of the band offsets at the interfaces of MAPbIs. The figure insets show that the kink at the
MAPDIS/ETL interface slightly increases by ~ 0.10 eV at the defect density of 1x10%°
cm3. Also, the difference between the spike tip and VB of MAPDI; at the MAPbIs/HTL
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interface slightly increases by ~ 0.03 eV at the maximum defect density of 1x10%*° cm™,
These slight changes in band offsets did not significantly hinder the charge flow from
MAPbDIs to charge transport layers; thus, the s-shape J-V curve is not observed for this cell

configuration, although the performance degrades with the increase in defect density.
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Figure 6.8: (a) J-V characteristics of the p-i-n PSC ( FTO/PEDOT:PSS/MAPbI:/PCBM/Ag) as a function

of defect densities in the perovskite layer (b) Solar cell performance parameters (Js, Voc, FF and PCE)
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6.2.2.2 Influence of interface defect density on solar cell performance

In this series of simulations, the influence of interface defect density at both the interfaces
of the MAPbI; layer, i.e., ETL/MAPbIz and MAPDI3/HTL, is studied by varying the defect
densities from 1x10° cm?to 1x10'2 cmat a constant bulk defect density of 1x10'*cm,
The J-V characteristics and device performance at various interface defect densities are

shown in Fig. 6.10(a-b).
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Figure 6.10: (a) J-V characteristics of p-i-n PSC at different interface defect densities (b) variation of device

performance parameters at different interface defect densities

Defect density up to 1x10” cm2has an insignificant impact on the overall cell performance
and shows a PCE of 21.81% with a high Voc of 1.22 V, Jsc of 21 mAcm2, and FF of 0.85.
With a further increase in the defect density above 1x108 cm2, the Voc and PCE deteriorate
faster than Jsc and FF. At the maximum defect density of 1x10*2 cm2the Jsc, Voc and PCE
decrease to 20.80 mAcm=2, 0.95 V and 16.76%, respectively. Though the Js is least
affected by the given range of interface defects, it starts to decline faster at a higher
concentration of defects. As discussed earlier, defects passivation and interface
modification can effectively reduce the carrier recombination to reduce losses at the
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interfaces. Interfacial engineering of the transport layer interface is a promising route to
suppress non-radiative recombination in perovskite devices and compensates for a non-

ideal band alignment at the interface [34].

6.2.2.3 Influence of absorber layer thickness on solar cell performance

In this simulation series, the absorber layer thickness has been varied from 200 nm to
1000 nm at an interval of 100 nm. Fig. 6.11(a-b) shows the J-V characteristics of absorber
layer thickness variation from 200 nm to 1000 nm at optimum bulk and interface defects

of 1x10*cm=and 1x10” cm2.
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Figure 6.11: a) J-V characteristics of p-i-n PSC with different thicknesses of the absorber layer

(b) variation of device performance parameters with different thicknesses of the absorber layer

It is observed in Fig 6.11(b) that the Jsc value increases linearly with thickness till 600 nm
and then slowly saturates at higher thickness. Since the absorber material (MAPDI3) is the
same in both cell configurations, the variation in Js is similar to that in the n-i-p PSC and

consistent with the light absorption pattern of MAPDI3 at different thicknesses (Fig 6.6).
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The simulation results show the best PCE of 22.77 % for the absorber layer thickness of
600 nm, with Voc = 1.19 V, Jsc = 22.51 mAcm?, and FF = 0.84. When the perovskite
(absorber) thickness is increased further, the PCE decreases due to the reduction in Voc and
FF, as discussed for the n-i-p configuration device. The best PCE in this simulation study

is higher than the recently reported MAPDI3 based inverted PSC [34, 35].

Fig 6.12(a) shows the EQE of p-i-n PSC with different thicknesses of perovskite layers. In
the low wavelength region <500 nm, no change in EQE is observed; however, it is
enhanced in the wavelength region >500 nm, corresponding to higher photon absorption

with increasing absorber layer thickness.

100 (a) 100 (b) e, 125
| ﬁ *_*.t* HghhbAAbd]|
80 t'\.. 1“ \ [ e A‘V j-
- L * J
| — = 200 nm . .“ '\ 40 /*Abslozrlcalelrzth\ckness 1000nm 1/ ] 2 &;
-~ —&— 300 nm .. ." = £
L 60F —a— 400 nm '\-1_ is” [ -a-Integrated Jsc ,* 153
w o v 500 nm ey 4 g 1 =
w 40 ¢ 600 nm w40k {108
| ,’ —<— 700 nm | %
» —»— 800 nm [ * g
205 —e—900 nm 20 1 E
[ +— 1000 nm o ar
0 ssnsse 0 faaad *-de-ede-dede-d )
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength {(nm)

Figure 6.12: (a) External Quantum efficiency (EQE) of perovskite solar cell with respect to absorber layer
thickness variation (200 nm- 1000 nm) (b) EQE and integrated current density of perovskite solar cell at an

absorber layer thickness of 1000 nm

Similar to the n-i-p configuration cell, the EQE increases very slowly after the thickness
of 500 nm in the long-wavelength region (>500 nm). This variation in EQE is consistent
with the variation in Jsc values with respect to thickness and cuts off at ~775 nm (1.6 eV)
due to band edge absorption of MAPbI3 perovskite. Below 500 nm, the EQE declines due
to parasitic absorption of PEDOT:PSS corresponding to its bandgap energy ~ 2.2 eV.
Although reducing the PEDOT:PSS thickness can slightly enhance the EQE and cell
efficiency; but, it is difficult to practically achieve a quality film of thickness less than
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50 nm. Thus, the thickness of PEDOT:PSS is kept at 50 nm, which is often considered in

the simulation and fabrication of PSC as well. Fig 6.12(b) illustrates that the integrated Jsc

(~23.38 mAcm?) based on the EQE spectra agrees well with the Js value

(~23.52 mAcm?) from the J-V curve [Fig 6.11(b)].

6.3 Comparative analysis of the simulation results of n-i-p and p-i-n solar cell

configuration

The simulation results (Jsc, Vo, FF, and PCE) of n-i-p and p-i-n structure PSC at varying

bulk defects density, interface defects density and absorber layer thickness variation are

listed in Table 6.3. While varying one parameter the other two are kept at constant values.

Table 6.3: Solar cell parameters (Jsc, Voc, FF, and PCE) of n-i-p and p-i-n structure PSC at varying bulk

defects density, interface defects density and absorber layer thickness variation

Jsc Voc FF PCE
Parameters (mACM?) W) (%)
BU'(E%?I;CtS Interface defects = 1x106cm? &  Thickness = 400 hm
n-i-p p-i-n | n-i-p | p-i-n | n-i-p | p-i-n n-i-p p-i-n
1x10% 23.33 21 122 | 122 | 083 | 085 | 23.72 | 2101
1x10%5 2333 | 2094 | 111 | 116 | 0.82 | 0.85 | 21.39 | 20.87
1x10%6 2333 | 2091 | 101 | 110 | 0.72 | 0.80 | 17.04 | 1853
1x10% 2331 | 2068 | 094 | 101 | 053 | 069 | 11.80 | 14.71
1x10'® 2316 | 1862 | 090 | 0.84 | 039 | 0.60 | 8.32 9.54
1x10% 21.52 965 | 087 | 071 | 0.27 | 0.39 | 5.16 2.72
Interface defects  Bulk defects = 1x10*cm=® & Thickness = 400 nm
(cm?)
1x108 23.33 21 122 [ 122 [ 083 | 085 | 2372 | 2191
1x107 23.33 2 122 | 1.22 | 083 | 085 | 23.71 | 21.81
1x108 23.33 21 121 | 1.19 | 0.83 | 0.85 | 23.68 | 21.37
1x10° 2332 | 2094 | 116 | 113 | 0.86 | 0.85 | 23.31 | 20.38
1x10%° 2332 | 2094 | 1.10 | 1.07 | 0.86 | 0.85 | 22.33 | 19.24
1x10" 2331 | 2096 | 1.04 | 101 | 0.82 | 0.85 | 20.01 | 18.04
1x10* 23.30 | 20.80 | 0.98 | 095 | 0.63 | 0.84 | 1460 | 16.76
Thickness Bulk defects = 1x10% cm-3 & Interface defects = 1x107 cm™
(nm)
200 19.75 | 1742 | 125 | 1.25 | 084 | 0.86 | 20.77 | 18.82
300 2144 | 1955 | 123 | 123 | 0.83 | 0.85 | 2221 | 20.77
400 23.33 21 122 | 122 | 083 | 085 | 23.71 | 21.81
500 24 2187 | 1.21 | 1.20 | 0.83 | 0.84 | 24.26 | 22.45
600 2422 | 2251 | 120 | 119 | 0.83 | 0.84 | 2421 | 2277
700 2439 | 2296 | 1.19 | 118 | 0.82 | 0.83 | 2411 | 22.76
800 2456 | 2328 | 1.19 | 117 | 082 | 0.83 | 24.05 | 22.68
900 2469 | 2351 | 1.18 | 1.16 | 0.82 | 0.82 | 24.03 | 22.61
1000 2476 | 2352 | 118 | 1.16 | 082 | 0.82 | 2396 | 2251
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The simulation results show that the impact of the bulk defect density variation on the J-
V characteristics is different for n-i-p and p-i-n PSC. While increasing the defect density
beyond 1x10'7 cm, the significant increase of energy barrier at the interfaces
(ETL/MAPDI3 & MAPDI3/HTL) causes s-shaped J-V curve in n-i-p cells, whereas p-i-n
cells did not show an s-shaped J-V curve due to lower barrier height at the interfaces. The
light enters through SnO: in n-i-p PSC, so the e-h pair generation is more near the
SnO2/MAPDIs junction and in p-i-n structure, the e-h pair generation is more near the
PEDOT:PSS/MAPbDIs junction as the light enters through PEDOT:PSS. So, the Jsc of
p-i-n cells is lower than n-i-p cells due to absorption losses in PEDOT:PSS (2.2 eV),
corresponding to its lower bandgap than SnO2 (3.6 eV). As discussed earlier, the increase
in defect density (in MAPDI3) reduces the carrier mobility, so the overall carrier transport
gets more affected in p-i-n configuration due to the lower mobility of the charge carrier in
PEDOT:PSS than SnO.. Thus the impact of defects on Jsc of p-i-n structure is more
pronounced at a high defect density of 1x10*® cm. However, for both structures, the V.
and FF vary in a similar fashion and are approximately in the same range. The PCE is
slightly higher for n-i-p structure than p-i-n cell due to the higher Jsc value of n-i-p cell, as
both cells have almost the same Vo and FF values. In both cell configurations, the
efficiency enhances almost linearly by reducing the bulk defect density.

The interface defect density variation has almost a similar role in both cell structures. The
Voc, FF and PCE decrease with increasing interface defects. Though the Jsc remains almost
constant in the specified range for both cell types, it decreases at the higher defect density
>1x10" cm™?.  During thickness variation, initially, the Jsc values increase with the
thickness and then slowly saturate from 500 nm to 600 nm onwards in both the cell types,
whereas the Vo decreases slightly by 70 mV and 90 mV with thickness. The Voc and FF

decrease with thickness because of increasing recombination in the perovskite layer and
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an increase in series resistance. The PCE reaches the highest at the optimum thickness and
decreases again with a further increase in thickness. At the optimized parameters, the
n-i-p cell shows the best efficiency of 24.26%, which is higher than the p-i-n cell with an
efficiency of 22.77%. For n-i-p cells, the best efficiency is obtained at an optimum
absorber layer thickness of ~ 500 nm, whereas for p-i-n best efficiency is achieved at
~600 nm, perhaps due to parasitic absorption loss in PEDOT:PSS. Likewise, the EQE is
slightly higher in n-i-p cells in the low wavelength region <500 nm. Thus the n-i-p cell
having the structure FTO/SnO2/MAPbI3/Spiro-OMeTAD/Ag is superior in efficiency to
p-i-n (FTO/PEDOT:PSS/MAPbIs/PCBM/AQ) structure device. Further investigation of the
influence of varying various parameters, such as thickness, doping concentration, etc., on
the charge transport layers will unveil more information. Both the cell structures are widely
studied with numerous modifications in the device structure to investigate their

performance and enhance their efficiency and stability.

6.4 Conclusion

We studied the effect of different critical parameters on n-i-p and p-i-n structure MAPDbI3
solar cells using the Sentaurus-TCAD simulation tool. The impact of density of bulk
defects and interface defects and absorber layer thickness on the performance of PSC is
investigated and optimal values of the parameters are found to obtain high-efficiency
perovskite solar cells. The results show that both types of defects have a crucial role in
device performance. Decreasing the density of defects can significantly improve the
device's performance. The simulation results from this investigation suggest that
maintaining the bulk trap density of less than 1x10'® cm2is key to high-efficiency solar
cells and avoiding the s-shape in the J-V curve. In addition, reducing interface defect

densities below 1x107 cm can effectively improve cell performance. So, to have a high-
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efficiency PSC, both bulk and interface traps should be optimized simultaneously. Thus
increasing crystallinity of the absorber layer by careful control of the growth conditions
and mitigation of interface defects by passivation are essential for increasing device
efficiency. It is found that absorber layer thickness ~500-600 nm is optimum for obtaining
high-efficiency MAPDIz solar cells. At optimized device parameters the n-i-p
configuration PSC (FTO/SnO2/MAPbI3/Spiro-OMeTAD/Ag) show the best PCE of 24.26%
at optimal absorber layer thickness of 500 nm, with high Voc = 1.21 V, Jsc = 24.07
mAcm?, and FF = 0.83. In p-i-n configuration (FTO/PEDOT:PSS/MAPbI3/PCBM/Ag),
the best PCE of 22.77 % is obtained for the absorber layer thickness of 600 nm, with
Voc = 1.19 V, Jsc = 22.51 mAcm?, and FF = 0.84. This study provides some guidelines

that can help boost the efficiency of this type of cells.
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CHAPTER

2

Conclusion and future scope

This chapter summarizes the work reported in the present thesis on the fabrication
and studies on MAPbX3 perovskite materials and solar cells. The thin films of MAPDI3
were fabricated using one-step and two-step deposition methods and solar cells were
fabricated with the optimized deposition parameters. The motivation of the present thesis
work was to study methylammonium lead iodide (MAPDbI3) perovskite thin films for
application in solar cells. Keeping that in mind, perovskite thin films were deposited by
two different methods, i.e. one-step and two-step (TE+DC and SC+DC) methods using
thermal evaporation (vacuum technique), spin coating and dip-coating technique. Then we
studied the structural, optical and electrical properties of the perovskite thin films and with
the optimized deposition parameters, p-i-n planar structure solar cells were fabricated. The
stability of thin films and solar cells was checked in ambient moisture. In addition, we

have also demonstrated high-efficiency MAPbI3 based solar cells using the Sentaurus-
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TCAD simulation tool for both n-i-p and p-i-n planar structures by optimizing the absorber
layer parameters. The overall conclusion of the thesis work and future research scopes are

given in the following section.

7.1 Thesis conclusion

e The structural, optical and electrical properties of MAPDI3 perovskite thin films
prepared by one-step solution method are studied. The luminescence properties of
MAPbIs perovskite thin films are studied using photoluminescence (PL) and
photoluminescence excitation (PLE) spectroscopy. The Aex variation from 500 nm
to 600 nm has no significant influence on the PL peak position, though peak
intensity slightly depends upon the Aex due to variation in the absorption coefficient
with wavelengths.

e The deconvolution of the broad PL spectra (at 1.58 eV) reveals the presence of two
peaks; an intense peak at 1.58 eV (peakl) and a small intensity peak at
1.64 eV(peak2). The peak at ~1.64 eV corresponds to the bandgap of MAPDIs3,
whereas the high-intensity peak at photon energy ~1.58 eV is observed due to the
presence of shallow trap states. The significant contribution to the PL peak (peak2)
is from the radiative recombination via these shallow trap states.

e The slow decay of photocurrent observed in the transient photocurrent
measurements further confirmed the presence of shallow trap states in MAPDI3
perovskite. These shallow traps can be attributed to the point defects such as iodine
() and methylammonium (MA) vacancies in MAPbIz perovskite. On further
analysis, it is found that the emission from the perovskite film surface region of

approximately 50-60 nm depth effectively contributes to the PL peak.
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¢ In the two-step deposited MAPDI3 films, the TE+DC films show better structural
and electrical properties than the SC+DC films. As seen in the AFM images, we
could achieve highly uniform Pbl, films using the vapor deposition technique
compared to the SC technique. Thus MAPDI3 films prepared by TE+DC have
uniform coverage and fewer pinholes than SC+DC films. The vapor-deposited
Pbl> gives perovskite films with large grains of size up to 1 um, whereas the spin-
coated Pbl> films give smaller grain-sized (up to 500 nm) perovskite films.

e Moreover, the TE+DC films show better stability than SC+DC films. These
observations indicate that TE+DC MAPDbI3z perovskite films are likely to show
better device performance.

e The TE+DC MAPDI3 perovskite films show good photosensitivity and stable
transient current response in the temperature range of 25 - 70 °C. The two different
decay constants obtained after fitting the current decay curve (after light off)
suggest two different shallow defect levels.

e |t is found that for the a given measurement condition (Temperature 25 °C,
intensity = 1000 Wm2 illumination time = 60 sec) the decay constant values (zq=
0.10 s and 742 = 0.34 s) are slightly larger than the one-step deposited perovskite
film (za1 = 0.07 s and zq2 = 0.25 s). This means that the perovskite films prepared
by the one-step method have a little shallower trap states than the two-step
processed films. These shallow defects were also detected in the PL peak analysis.

e The one-step fabricated PSC showed the best efficiency (r) of ~5% with Vo of
0.96 V and FF of 0.6 at the absorber layer thickness of ~400 nm. While varying
the absorber layer thickness, it was observed that the efficiency increases with

absorber layer thickness up to 400 nm and then decreases at higher thickness. The
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cell performance degraded slowly while aging and even after 400 hrs (Avg RH ~
45%); the PSC retained 40% of the initial cell efficiency (i.e 2.14%).

¢ In the two-step fabricated PSC the thin layer of ITO on ETL played an essential
role by inhibiting Ag electrode diffusion into the perovskite layer through PCBM.
After using the ITO interlayer, the cell performance improved drastically due to
inhibition of Ag electrode diffusion and some protection from the moisture.

e Despite high relative humidity during the fabrication process and measurements,
the fresh device could show the efficiency of ~8% with Vo of 0.86 V, Jsc of
19.11 mAcm? and FF of 0.49 at the initial condition and decreases below 1% after
200 hours. The cell efficiency can be further improved by optimizing the different
layers and minimizing the devices' interfacial defects and losses. Moreover,
fabrication of the devices in well-controlled humidity conditions is also expected
to improve cell performance.

¢ In the simulation study, the influence of bulk defect density in the absorber layer,
interface defects, and absorber layer thickness on device performance has been
studied on n-i-p  (FTO/SnO2/MAPDI3/Spiro-OMeTAD/Ag) and  p-i-n
(FTO/PEDOT:PSS/MAPDIs/PCBM/AQ) planar configurations of MAPbIs based
PSC.

e With increasing bulk defect density of absorber layer from 1x10'% cm=to 1x10'°
cm3, the Voc and FF decrease significantly, which results in a decrease in PCE.

e The interface defects variation at ETL/MAPbIz and MAPDI3/HTL in the range of
1x10® cmto 1x10'2 cm have a similar role in both types of cell structures. The
Voc, FF and PCE decrease with increasing interface defects. Though the Jsc remains
almost constant in the specified range, it decreases at the higher defect density

>1x10%8 cm=2.
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e During thickness variation from 200 nm to 1000 nm, the Jsc value increases with
the thickness and then slowly saturates after 500 - 600 nm, consistent with the
absorption of MAPDI3 perovskite. In contrast, the Voc decreases slightly (70 mV,
90 mV) with thickness in both the cell types.

e At the optimized parameters, the n-i-p cell shows the best efficiency of 24.26%,
which is higher than the p-i-n cell with an efficiency of 22.77%. For n-i-p cells, the
best efficiency is obtained at an optimum absorber thickness of ~ 500 nm, whereas
for p-i-n best efficiency is achieved at ~ 600 nm. This difference in optimal
absorber thickness is due to parasitic absorption loss in PEDOT:PSS. However,

reducing the thickness of PEDOT:PSS will enhance cell efficiency.

7.2 Scope for future work

The present thesis mainly focuses on improving the efficiency of MAPDbIz planar
heterojunction solar cells. The present work can be extended in several ways, as described
below.

e Since the device performance needs to be improved, some improvements such as
minimizing the defects in the films and interfacial defects by passivating defects in
the devices can enhance the device output.

e Choosing suitable ETL or HTL with proper band alignment and incorporating
buffer interlayers will further improve the device's efficiency.

e Moreover, fabricating the n-i-p (FTO/SnO2/MAPbIs/Spiro-OMeTAD/Ag) devices
with low defect density in well-controlled humidity conditions and its
encapsulation will enhance the performance and lifetime.

e Using the simulation tool, tandem solar cells can be designed and simulated to

achieve high-efficiency PSC.
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