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Abstract

Perovskite solar cells (PSCs) are gaining increasing importance and attention in the last
decade. Even though high conversion efficiencies have been reached, one of the major
bottlenecks for the commercialization of PSCs is their stability. Issues at the interfaces in the
multilayered PSC architecture are suspected to be the significant contributor in causing low

stability.

This doctoral thesis focusses on the analysis of various interfaces present in PSCs and traces
methods to improve them. The investigation of individual interfaces is performed by
developing suitable sub-cells, i.e., comprising only the particular interface of interest. Various
optical and structural characterisation methods are used to determine layer and interface
properties. After this step, complete devices are manufactured from the sub-cells, and their

final performance is investigated to conclude the role and optimization of the interfaces.

The thesis accounts for the analysis of the interfacial quality of different n-i-p perovskite solar
cells configurations, being based on hole-transport-layer (HTL)/Au or HTL-free/carbon-
graphite (CG) electrodes. In particular, the former has been developed in a 6-month study
exchange in Commonwealth Scientific and Industrial Research Organisation (CSIRO),
Melbourne, Australia, and the latter developed throughout three years at Fraunhofer ISE. This
peculiarity of working with various perovskite solar cell architecture gives this work a broad
and comprehensive overview of the role of interfaces, particularly when all the layers are

processed in-room ambient.

Three different types of interfaces were studied using suitable sub-cell configurations, and

complete devices investigated thereafter.

1. Firstly, a cell architecture involving slot-die coated SnO; as an electron transport layer
(ETL) was used to investigate the quality of the ETL/perovskite interface in a PSC. For
this purpose, an ITO/SnO,/perovskite sub-cell was used. UV treatment of the
SnOy/perovskite interface led to an improved device stability attributed to the
passivation effect by excess Pbl,. This improvement resulted in retaining 80 % of the

initial PCE value after 14 h of continuous AM 1.5 G illumination.
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2.

3.

Various hole blocking layer (HBL) processing techniques were used to identify the
quality and the role of the HBL in preventing recombination at the FTO/perovskite
interface in a PSC. The layers were investigated through dark lock-in thermography
(DLIT). An FTO/c-TiOz/ u-graphite sub-cell was used for this purpose. The results
showed that atomic layer deposition (ALD) of TiO; allows to fabricate pin-hole free,
shunt-free HBLs, thereby reducing the recombination at the FTO/perovskite interface
and achieving photo-voltages greater than 900 mV.

Thirdly, the role of the spacer layer in preventing recombination at the
mp-ETL/cathode interface for an HTL-free PSC architecture was investigated. For the
first time, sputtered Al>O3 with thickness in the range of 10 — 100 nm was analyzed.
FTO/c-TiO2/ mp-TiO2/Al,03 sub-cell was used for quality analysis. The results showed
that an ultra-thin 40 nm sputtered Al,Os is sufficient to prevent the recombination at
the mp-TiO2/carbon-graphite (CG) interface. A stable photo-voltage of 1V and power
conversion efficiency (PCE) of 12.1 % was achieved. Thereby, a double-mesoscopic

architecture for PSC has been introduced.

The thesis shows that developing suitable sub-cells allows to investigate the quality of the

various interfaces of PSCs individually and thus to understand their role in device stability.

Finally, the findings from the sub-cell analysis are compared with the performance of

complete devices to verify their significance. Thereby, methods to improve the interfaces can

be found to achieve higher device efficiencies without compromising its stability.
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1 Introduction

After describing the motivation for the thesis, this chapter explains the structure of the thesis,
along with the expected details in each section. An illustration is provided at the end of this

section to give a bird’s eye view into this doctoral thesis.

1.1 Motivation

The ability of perovskite as a light harvester, the flexibility in engineering its bandgap, and
low-cost production has attracted many groups across the world to be involved in its research
and development. In a short span of 10 years, PSCs has attained efficiency up to 25.2%?, and
a market growth forecast by 2028 to over $500 million?. Even though high efficiencies
competing with other thin-film technologies such as Copper Indium Gallium Selenide (CIGS)
and Cadmiun Telluride (CdTe) have been achieved, one central challenging aspect of
commercializing the perovskite solar cells is their stability. Also, the use of hazardous lead
creates a constraint for lead-based PSCs to be implemented on a large scale. Various
mechanical, chemical, temperature, and environmental conditions (i.e., oxygen and moisture)
are known to affect the lead halide-based PSCs. Chemical engineering of the perovskite (e.g.,
multi-cation, multi-halide, 2D/3D) itself has shown to remarkably extend the cell lifetime;
however, its interfaces with charge transport layers (CTLs) are critical to bring this technology

to a truly exploitable level.

Thus, when the perovskite absorber is sandwiched between the CTLs, the interface of the
perovskite with the inorganic CTLs and the interface of the CTLs with the surface of the
electrodes are crucial. Excellent interface properties are essential to attain efficient charge
collection and transport. Additionally, imperfections/defects at the interfaces become
centers for non-radiative recombination where photo-generated charge carriers are lost.
Most publications investigate device stability using a complete device. The performance,
when attributed to an individual interface, is always interfered by the performance of the
other interfaces.Therefore, for a multilayered PSC, it is imperative to understand the changes
happening at every interface. The performance of the cell-based on the changes in electrical
properties at various stages of cell production has to be investigated, which provides an

understanding of the role of the interfaces in device performance and stability.
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The central idea of the thesis is shown in Figure 1. The approach of this work is to use a
suitable sub-cell to investigate the interface of interest individually. Optical and structural
investigations provided information on the nature of the materials involved. These
investigations provide information not only on individual material properties but also,
importantly, improve the understanding of changes of the interface, when it gets in contact
with photo-absorber and other charge transportation layers. The results help in choosing
materials, their fabrication technique, and treatments that need to be used in the individual
steps involved in the manufacturing of the perovskite solar cells. Thus, it is essential to study
the cause of stability issues through specific interface analysis. Henceforth this doctoral thesis
aims to establish quality analysis on suitable sub-cells, which later guides in identifying
solutions and strategies to improve PSC’s performance and stability.

Choosing stand-alone
interface for study

Analysing the same or
difference stand-alone 1.ldentifying
interface interface of

interest

2.Development

of suitable sub-

cells
. i o Optical, crystallographic,
6.Interfacial Identifying P Y grap

enhancement morphological and stress
analysis

solutions to
improve device

Finding ways/methods to performa'n‘ce and 3.Investigating
improve interface stability sub-cells

<> Complete
device result

4.Development
of complete

Fabricating complete devices
devices

on sub-cells

Relevance of complete
device performance with
sub-cells results

Figure 1: Central idea of this thesis
1.2 Thesis structure

The fundamental structure of this thesis is displayed in Figure 2. In the following, the content

of the individual chapters is described.

Chapter 2 describes the working principle and the structure of the perovskite solar cells

(PSC). The cell architecture of PSCs is classified into three main categories, namely, planar,
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mesoporous, and hybrid architecture. The differences, advantages, and disadvantages of
each architecture are explained as sub-sections. Special attention is paid to the transport
layer structure. Even though cheap and abundant materials are used as photo-absorbers in
the main architecture of PSCs, using Spiro-OMeTAD and gold as hole transport layer and
electrode, respectively, increases the production cost of PSCs drastically. The expensive
materials were replaced by graphite to overcome this problem. This type of PSCs is called
carbon-graphite based PSC (CG-PSC). The last part of Chapter 2 gives a detailed explanation

of the role of each layer (i.e., blocking layer, ETL, insulation layer) present in CG-PSCs.

To improve the device performance, in this thesis, various fabrication techniques are involved
in optimizing different layers of the device structure. Multiple fabrication techniques used are
sputtering, slot-die coating, atomic layer deposition (ALD), spray-pyrolysis deposition (SPD),
and screen printing. Chapter 3 explains the basic working principle of all the fabrication
technique used. The explanation starts with the working principle, types involved in that
technique, process parameters that influence the production of a reproducible layer, and
finally, the manufacturing conditions/parameters that are optimized for the devices used in

this thesis.

The working principle and setup of various characterization techniques are described in
Chapter 4. It is mainly divided into two sub-sections, namely — structural and electrical
characterizations. In each sub-section, a detailed explanation of characterization tools that
are used to investigate the PSCs is given. Structural characterization mainly comprises of the
crystallography and morphology analyzing tools such as scanning electron microscopy (SEM),
electron diffraction (EDX), Transmission electron microscopy (TEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), and UV-vis spectroscopy. The electrical characterization sub-
section comprises techniques used to investigate device performance and stability through
Dark lock-in thermography (DLIT), J-V curve, maximum power point (MPP) tracking, and stable
open-circuit voltage (Voc) analysis. Time-dependent photoluminescence measurements and
low light intensity measurements are also explained. This sub-section introduces unique data

analysis and interpretation methods, especially for devices involved in this thesis.

Chapter 5 describes the sub-cell characterization of the SnO,/perovskite interface involved
in an n-i-p planar perovskite architecture. The sub-section begins with the purpose of
investigating the ETL/perovskite interface. The experimental details are given, followed by

6
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the result analysis. ITO/SnO2/perovskite sub-cell is subjected to continuous UV stress for 500
h. The study shows that there is an excess concentration of Pbl; at the perovskite surface of
the sub-cell. However, completing device fabrication on the UV-treated sub-cell improves the
stability through passivation introduced by excess Pbl, in the perovskite. It is replicated in the

continuous 1 sun illumination for 14 h, where only 20 % loss in the PCE was observed.

In Chapter 6, the role of HBL at the FTO/perovskite interface in HTM-free carbon-graphite
based PSCs is investigated. A non-intrusive optical thermography technique, i.e., DLIT, is used
and introduced as an essential tool to analyze the layer quality of the sub-cells. By using DLIT,
HBL processed through spray-pyrolysis, sputtering, and ALD is compared using FTO/c-TiO2/p-
graphite as the sub-cell. Results show an improved layer quality through the ALD technique.
Complete devices were analyzed, and the results show that the recombination at the HBL

interface has significantly been reduced, achieving more than 900 mV of photovoltage.

Chapter 7 focusses on the ETL/graphite interface of HTM-free CG-PSCs. The recombination
at this interface is high, and the insulation layer (otherwise known as spacer layer) is
mandatory in this kind of PSCs. Usually, a micrometer thick insulation layer is used. This
section involves analyzing ultra-thin 40 nm of sputtered Al,Os as a spacer layer. Morphological
analysis of the mp-TiO2/Al,O3 sub-cell shows that the sputtered layer does not hinder the
perovskite infiltration into the charge transport layers. The results of complete devices show
that the recombination at the ETL/graphite interface by the use of the ultra-thin layer is
effectively reduced. This is reflected in a stable photovoltage of 1V, along with a stable device

performance achieving 12.1 %.

Finally in the conclusion (Chapter 8), the main results of this thesis are discussed. Future
possibilities is given as outlook. A list of publications where | was the main author and co-

author; and a list of conferences participated is provided at the end of the document.
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Interface analysis and device optimisation of perovskite solar cells

Planar perovskite solar cells

Sn0,/perovskite Interface analysis through
sub-cell investigation (Chapter 5)

* Subjecting ITO/SnO,/perovskite to 500 h
UV illumination

= Excess Pbl, found on the open surface of
perovskite

* |Interface improvement through UV
treatment

* Stable MPP for 10 h in continuous 1 sun
illumination

.

Carbon-graphite (CG) based perovskite
solar cells

FTO/perovskite interface analysis through
sub-cell investigation and optimisation of
fabrication technique (Chapter 6)

Various deposition technique (ALD, SPD,
sputtering) of c-TiO, investigated

Analysing FTO/c-TiO,/p-graphite through
DLIT

DLIT image shows shunt points

ALD c-TiO, results in pin-hole free shunt
free hole blocking layer

mp-TiO,/CG interface enhancement through

ultra-thin insulation layer (Chapter 7)

Analysing FTO/c-TiO,/mp-TiO,/Al,04

Ultra-thin sputtered Al,0;: pseudo-porous
and amorphous

Al,O; thickness optimization — 40 nm
Stable 1V and 12.1 % PCE

1. Sub-cell investigation to understand the interface behaviour and quality

2. Device optimisation and quality analysis through sub-cell investigation

3. Final device performance = dependant or independent of sub-cell analysis

Figure 2: Main device architectures (blue), the interfaces under investigation (orange),
results (grey) and its conclusions (green).
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2 Fundamentals

Fundamentals chapter is dedicated to present the basics of a solar cell. The first half of this
chapter explains the basic working principle of a solar cell. It is then followed by an
introduction to the perovskite solar cells (PSCs) where different architectures of PSCs are
explained. The last part of this chapter documents the role of each layer involved in the PSC.

It also points out the issues that affect device performance as well as its stability.

2.1 Working principle of solar cell:

The solar cell works on the principle of the photoelectric effect. This principle involves the
conversion of light energy into electrical energy. Following Plank’s proposal in 1900 that light
travels in discrete quanta or packets of energy, Albert Einstein proposed the law of
photoelectric effect, which gave values for this packet of energy. These energy packets are
named as photons, and their energy depends on the wavelength of light.

1.24 Eq1

EEV) = Tom

where,

E = Energy of a photon (eV)
A = Wavelength of light (um)

2.1.1 Solid-state materials

Based on the distance between the valence band and conduction band, solid-state materials
are classified into three categories, namely — metals, insulators, and semiconductors. The
energy required for an electron to jump from the valence band to the conduction band is
called the energy bandgap and is denoted as Eg. Figure 3 shows the graphical representation

of all the solid-state materials.

» Metals — The valence band (VB) and conduction band (CB) overlap to ease the flow of
electrons from the former to the later. No bandgap can be found.
» Insulators — The bandgap is very large such that electrons cannot be excited from the

valence band to the conduction band. Hence, no flow of electrons.

10
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» Semi-conductors — Bandgap is smaller than insulators. After absorbing energy equal
or larger to the bandgap, the electrons can be excited from the valence band to the

conduction band.

This characteristic feature of photogenerating electron-hole pairs in semi-conductors makes

them ideal to be used in solar cell technology.

r

Conduction band

Conduction band

RO Fermi energy level (E)

| Bandgap energy (E,)

Increasing energy (eV)

Metal Semiconductor Insulator

Figure 3: Graphical representation of solid-state materials

2.1.2 Photogeneration of charges

As shown in the previous section, in a semiconductor material, the valence band is found
below the bandgap whereas, the conduction band is located above it. Figure 4 below
represents the basic principle involved in a solar cell. The electrons are initially filled in the
valence band. When a photon (sunlight) of energy equal or higher to their bandgap is incident
on the material, the negatively charged electrons are excited to a higher energy level (i.e., the
conduction band), leaving a space behind in the valence band. This space is the positively
charged “hole”. Thus, an electron-hole pair is generated by an incident photon, and they are

collectively called as photogenerated charges.

11
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Conduction band

Increasing
energy (eV)

Incident photon Bandgap energy (E,)
with energy = E, B

e E)E)E

Figure 4: Schematic diagram of conduction in a semiconductor

It is to be noted that all incident solar energy cannot be harnessed into electrical energy. In
1960, Shockley and Queisser postulated that for a single semiconductor material only 30 % of
the incident sunlight could be converted to useable power, which means that the maximum
achievable solar cell efficiency for a single solar cell is around 30 % 3. This limit resulting from
a thermodynamic detailed balance theory is defined considering only the radiative
recombination. Figure 5 shows the spectral losses and the wavelength window whose energy

can be converted into electricity. 50 % of the sun’s energy is lost due to the following reasons*:

e For photons with an energy higher than the bandgap, the excess energy after creating
the photogenerated charge carriers is wasted as heat as the electron is rapidly
thermalizing via phonon states to the lower edge of the conduction band.

e For photons with an energy lower than the bandgap, their energy is not sufficient to

generate charges (i.e., electron-hole pair).

12
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Figure 5: Maximum achievable energy based on the solar spectrum*

213 Extraction of photogenerated charges

Following the generation of photo-induced electron-hole pairs, their extraction is equally
essential. Figure 6 shows the charge extraction in a solar cell. Two kinds of selective contacts
are considered for this purpose. The primary role of these contacts is to pick-up one of the
photogenerated charges (either electrons or holes). In an ideal solar cell, only charge
selectivity is present, which means, as soon as the charges are created, they are attracted by

their selective contacts.

However, in a practical solar cell construction, charge transport of the photogenerated
charges to the selective contacts plays a crucial role. Imperfections in charge transport starts
to introduce losses thereby the efficiency of a solar cell eventually reduces. Thus the charge
transport should facilitate the occupation of specific charge well, such that the charges tend
to move in the specified direction towards their selective contacts. Quasi-fermi level (Ef)
represents the number of occupation states for a specific charge under illumination. The
difference in the quasi-fermi levels in the photoabsorber give the maximum achievable
photovoltage (Vmax) of a solar cell. For electrons to be transported, more number of

occupation states should be present near the conduction band of a material and more

13
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number of occupation states should be present near valence band of a material for the hole
transportation. When connected to an external circuit, depletion of the charges happenes
near the selective contacts. At thermal equilibrium, a gradient of charge concentration is
present that drives the transportation of charges towards their contacts provided the
diffusion constant in the photoabsorber is large enough not to limit the current. Thereby, the

charge current is given by Fick’s law °.
Considering only the chemical potential @ p¢ k., the charge current is:

) grad ny Ok
Jk = —Zqn Dy = ———grad®pempi Eq2
ng Zrq

Considering the electrochemical potential, ny = @ pem + 2z q@, which is identical to the

quasi-fermi level E¢y , the charge current is:

o
Jik = ?kgrad Ef Eq3

where,

k = particles (electrons e or holes h)
Zxq = charge of the particle (C)

q = elementary charge (C)

@ = electrical potential (V)

ny = electrochemical potential (J/mol)
Dy = ‘”‘TKT = diffusion co-efficient

oy = conductivity (Q cm)?

Uy = mobility (cm?V-1s1)

T = Absolute temperature (K)

grad® ;e = chemical force

E¢x = Quasi-Fermi level (eV)

Wiirfel et al. describes that at contact temperature and volume, the electrochemical potential
of the particles makes the particles flow towards their transport layers and its differential

conductivity transports the particles towards their respective contacts °.
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Figure 6: General working principle of a solar cell

2.2 Perovskite solar cells

Among innovative and potentially cheap novel solar cell technologies, Dye Solar Cells (DSC),
and Organic solar cells emerge for their ease of fabrication and interest for future
applications. These technologies have achieved about 11.9% and 11.5%, respectively 1.
Tunable bandgap, excellent absorption co-efficient, long carrier diffusion length, low exciton
binding energies make them a promising material for the development of third-generation
solar cell fabrication. The main advantage of these technologies also includes their low
production cost and the potential of mass production in the future. Nevertheless, one of the
main issues found in these technologies is their low stability. Perovskite solar cells are the
newly evolving organic-inorganic solar cell technology coming from the DSCs as their base
technology. They have gained attention since 2009 after their use in the liquid-based dye-
sensitized solar cells by Miyasaka et al., where dye molecules were replaced with perovskite

crystals®.

221 Perovskite crystal structure

Gustav Rose, in 1839 discovered the perovskite crystal structure 78 and named it after Lev
Perovski, a Russian scientist 7. Calcium titanium oxide was the first discovered perovskite.
Hence, all the crystals that had a chemical structure AMX; were called perovskite. A single
valence ‘A’ cation and two-valence ‘M’ cation are bound together by three ‘X’ anions resulting
in a cubic structure. However, as the two-valent cation is forming an octahedral substructure
with three anions, the ionic crystal structure is distorted, making perovskites tuneable. In
particular, by changing the size and type of the charge balancing single-valence cation,

perovskites with various electrical and optoelectronic properties can be obtained.
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Goldschmidt tolerance factor ‘t’ determines the stability of the perovskite crystal structure by
calculating the difference between the average bond lengths of A-X and M-X °. It is given

below as follows:

‘= (Ry + Rx)

J2(Ra + Ry)

Eq 4
where,

t = tolerance factor
Ra = ionic radii of A cation (A)
Rwm = ionic radii of M cation (A)

Rx = ionic radii of X anion (A)

The value of the tolerance factor is ascribed to the various structure of perovskite crystals.

They are:

1. t = 1 corresponds to the ideal cubic structure. Eg. SrTiO3

2. 0.89 <t < 1 corresponds to cubic structure

3. t < 0.89 corresponds to the orthorhombic structure. Example: GdFeOs3
4, t > 1 corresponds to the hexagonal structure. Example: BaNiO3

Even though perovskites have similar chemical structure, two major classifications based on

the ‘X’ anion are:

(a) Inorganic oxide perovskite — Perovskites (AMOs) where divalent ‘A’ cations such as Mg?*,
Ca?*, Sr?*, Ba%*, Pb?* and tetravalent ‘M’ cations such as Ti**, Si**, Fe** are bounded by ‘O’

anion. Example: BaTiOs’.

(b) Halide perovskites — Perovskite (AMX3) where ‘X’ is halogen anions. The halide perovskites

are further classified into two types based on the elements used for ‘A’ and ‘M.’

i.  Alkali-halide perovskites — Here, monovalent alkali metal such as Li*, Na*, K*, Rb*, Cs*
for ‘A’ and divalent cations such as Be?*, Mg?*, Ca*, Sr?*, Ba%*, Zn**, Ge?*, Sn?*, Pb**,
Fe?*, Co?*, Ni** for ‘M’ are joined by halogens such as F, CI, Br, I as ‘X’ anions.
Example: KPbl3'0.

ii.  Organo-metal halide perovskites — Here, aliphatic or aromatic ammoniums such as

methylammonium, tetramethylammonium, formamidium, or guanidium for ‘A’ cation
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and divalent group 14 elements as mentioned in (i) for ‘M’ cations are coupled by ‘X’

halogen anions. Example: MAPbI3°.

Excellent opto-electronic properties, along with the possibility of low-temperature processing
of group 14 elements, makes them an important candidate for ‘M’ cations. Among the two
halide categories, even though alkali-halide perovskites are reported in the literature, they

are so far not used in the fabrication of solar cells.

As explained in Bruschka’s Ph.D. thesis, perovskite structure can be either 3D, 2D, or co-exist
with each other. 2D perovskites are atomically thin 3D perovskites. While the 3D perovskites
are denoted as AMXs, 2D perovskites are represented as A2MXs (Figure 7). In recent times,
they are becoming popular in PSCs owing to their stability in the ambient environment. Also,
their unique properties from the quantum confinement effect make them suitable for
broader applications such as Light emitting diode (LED) and other photoelectronic
applications!l. The commonly found 2D perovskite is the Ruddleson-Popper perovskite,
where a 2D structure is obtained without comprising the atomic thickness of the crystal
structure 2. These perovskites though not as efficient as 3D perovskites, are gaining
popularity through its stability and ability to play diverse roles such as passivation layer or
capping layer 3. In this thesis, chapter 5 uses a multi-cation 3D perovskite, whereas chapters

6 and 7 consists of a mixed 3D/2D perovskite.

AxMXy

Figure 7: (a) AMX;s perovskite crystal 3D view (b) Projected view of 3D and 2D structured
perovskite solar cells 14

17



2 Fundamentals

2.2.2 Basic structure of PSCs and its working

To better understand the functioning of the PSCs, it is vital to be familiarised with its basic
architecture. There are different architectures involved in it, which will be described in the

next section.
Figure 8 shows the cross-sectional SEM of a planar PSC. It consists of the following layers:

Anode: In an n-i-p perovskite solar cell, layers are constructed on a conductive glass usually
fluorine tin oxide (FTO), Indium doped tin oxide (ITO) or Aluminium Zinc oxide (AZO). ITO
glasses are preferred in solar cells whose fabrication technique involves low-temperature
processing. They are popular in solar cells, which are fabricated on flexible substrates such as
polyethylene terephthalate. As ITO’s conductivity is affected by higher temperatures,
temperature stable low cost FTO glasses are used in cases where high processing/sintering

temperatures are involved.

n-type electron transport layer (ETL): The primary function of this layer is to collect the
photogenerated electrons and transport them to the anode. The most common ETL materials
used are TiO2, SN0, and ZnO, among which TiO; is popular in high-temperature PSCs and SnO;
in low-temperature PSCs. According to the type of architecture involved, the ETL can be a

single compact layer or a combination of a mesoporous layer on top of a compact layer.

Perovskite photo absorber layer: Above the ETL, a perovskite layer is processed. When the
light is incident on this layer, electron-hole pairs are generated. The thickness of this layer is
essential such that the photogenerated charges are extracted before recombination. The

maximum absorber thickness ‘L’ is given by:

L < w/D * Tp Eq5
where,

D = diffusion constant (nm)

To = effective charge carrier lifetime (s)

The diffusion constant of the popularly used CHzNH3Pblz (MAPbIs) is estimated to be 100 nm
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p-type hole transport layer (HTL): The photogenerated holes are extracted by this layer. Tress

et al. report the three main functions of this layer 1°.
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1. To prevent the direct contact of the metallic cathode with the perovskite and ETL
layer.

2. To decrease the recombination at the perovskite/Au interface. Therefore, to increase
their photovoltage and internal quantum efficiency.

3. To increase absorption by providing a second path for the light that is reflected from

the gold.

The commonly used HTL materials are 2,2’,7,7’-tetrakis (N,N-di-p-methoxyphenylamine)-
9,9’spirobifluorene(Spiro-OMeTAD), poly(3-hexylthiophene-2,5-diyl) called P3HT,
4-(dimethylamino)-benzaldehyde diphenylhydrazone (DEH) and poly (3,4 ethylenedioxythio
penae) called PEDOT, among which Spiro-OMeTAD and PEDOT are the popular ones. They are

usually spin-coated or slot-die coated.

Cathode: Usually, metals are used as the counter electrode. The popularly used metallic

electrode is gold or silver, which is vacuum evaporated to form the electrode.

Gold (Cathode)

Spiro-OMeTAD
(HTL)
Perovskite
Tio,

(ETL)

FTO (Anode)

Glass

Figure 8: Cross-sectional SEM of a planar PSC '’

The basic working principle of the PSC is explained using the energy band diagram of a
Spiro-OMeTAD based PSC, as shown in Figure 9. The explanation is given considering an ideal
solar cell whose layers are entirely fabricated without any defect. As seen in Figure 8, the
perovskite light absorber is sandwiched between the ETL and the HTL. When an incident light
with energy higher than the bandgap energy (Eg) reaches the perovskite, photogenerated
charge carriers are created, as explained in section 2.1.2. The ETL and HTL are arranged such
that the electrons from the CB of the perovskite only transfer to the lower-lying ETL’s CB, and
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the holes are transported from the VB of the perovskite only to the high-lying VB of the HTL.
The energy band diagram of methylammonium lead iodide (MAPI) perovskite sandwiched
between TiO, and Spiro-OMeTAD is shown. After photoexcitation, the electrons from the CB
of perovskite at 3.93 eV can transfer only to the TiO;'s CB at 4.20 eV. Simultaneously, the
holes from the VB of perovskite at 5.46 eV goes only to the higher VB (5.22 eV) of spiro-
OMeTAD.

eV + 2.24
30 - Spiro-
' o OMeTAD
| €
€ 393
-4.0 4 4.20
-5.0 1
{ TiOo, 5.22
-6.0 -
-7.0 1

7.40
Figure 9: Energy band diagram of PSC 18
2.2.3  Types of perovskite solar cell architecture

The three main classifications of perovskite solar cells shown in Figure 10 are:

» Maesoporous architecture
> Planar architecture

» Hybrid architecture

Additionally, the inverted architecture is also shown where the HTL is fabricated at the front

electrode side.
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(a) Planar (b) Mesoporous (c) Hybrid (d) Inverted

HTL

Perovksite o oy . N Perovksite

Figure 10: Perovskite solar cell architectures (a) Planar (b) Mesoporous (c) Hybrid and (d)
Inverted architecture

Mesoporous architecture:

Miyasaka et al., in 2009, introduced the use of perovskite as photo-sensitizer in the dye-
sensitized solar cells starting with | and Br halides resulting in an initial efficiency of 3.8 % and
3.1%, respectively ®. The major drawback was that the liquid electrolyte in a DSC degraded
the perovskite faster under continuous illumination by dissolution. Thus in 2012, Kim et al.
replaced the liquid electrolyte and the dye by filling the pores of a mesoporous TiO; (mp-TiO3)
electron collecting layer with the perovskite alone, thus, achieving 9.7 % of PCE with 880 mV
of open-circuit voltage (Voc) *°. Here, the perovskite crystals, now acting as photoabsorber
and hole transporting medium are formed inside the mesoporous layers over which the HTL
and electrode are processed. To have excellent absorption co-efficient in PSCs, the
mesoporous layer should be well filled with the perovskite crystals. Thus, the thickness of the
mp-TiO,, pore filling, and perovskite morphology plays a vital role in determining device

performance.

Taking advantage of perovskite material as both light absorber and ambipolar charge
transport, Snaith and his co-workers, in 2012, replaced the mp-TiO; with mp-Al;03, which
allowed the charges to flow in only one direction. These devices achieved 1.1 V as
photovoltage with 10.9 % PCE 2°. Such a no-ETL architecture was called meso superstructure
solar cells (MSSCs). Etgar et al., in 2013, used the same property of the perovskite to design
PSCs with HTL. He explained the build-in depletion zone near the contact interfaces that

helped in charge extraction. Such a no-HTL PSC showed a performance of 8 % PCE 2.
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Planar architecture:

In 2013, it was found that the diffusion length of the electron-hole pair in bulk perovskite was
> 100 nm %5, which suggested that planar architecture was possible. This architecture omits
the presence of a mesoporous layer. Thereby, the perovskite layer is produced between a
compact ETL layer and an HTL layer. For this reason, the thickness, film quality, and perovskite
morphology play a vital role in photogeneration and its extraction. Stranks et al. show that
400 nm of the perovskite layer with large crystals are required to have sufficient light
absorption, photogenerated charge generation, collection, and transportation °. The first
planar PSC produced by Snaith and his co-workers in 2012 showed only 1.8 % PCE due to poor
perovskite film quality 2. Later, the team improved the perovskite film quality by physical
vapor deposition, reaching 15.4 % PCE /. Currently, a record efficiency of 23.3 % PCE has been
reported for planar PSCs 22. In this thesis, planar n-i-p PSCs are used for the discussion shown

in chapter 5.

Another form of planar PSC is the inverted architecture (p-i-n) where the HTL is deposited
onto the transparent conductive oxide (TCO). It means that the cathode now forms the front
electrode. This architecture gained its popularity for its ease in low-temperature processing
and thereby utilizing them in flexible photovoltaics. The first devices produced by Jeng et al.
in 2013. They used poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS)
as HTL and [6,6]-phenyl-C60-butyricscid methyl ester (PC¢oBM) as ETL. ITO/ PEDOT:
PSS/MAPbI3/Ceo/bathocuproine (BCP)/Al reached a PCE of 1.6 % 23. By utilizing mixed-halide
perovskites and double HTLs comprising of PEDOT: PSS and NiO, the efficiency of 15.47 %
have been achieved by Tang and his co-workers ?*. Low efficiencies in the inverted PSCs are
attributed to the undesirable electron-hole recombination pathway leading to losses through
non-radiative recombination. Recently, Bakr and his colleagues showed the highest certified
efficiency for inverted PSCs using alkyl chain length of alkylamine ligands (AAL). The 22.34 %
PCE reported is attributed to the favored crystal orientation using Oleylamine ligands %°.
Additionally, it is reported to reduce defect densities in the grain boundaries and avoid ion

migration.
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Hybrid architecture:

The hybrid architecture utilizes the merits of both the planar and mesoporous architecture.
Here, the perovskite crystals fill the mesoporous ETL and also forms a capping layer of pure
perovskite. This compact capping layer prevents the recombination of photogenerated
charges at ETL/HTL interface in a poorly-filled mesoporous architecture. In this architecture,

the thickness optimization of both the ETL and perovskite layer is essential.

This architecture was utilized by Heo et al. in 2013, where 600 nm of mp-TiO; with a
perovskite capping layer of 200 - 300 nm was used. Using
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA )as HTL, the device performance
reported was 12 % with 997 mV of Voc 2. However, the current density was less with only
16.5 mA/cm? as a result of the poor surface morphology of the capping layer. Recent
advancements in this architecture have reached a PCE of 19.3 % with 1.1 V and 23 mA/cm?

using a doped TiO; ETL layer with a capping layer thickness of 300 nm %7,

224 Graphite-based PSCs

Cost, efficiency, and lifetime are considered to form the ‘golden triangle’ of perovskite solar
cell commercialization 8. While concentrating on increasing the efficiency and stability of the
PSCs, it is also vital to reduce the cost of its production. In the above-mentioned PSC
architectures, widely, Spiro-OMeTAD and gold (or other noble metals) are used as HTL and
electrode material. Material cost, together with high power consumption for the vacuum
deposition of noble metals, increase the production cost of PSCs. Moreover, prolonged
exposure to temperatures such as 85 °C initiates ion exchange between perovskite and Spiro-
OMeTAD, which results in the reduction reaction of Spiro-OMeTAD %°. It reduced the hole
conductivity of the device 3. Thus, to reduce the cost and to increase stability simultaneously,
it is necessary to replace Spiro-OMeTAD and gold with cheap and abundant material, i.e.,

carbon.

First carbon-based dye sentisized solar cell (DSSC) with PCE of 6.7 % encouraged the use of
them also in PSCs 1. They are used to replace both HTL and electrode. Since carbon is not a
charge selective material, this type of PSC is also called as HTL-free PSCs. The counter
electrode usually consists of graphite flakes along with carbon particles. Hence the term

carbon-graphite based PSC (CG-PSC) is also used. Figure 11 shows the architecture of CG-PSCs,
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together with its energy band diagram. One of the main differences from Spiro-OMeTAD
based PSCs is the introduction of an insulation layer or a spacer layer. mp-ZrO; or mp-Al,0s3 is
widely used as the spacer layer material. To prevent shunts through direct contact of mp-

TiO2 with a counter electrode, the presence of a spacer layer is vital in CG-PSCs.

(a) (b)

Carbon-graphite

Perovskite

E (eV)

Figure 11: (a) Schematic representation of Carbon-graphite based perovskite solar cell (CG-
PSCs) (b) Energy band diagram of a CG-PSC with ZrO; as the spacer layer 32

In CG-PSCs, all the inorganic layers are fabricated first, and the perovskite solution is
infiltrated as the last processing step. Thus, it is crucial to optimize all the layers to achieve

better device performances. The critical factors that affect the efficiencies are:

1) Thickness of the space layer: It is essential not to have too thick space layer such that
the photogenerated electrons should travel a long distance to reach the ETL. It is
equally important not to have a thin spacer layer such that the charges recombine
soon after photogeneration. More details are given in section 2.3.4.

2) Pore filling of perovskite: Since perovskite solution comes in as the last step in
CG-PSCs, the challenge lies in complete pore filling of the underlying mesoporous ETL
and spacer layer. Thereby, after annealing, the perovskite crystals are well
incorporated into the mesoporous layers. Poor pore filling affects the light absorption

significantly, thus reducing the current density (Jsc) and fill factor (FF).
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3) Temperature of substrate and solution: It is found to be one way to ease the
infiltration of perovskite solution into the inorganic layers to achieve better pore
filling. The rise in temperature reduces the viscosity of the solution to facilitate
improved infiltration 33,

4) Graphite type and its layer thickness: The materials and thickness of the counter
electrode play a vital role in the conductivity of this layer. An optimized thickness
resulting in high conductivity should be used. Also, this thickness should not affect the
infiltration of the solution to fill the pores of the underlying mp-ETL and spacer layer.
In general, a thick CG layer is preferred to increase conductivity and also to act as a
water-retaining layer 32. As the graphite layer consists mostly of thin flakes, no

infiltration issue because of the graphite layer’s porosity itself is reported so far.

2.3 Importance of interfaces in the performance enhancement of PSCs

A high amount of photogeneration, together with efficient photo-generated carrier
extraction, is required for a promising perovskite solar cell in terms of its PCE and stability. As
the PSCs are a construction of organic-inorganic layers, one on top of each other, their
interfaces play a significant role in photogenerated charge extraction. To develop various
ways to achieve efficient interfaces, the problem at the interfaces should be understood.
Factors like charge recombination at the interface, ion migration, defects, poor energy band
alignment, etc. significantly affect the device performance. Suppression of these losses has

been reported by modifying the interfaces or by improving the properties of ETL or HTL.

This section firstly explains the basic recombination mechanisms and pathways found in the
PSCs. It later documents already published reports which involved interfacial enhancement

that is relevant to the interfaces investigated in this thesis.

2.3.1 Recombination mechanism and its pathways

Recombination is the mechanism when the photogenerated electrons and holes recombine
to lose its energy in the form of heat or light (i.e., photon). There are two main types of

recombination, namely:

1. Radiative recombination

2. Non-radiative recombination
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Radiative recombination:

Radiative recombination is a direct band-to-band recombination process (Figure 12b). Here

the electrons in the conduction band recombine with a hole in the valence band. The rate of

recombination here depends on the concentration of electrons and holes present in a solar

cell. During this process, the energy is released as a photon.

Non-radiative recombination:

This recombination process is unwanted as the energy stored in the electron-hole pair is

released only as heat. They are further classified into four types:

26

Shockley Read Hall (SRH) recombination: The most common type of non-radiative
recombination is the recombination via the defect levels. Defects are introduced in
the electron state in the forbidden energy gap (the energy gap between CB and VB)
due to the presence of impurities. Sometimes, energy states are also introduced in the
forbidden gap because of the “trap states” found in crystal lattices (Figure 12d). The
probability of finding such defect states in the middle of the forbidden gap is higher.
Auger recombination: This type of non-radiative recombination involves two charge
carriers (Figure 12c). When the electron from the CB relaxes to a hole in the VB, a
photon is released. The energy from this photon is absorbed by an electron in the CB,
which is then excited to a higher energy state. It then relaxes with subsequent loss of
energy through thermalization.

Surface recombination: This non-radiative recombination mechanism is due to the
presence of surface defects. To reduce this type, commonly, a passivation layer is
deposited.

Excitonic recombination: Photogenerated charges are bound together by Coulomb
forces (Figure 12e). The difference in their energy is usually less than Eg, and thus at

times, these excitons recombine contributing to the carrier loss mechanism in PSCs 34,
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Figure 12: Absorption and recombination mechanisms (a) Absorption (b) Radiative band-to-
band (c) Auger (d) SRH and (e) Excitonic recombination 3

Recombination pathways in PSCs:

The majority of charge loss happens at the interface due to charge recombination. Marchioro
et al. explain the charge separation steps and the various charge recombination pathways 3°.
No detailed investigation has been done so far to determine which type of charge (electron

or hole) is extracted first by their respective selective layer.

If electron injection is considered as the primary charge separation step, the following
pathway is observed: ETM is the electron transport material, and HTM is the hole transport
material
(€...h*) perovskite = €cb’(ETM) + h*(perovskite) Eqg6
h*(perovskite) = hy* (HTM) Eq7
If hole injection is considered as the primary charge separation step, the following pathway is
observed:
(€...h*) perovskite = hw*(HTM) + e (perovskite) Eq 8
e’(perovskite) 2 e (ETM) Eq9

In the absence of charge separation, exciton annihilation occurs:

(e_...h+) perovskite é hv (photon) Eq 10
(e_---h+) perovskite > V(heat) Eq 11

Other recombination pathways are as follows:
The electron from the ETM recombines with holes in the perovskite

e’ (ETM) + h*(perovskite) = V7 Eq 12
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Holes from the HTM recombines with electrons in the perovskite

hw!(HTM) + e'(perovskite) > Eq 13

Electrons in the ETM recombines with the holes in the HTM

e (ETM) + hy'(HTM) 2> IV Eq 14
Figure 13 shows a simplified diagram of the charge extraction and recombination pathways.
The pathway and its corresponding equation number are marked in the picture for easier

understanding.

- £ (eV)

Spiro
OMeTAD

CH3NH,Pbl,

Figure 13: Recombination pathways in PSC 3>

2.3.2 Role of ETL and ETL/perovskite interface in planar architecture

As explained in section 2.2.3, the role of the electron transport layer (ETL) in a planar
architecture is to collect and transport the photogenerated electrons to the anode, as shown
in equations ( Eq 6 and Eq 7). For a material to be preferred as ETL, it should have the following

properties:

Wider bandgap

High electrical conductivity

High electron mobility

Good chemical stability
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The most widely used ETL is TiO,. As the planar architecture is commonly used in low-
temperature processing of PSCs, TiO;'s ability to form a crystalline structure (anatase) at low
temperatures is difficult. Moreover, its photocatalytic nature in the presence of UV light
developing deep trap states in the presence of oxygen makes it an undesirable material in low
temperature processed PSCs. Kelly et al. reported ZnO, a promising candidate due to its high
bulk electron mobility (205 — 300 cm?V-1s!). However, the presence of hydroxyls groups and

acetate ligands led to the faster degradation of perovskite.

With broader research, many other transparent electron transport materials have been
reported. Some of them are ZnSQO4, W03, In203, SrTiOs, and BaSn0O3. Among all the alternatives
said, Sn0; is considered the most promising candidate to replace TiO,. Owing to its properties
such as high mobility (240 cm?V-1s1), better CB alighment with perovskite, high transmittance,
wider bandgap (-3.6 eV to -4.0 eV) with deep CB and VB, and low-temperature processability
makes it a suitable ETM for planar PSCs3¢. The highest efficiency of 23.32 % PCE has been
reached with SnO; as ETL in planar PSCs through surface passivation of perovskite/HTL

interface using phenethylammonium iodide (PEAI) 22,

Even with many advantages, localized crystallization induced defects such as oxygen defects,
tin interstitial, and surface defects have been observed in SnO;, leading to imperfect energy
band and charge accumulation at the interface 3’. To overcome these defects, SnO; is doped
with suitable elements to alleviate energy mismatch and thus reduce defects. Ga doped SnO;
was observed to reduce the trap state densities, thereby reducing the recombination rate
resulting in 16.4 % PCE 32, Doping SnO, with ethylene diamine tetraacetic acid (EDTA) resulted
in a certified PCE of 21.52 % in 2018 3°. The higher efficiency was owed to its better Fermi
level alignment with perovskite, increase of electron mobility by three-fold, and also better
wettability for the production of the defect-free perovskite layer. Recently in 2020, Graphite
carbon nitride (g-C3N4) based SnO> has been reported to have a high PCE of 22.13 % PCE 3’
with 1.17 V of Voc owing to the elimination of surface/bulk defects in SnO2 together with its

reduced oxygen vacancies which prevented the interfacial recombination.

Thus, it can be noticed that energy mismatch, oxygen defects, surface defects are the most
common problems faced at the ETL/perovskite interface that leads to charge accumulation at

this interface leading to non-radiative recombination losses.
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2.3.3 Role of blocking layer and FTO/perovskite interface enhancement in mesoporous
architecture
The blocking layer (BL) in a PSC is processed mostly as a compact layer. It is an additional layer
prepared between the FTO and the perovskite-filled mesoporous ETL. The role of BL is not
only to transfer the electrons from mesoporous ETL to FTO but mainly to block the electron-
hole pair recombination at the front electrode. Hence this layer can also be called a hole
blocking layer (HBL). Thus, the BL should be thin enough to allow the movement of electrons
from ETL to FTO but also should be efficient enough not to permit the back transfer of
electrons to perovskite. It is thereby preventing the recombination of electrons with holes (in

perovskite) at the front electrode.

For the HBL to be efficient, the chosen material should have the following properties:

Highly transparent in the visible region
= Expanded UV transparency

= Excellent electron extractor

=  Fast electron mobility

= Low transport resistance

= Have suitable conduction band level and Fermi level

For an HBL to perform well, it should be a defect-free, pin-hole free, homogeneous layer with
the flexibility to control its thickness. Usually, a thin layer is used as a compact HBL in
mesoporous PSC architecture. As mentioned earlier, TiO; is the widely used material as a
compact layer (referred to as c-TiO3). Several other n-type materials like SN0, %43 ZnQ 4446,
fullerenes %7, graphene %8, and CdS *° have been researched and proven suitable as HBLs along
with anatase-TiO; °%°1. Improvements in this layer are made by using new materials, doping

TiO,, or by using different deposition techniques 40->2-62,

The widely used replacement material for TiO; is SnO;. Dong et al., in 2017, shows a blended-
interfacial-layer (BIL) ®3 with SnO; as the major component. A PCE of 18.16 % was achieved
where the improvement was attributed to lower series resistance and enhanced shunt
resistance with reduced interfacial degradation. ZnO/ZnS04 % Nb2Os ¢ and TiO, quantum
dots % (QD) are other materials that were used to improve the interface through bandgap

enhancement and low series resistance, respectively. High efficiency of 20.05 % PCE with
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1.12 V of Voc was achieved by a passivating ZnO layer with MgO and protonated ethanolamine

(EA) ©7.

Doping is another technique used to improve the HBL/perovskite interface. Elements such as
Niobium (Nb), Tantalum (Ta) 8, Lanthanide (La) ®°, and Magnesium (Mg) 7° doping are some
of the reports on using the doped layer as HBL. PCE > 14 % is reported for Nb-doped and Ta-
doped TiO,, attributing to fast electron transfer and reduced recombination. Mg-doped TiO>
shows deeper VB, which enhances the hole blocking effect. 15.31 % of PCE was achieved by
doping La with TiO,. Spray pyrolysis of La-doped-TiO; was claimed to produce smooth layers,
improved charge transfer, and reduced recombination. Recently, a double compact layer
comprising of the Mg-doped-SnO; layer processed on c-TiO; was used in a CG-PSC whose PCE
was 13.01 %. The efficiency improvement compared to c-SnO, was attributed to improved

interfacial contact with perovskite and higher electronic extraction capacity.

Various deposition techniques are also used to improve efficiency through better
morphology. Atomic layer deposition (ALD) 7%, sputtering 72, chemical bath deposition (CBD)
73, spray pyrolysis, spin coating 747>, electrodeposition 76, dip coating ’/, and sol-gel techniques
8 are some of the reports published to report on the interfacial improvement by varying the
deposition method. Among this, 200 nm ALD TiO; showed 15 % PCE due to high conductivity,
homogenous defect-free layer, and fast electron transfer. The articles mentioned above in
this sub-section shows the PCE attained for a MAPI perovskite with Spiro-OMeTAD as HTL and

Au as the counter electrode.

Thus, it is seen that the HBL at FTO/perovskite interface needs small series resistance, large
shunt resistance, deeper VB, faster electron transfer, smooth layer to prevent charge

accumulation later leading to non-radiative recombination.

234 Role of the spacer layer and ETL/graphite interface in CG-PSCs

Sub-sections 2.3.2 and 2.3.3 dealt with HTL-based PSCs where Spiro-OMeTAD is popularly
used as HTL. As introduced in section 2.2.4, Spiro-OMeTAD and gold counter electrode is
replaced with a carbon-graphite (CG) layer. In this CG-PSCs, the primary role of the spacer
layer or the isolation layer is to prevent the direct ohmic shunt pathway between mp-ETL and

CG. Factors that influence to achieve an optimal space layer is as follows:
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Thickness

Perovskite pore filling

Morphology of perovskite within the pores

Uniformity of coating

Thick 1um screen printed mesoporous ZrO; is widely used as an insulating layer. Liu et al.
describe all the critical parameters involved in this architecture to achieve the best
performance 33. Among all the parameters, the thickness of the space layer plays a crucial
role. Even though the spacer layer is essential, a high thickness of over 1um affects the
photovoltage and fill factor (FF) due to charge recombination. Limited electron diffusion
length (100 nm) of the perovskite and the light-harvesting is reduced if its thickness is < 1 um.
In 2016, the efficiency of this architecture was improved by using a space layer where the TiO;
particles were surrounded by 5nm ZrO; particles. This TiO,@ZrO; was used as a spacer layer
in addition to mp-TiO>. It resulted in certified efficiency if 13.8 % from 10% with 935 mV 7.
The highest 15 % of PCE has been achieved due to improved hole extraction with ZrO; as a
spacer layer and by incorporating CuSCN in the perovskite precursor solution 8. Team at
Fraunhofer ISE have published a stable photovoltage of 1V through a molten-salt approach,
attaining stabilized PCE of 12.6 % 8. It is the highest certified stable photovoltage reported so

far in CG-PSCs with ZrO; as the insulating layer.

Another popularly used spacer layer is Al,03. Widely 500 nm — 1 um thick Al;03 is used. 15 %
PCE has been achieved in such devices with NMP as the solvent for precursor solution .
Further 1% improvement in PCE has been achieved by incorporating SrCl, in precursor
solution resulting in CH3NH3Pbl3(SrCl2)o.1. The high 16% PCE is attributed to the improved
morphology and low crystal defects when Sr?* occupies Pb sites 3. The highest PCE was
achieved when NiO is used as an HTL layer along with triple cation perovskite resulting in 17%
PCE with over photovoltage of 1 V 8. There is also architecture that uses both Al,03 and ZrO..
Xiong et al. show the improvement in voltage through surface modification and space tuning
by introducing a vacuum evaporated 50 nm Al;Osz as an interlayer between 1um ETLand 1um

ZrO; as space layer achieving 14.26 % PCE unstabilized #°.

This architecture further proves to be the promising architecture regarding long term stability.
A large area encapsulated module with PCE of 10% (active area of 100 cm?) along with the
stability of 2136 h at ambient temperature has been reported 2. The highest efficiency in
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large scale modules has been reported by Bashir et al., where a 12.1 % PCE has been reported
for an active area of 70 cm?. Such high efficiencies have been achieved by adding a nano-thick
Cu doped NiO as HTL. These cells also show an incredible shelf life in ambient atmospheric
conditions for 4500 h without encapsulation, with only a 5 % decrease from the initial PCE
value ¥. The longest stability of CG-PSCs has been reported by Gracini et al., where 10 x 10
cm? module providing 11.2 % PCE showed stability > 10,000 h 2. These cells show the

potential of this type of architecture for future commercialization of PSCs.

Thus, it can be noticed that the spacer layer is widely a 1 um thick layer, which uses an
insulating material for this purpose. Reports suggest that a decrease in spacer layer reduces
Voc due to reduced light harvesting, whereas increasing its thickness leads to increased path
length for the charge carriers to reach the ETL 33. The major challenge is to get a perfect pore
filling in the spacer layer and also in the underlying mp-ETL, as it plays a crucial role in light-
harvesting.

Role: Prevent ohmic shunt at
mp-TiO,/CG interface

Affected by:
* Thickness
* Pore filling

Role: Transfer e- from HTL

perovskite to FTO

* Layer uniformness

Perovskite * Increase in path length

Affected by: —d SR ‘
* Energy level mismatch - — Role: Prevent back transfer of

* Charge accumulation e to perovskite
Glass Glass :
¢ Oxygen defects

Affected by:

* Surface defects .
* Layer quality

* Thickness
* Energy level mismatch
* Charge accumulation

Figure 14: Role of various interfaces and factors influencing them for the two different device
architectures studied in the thesis.

Thereby, in this chapter, the fundamentals involving the working principle of the solar cell
were described, followed by a detailed introduction to perovskite solar cells and its different
architectures. In the last sub-section, the importance and role of interfaces in PSCs (relevant
to the thesis) was given, together with the factors that are affecting their performance and
stability. The status-quo of the research in this aspect was also provided. In the next section,

the methods that have been used to fabricate the PSCs used in the thesis will be detailed.
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3 Fabrication Methods

This chapter is dedicated to explain the basic principles involved in various deposition
techniques that are used in the device fabrication reported in this thesis. The techniques
involved here are - sputtering, spray pyrolysis deposition, atomic layer deposition, screen
printing, and slot-die coating. As this thesis concentrates on using methods that can be
transferred to modules for future production, already established industry level processes are

employed.

3.1 Sputtering

The physical vapor deposition (PVD) technique is widely used to process thin metallic or
dielectric layers in the range of 1 nm to a few micrometers. Sputtering is one of the PVD
techniques used to deposit materials that have a high melting point, particularly metal alloys.
The basic principle involved in sputtering is that a target material is bombarded with high-
speed ions. It removes the atoms from the target’s surface, which travels towards the
substrate where the thin film deposition is required. Possibilities such as sputtering of alloys,
organic compounds, materials with a high melting point at low temperature, uniform coating
on a larger area, and reduced maintenance make it one of the easiest fabrication techniques

for coating thin films.

A schematic representation of a standard sputtering technique is shown in Figure 15. At first,
a vacuum is achieved to reach low pressure. Further, in order to obtain a working pressure of
1073 torr in the chamber, argon gas is introduced. A voltage is applied between the substrate
(cathode) and the target (anode). A stray electron from the cathode initiates the process. It
hits the applied neutral gas atom (usually inert gas like Argon), resulting in a positively charged
ion. During this process, secondary electrons are also created, which reacts with more neutral
gas atoms to produce ions. The process repeats in a cascading manner forming more
secondary ions. These ions in a gaseous form exhibiting a collective behavior are called
plasma. When ions in the plasma collide with the target, the momentum and the kinetic
energy is transferred to the target knocking out the surface atom. Sputtered atoms then
diffuse to the substrate. Increasing ionic energy leads to a larger plasma area resulting in a

homogenous thin film deposition on the substrate.
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Figure 15: A schematic representation of the standard sputtering process &°

Initially, the current is low. It leads to an increase in voltage at the dark discharge regime.
After the breakdown voltage, more secondary ions are produced high enough to maintain the
plasma. In some cases, instead of producing secondary electrons, the collision results in a
glow. This phenomenon is called a glow discharge regime, which is accompanied by a voltage
drop. A uniform current density across the cathode is maintained by increasing the power.
Thus, the sputtering starts to occur in an abnormal glow discharge regime (F-G point in Figure
16). Further increase in the current with continuous bombardment of the ions leads to
heating up of the target, moving to the arc discharge regime where the destruction of the

target will occur.
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Figure 16: Current-voltage characteristics of direct current electrical discharges *°

Various parameters are involved in achieving successful sputtering. They are:

1. Argon pressure
2.  Sputter voltage

3.  Substrate temperature

Optimum pressure is required to maintain the plasma. Low-pressure results in a reduced
number of collisions between the ions and the atoms, and at high pressure, more collisions
happen, which doesn’t provide enough time for the production of ions and electrons through
energy transfer. Higher voltages result in higher particle energy. It is also noticed that the
particle energy and the substrate temperature is directly proportional to the sputtering
voltage. All the parameters are to be optimized to have an excellent sputtering process. The
efficiency of the sputtering process is defined by the term sputter yield (S) which is:
Number of sputtered atoms

Sputter yield (S) =
putter yield (S) Number of incident ions £q 15
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Its value depends on the type of target atom, binding energy of the target atom, relative mass
of ions and atomes, incident ion energy, and angle of incidence of ions. Typically, its value is

the range between 0.1 to 10.

Thus, in the sputtering technique, the characteristics and thickness of the thin film deposition
are controlled by varying the chamber pressure, the partial pressure of the reactive gas,

power density, target to substrate spacing, deposition rate, etc.

3.1.1 Types of sputtering

Even though various parameters are involved, the optimization of them varies according to
the target material. Thus, for multiple applications, different types of sputtering are

preferred. The four main types of sputtering are °:

e DC sputtering: DC sputtering involves applying a DC voltage between the target and
the substrate. To maintain the glow discharge, 1-5 Pa is used. Usually, this type of
sputtering is used for metal targets.

e RF sputtering: In the case of an insulator target, to avoid the build-up of ions on the
surface of the target, RF sputtering is used. Here RF voltage is supplied.

e Magnetron sputtering: It is used to have higher deposition rates in the presence of
low sputtering pressure. In this system, a magnetic field is superimposed on the
cathode, which helps to circulate the secondary electrons in a closed loop to increase
the collision rate, thereby increasing the deposition rate even at low pressure in the
range of 0.5 -1 Pa.

e lon beam sputtering: To avoid the inclusion of gas molecules in the substrate, the
target sputtering and the ion source are separated. The ion energy is maintained
between 0.5 — 2.5 kV. As the target chamber is separate, further reduction in the

chamber as low as 1 x 10-3 Pa can be achieved.
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3.1.2 Sputtering parameters optimized for this thesis
3.1.2.1 Sputtering machine details

The sputtering machine used is the horizontal in-line medium-frequency (MF) magnetron
sputtering unit from Interpane located at Fraunhofer ISE. A stable plasma is maintained by

controlling the argon and oxygen gas flow. No additional substrate heating is used.

3.1.2.2 Sputtering of c-TiO:

For sputtering c-TiO2, a dual ceramic tube TiOx target was used. An Ar/O; working gas mixture
was let into the chamber with an Ar/O; ratio of 6:1. The resulting chamber pressure was

1.7*10°3 hPa.

3.1.2.3 Sputtering of Al;03

The deposition of Al;Os is carried out with a dual metallic tube Al target. Once the stable
plasma is maintained with argon gas, oxygen is fed to the chamber till fully stoichiometric
aluminum oxide is achieved. The sputtering power density used is 2.59 W/cm? and the

chamber pressure was set as 4.5 x 103 hPa to obtain films with a nano-porous structure.

To have stable working conditions, a voltage-controlled process or current-controlled process
is preferred. The commonly used technique is a current-controlled process where the
pressure and current are kept constant by varying the O flow. Figure 17 below shows a sharp
transition from metallic to an oxidic state of Al at 170 sccm of O, which makes it a complicated
process. However, keeping the voltage constant at 250 V in a voltage-controlled process for
Al, a smooth transition to the oxidic state is noticed through the sharp increase in sensor
current after 60 sccm O;. Thus, the Al;Os layer is sputtered with an O flow of 90 sccm for the

devices reported in this thesis.
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(a) (b)

Current-controlled process for Al Voltage-controlled process for Al

600 ; 120 2.0
170
100 | Sp utteringp\oint /
e : F y —_
500 F.ﬁ:::«‘ »»»»»'_metbilllc | ’/. ) /4 - 3
- » /s -—
- metallic \ __ 80— Forward / 5
= @ < —— Reverse / ,/ ‘:cJ
% 400 - ] E [ —=— Oxygen sensor current ¥ /,/ o
= 2 60+ / / 11.0 ©
(=] = o 7]
> 3 | N 2
. © / @
300 - oxidic i 40+ /I J &
r Z # ,/ 105 2
—dg F / x
—»— Forward N L - ®)
oxidic "~ 20 e /
200 - —— Backward > - ot J
| - /
N L 1 L L 0 kli-_-fk"\- - s/ ! 1 0.0
0 50 100 150 200 0 20 40 60 80 100
Oxygen flow [sccm] Oxygen flow [sccm]

Figure 17: (a) Current-controlled process of sputtering Al at a constant current of 70 A and
(b) Voltage-controlled process for sputtering Al at 250 V.

3.2 Atomic Layer Deposition

Atomic layer deposition (ALD) is a thin film processing technique based on chemisorption and
self-limiting growth mechanism that is mainly used in microelectronics. It was invented in the
1970s; however, its commercial success came after its application in microelectronics. ZnS
and Al;0s were initially coated with ALD technique as insulator layers in flat-panel displays,
later deposition methods for various other inorganic materials such as oxides, nitrides, and

some metal layers were developed.

Achieving conformal coating on high aspect ratio structures, pin-holes, trenches around
nanostructures made it a popular deposition technique in the microelectronics industry.
Other advantages also involve thickness control in the angstrom scale resulting in ultra-thin
layers, industry level scalability, large-area deposition, and simultaneous deposition of many

substrates in batch reactors.

All the reactions happen inside a reaction chamber. The setup of ALD is shown in Figure 18a.
The basic principle of the ALD technique involves four stages per cycle (Figure 18b) involving

two precursors, each accompanied by an evacuation process or a gas surge process.

% Step 1: The substrate already has OH groups on its surface because of the reaction
from the atmosphere. Precursor 1 is sent into the reaction chamber. Chemisorption

of the reactor with the surface OH takes place until the OH groups are depleted.
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However, due to the self-limiting mechanism, precursor 1 doesn’t react with itself.

Thus, chemisorption plus self-limiting mechanism results in one layer.

X3

%

Step 2: The next step involves either purging gas (such as Nz) or evacuating the
chamber. During this process, by-products from step 1 and excess precursor 1 are

removed from the chamber.

R/
X4

D)

Step 3: Precursor 2 is now sent into the reaction chamber. Usually, H,O is used for
creating oxide layers. H,0 reacts with the first layer and forms the OH surface making
it ready for the next cycle.

®,

<+ Step 4: By-products and excess precursor 2 is evacuated from the reaction chamber.

Thus step 1 to step 4 forms one reaction cycle in the ALD process. The thickness of the layer

is then controlled by the number of reaction cycles.

(a)

Valve #1

ALD Chamber

Precursor A Valve #3

Valve #2

Precursor B % __sSample

(b)

TMA pulse Self-saturated chemisorption

One(sub) monolayer of ALO;
New OH groups at the surface

Figure 18: (a) Basic ALD reactor °? (b) ALD growth cycle >3

42



3 Fabrication Methods

The growth of the desired material is not a linear mechanism concerning the reaction cycle
(non-ideal case). According to the texture of the substrate, a precursor used, and
temperature, it takes some time to achieve saturation in growth. Growth per cycle (GPC)
defines the thickness of the material deposited in one cycle. Surface reaction sites and
morphology plays a vital role in determining the GPC. For a perfect layer to be deposited, the
ALD window has to be set. For thermal ALD, the ALD window is a temperature range where
saturated GPC is observed. Figure 19 below explains the change in the GPC according to the
temperature.

:4— ALD window —¢: Uncontrolled growth

Precursor decomposes
| thermally on the surface

+

Uncontrolled
growth
Precursor
condenses on
the surface

Chemisorption

Self-controlled growth
Substrate temperature
does not affect the
growth rate

\,\

Self-controlled growth
Substrate temperature
affects the growth rate

Growth rate / pulsing cycle

Uncontrolled

Uncontrolled growth

gNrc?t\A:et:ough Molecules do not stay on
heated surfaces

thermal energy

for surface

reactions

B o e e e ———

Deposition temperature
Figure 19: ALD growth rate cycle %

At low temperatures, some cases have high kinetics because of the physisorption of the
reactant. Still, in most cases, it results in low kinetics as the temperature is not sufficient to
initiate the surface reaction. High temperature also results in two possibilities where the low
kinetics occurs due to evaporation, and high kinetics is observed as a result of the
decomposition of the reactant. Thus, to obtain a monolayer, an ideal ALD window has to be

selected.
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3.2.1 ALD parameters optimized for this thesis

For the ALD deposition of c-TiO, a plasma ALD technique is used in a FlexAL ALD system from
Oxford instruments located at Fraunhofer ISE. Titanium tetraisopropoxide (TTIP) is used as a
precursor. Plasma O; (as oxidizer) is generated by a radio frequency coil powered at 300 W
with a frequency of 15.6 MHz. One cycle consists of a TTIP dose for 1 s followed by purging Ar
for 3 s, then plasma gas is stabilized for 1.5 s, and it is maintained for 6 s at a pressure of 80
mTorr. The base temperature used is 200 °C degrees, where the GPC of 0.045 nm/cycle is

used.

3.3 Spray pyrolysis

Spray pyrolysis comes under the category of liquid-phase chemical vapor deposition (CVD)
technique used for the fabrication of thin and thick films. The smooth process has made its
entry into various applications such as solar cells, sensors, fuel cells, etc. The main advantage
found in this process is its easy method at a low cost. Multi-layer processing and no

restrictions in substrate quality are few other advantages of this kind of fabrication technique.

The setup of spray pyrolysis is shown in Figure 20. The main components involved in spray

pyrolysis are

1. Atomizer

2. Precursor solution

3. Substrate heater and controller
Atomizer

An atomizer is where the bulk liquid is broken down into small droplets. There are three

different types of atomizers based on the source used to create the process °°.

= Air blast atomizer — where it uses pressurized air to break down the particles
= Ultrasonic waves — where short wavelengths are used
= Electrostatic — where the liquid is exposed to the high electric field for its breakdown

to occur
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In lab setup small spray pyrolysis, it consists of a spray gun, precursor solution, and a hotplate

for substrate heating and control. Here, the spray gun uses an air blast atomizer technique.

Atomizer

Spray
\

Substrate

\

Hot plate
Figure 20: The set-up of spray pyrolysis deposition °°
Many processes are simultaneously involved during spray pyrolysis that forms the basis for
the film quality acquired at the end of the process. The steps observed in the film formation

is shown in Figure 21 and is explained as follows:

1. The droplets are formed inside the atomizer, and they are sprayed at a particular
velocity and pressure that determines the droplet size

2. Due to the high temperature being involved, the solvent evaporates from the surface
of the droplet

3. Precipitation occurs as the further evaporation of the droplet occurs

4. Pyrolysis (i.e., decomposition of materials at high temperature) of the precipitate
occurs as the next stage as they are near the substrate which is at high T

5. The broken-down particles are deposited on the substrates which trigger nucleation

6. Formation of a thin layer on a substrate
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Figure 21: Steps observed in the film formation through SPD °®
Following the process, the optimization of these layers is essential. Various factors are
involved in achieving a good quality film through this technique. From a broad perspective,

the factors involved in influencing the SPD film quality are:

e Precursor solution

e Temperature of solution

e Type of salt

e Solvent

e Concentration of precursor solution: Higher concentration of solution results in larger
grain size, and the rate of growth is influenced by the pH of the precursor solution.

e Viscosity and surface tension: It influences the droplet size, its velocity, and the rate
of atomization.

e Substrate temperature: Higher the temperature more porous is the resultant film.

However, adding additives to the precursor solution and also by using an optimum substrate
temperature, highly crystalline films can be formed. Exposing the underlying layer to surface
treatments such as plasma or UV-ozone tends to improve the homogeneity of the resulting
layer. Other factors that influence the film quality is the pressure at which the droplets escape
the nozzle of a spray gun (determines droplet size), the angle of spray and the distance

between the spray gun’s nozzle and the substrate.
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3.3.1 SPD parameters optimized for this thesis

c-TiO2 has been produced through spray pyrolysis. 0.05 M of Titanium di-isopropoxy (bis)
acetylacetonate diluted in Ethanol (= 99.5 %) was used. The substrates are kept at the
temperature of 470 °C to achieve crystalline TiO; in the anatase phase. As the setup involved
a spray gun with pressured air as input, the larger substrates (10 x 10 cm) are sprayed
following a left-right motion. Left-right-left motion forms 1 cycle. Thus, the thickness is
determined by a number of cycles in our home setup. A distance of approx. 30 cm is
maintained between the spray gun and the substrate. Wait time of 10 s is given after each
cycle to maintain the temperature of the substrate, thereby preventing temperature shock in

them.

3.4 Slot-die coating

Slot-die coating is a widely known coating technique for thin-films. The industry level large-
scale fabrication technique such as roll-to-roll technique and sheet-to-sheet deposition
technique works on a similar principle. Thus, researchers wisely use a slot-die coating
technique to optimize the parameters that can be easily transitioned to pilot level
manufacturing. Therefore, the slot-die coating is one of the preferred techniques over spin-
coating. The thickness of the thin-film obtained can be in the range of tens of nm to 100 mm
by changing their process parameters. They are the flow-rate of the solution from the slot-
die head, meniscus height, and speed at which the substrate is moving. Care should be taken

to obtain uniform films as they are highly sensitive to small changes in process parameters.

A slot-die coating system consists of a solution reservoir, a slot-die head, and rollers on which
the substrate moves (as shown in Figure 22a). The main controls happen with the slot-die
head and the roller speed. Figure 22b shows a slot-die head consisting of two slots. The
solution enters through the inlet, goes to the manifold, and passes through the bottom of the

slot-die head. The entire slot-die coating system is divided into four sub-systems, namely:

+* Metering system: It controls the solution flow-rate with determine coating thickness
and homogeneity of the film
+» Distribution system: It controls the uniform width of the film through adjustment of

the internal cavity of the slot-die head.
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++» Head positioning system: Controls the distance between the bottom of the slot-die
head and the substrate through motors
++» Substrate movement system: Controls the speed at which the substrate moves across

the slot-die head through rotors.

(a) (b)

Solution Reservoir Slot

Slot Die Head

Solution pump

Substrate

Land
Inlet _
Rollai Manifold

Shim

Figure 22: (a) Schematic of the slot-die coating system (b) Picture of a dismantled slot-die
head °’

The basic theory in slot die coating involves understanding the parameters that affect the
flow of solution from the inlet to the wet film formation. The solution enters the inlet to the
manifold of the slot-die head with pressure. Through gravitational forces, it moves to the
bottom of the slot-die head. It causes a drop in pressure. The pressure drop is regulated to
maintain the flow rate of the solution throughout the process. The pressure drop is given
using the Pouiselle’s flow equation:

12uLQ
P=—13 Eq 16

where,

Ap =the drop in pressure (Pa)

U = viscosity of solution (Pa.s)

Q = flow rate of solution (cm?3/s)
L = the channel length (mm)

b = the channel width (mm)
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The pressure drop is regulated using shim, which determines the distance between the two
slots in the slot-die head. When the solution comes out of the slot-die head (called lip),
upstream and downstream are formed. They, in turn, form their corresponding menisci on
the substrate. The continuous movement of the substrate creates a sheer force that forms
the Couette flow. To obtain a high-quality thin-film, a balance should exist between the flow
rate based on the pressure gradient (Pouisells’s flow) and the shear stress through the
movement of the substrate (Couette’s flow). This balance in the flow makes both the menisci

(upstream and downstream) pinned to the substrate (Figure 23a).

(a) (b)

Upstream Static Downstream Static
Contact Point Contact Point

Upstream Pressure

¥ Gap to Thickness Ratio

’ Shear Force APU \;J I-—L
Upstream Dynamic
Contact Point Pressure Gradient

—_— >

Figure 23: Maintenance of balance between the shear force and pressure gradient (b)
Determination of coating window °’

To obtain a stable coating, the coating window has to be determined. It is determined by
finding a balance between the gap-to-thickness ratio and the upstream pressure where the
gap-to-thickness ratio is varied by varying the critical process parameters. They are the flow
rate of the solution, the bottom of slot-die to substrate height, and the speed at which the

substrate moves. An example of the coating window determination is given in Figure 23b.

34.1 Slot-die coating parameters optimized for this thesis

The slot-die coating of SnO; is used as an electron transport layer (ETL) in planar perovskite
solar cells shown in chapter 5. A home-made 3D printer turned slot-die coating system
present at CSIRO was used. In this system, a stable substrate holder is used while the slot-die
head is attached to a lever that moves. However, the basic principle governing the coating

mechanism remains the same. All the process parameters (i.e., flow rate, menisci height, and
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the speed of deposition) are controlled using the 3D designing software. Thus, the SnO;
coating for the substrates used a coating speed of 10 mm/s, and a bed (substrate holder)

temperature of 50 °C was maintained to have a homogeneous layer.

35 Screen-printing

The screen-printing technique exists for a long time now. It was first commercially developed
in the 1850s for textile printing and further developed in the 1920s for printing posters and
giant advertisements. Advantages such as low-cost fabrication and its flexibility in substrate

independent application paved the way for its usage in electronic industries.

Figure 24 shows the necessary components involved in the screen-printer, and their functions

in printing are as follows:

¢+ Screen — The screen consists of a mesh and a polymer layer which is modified using a
photo-stencil that replicates the required design. The mesh is stretched upon a frame
with a tension such that the mesh peels away from the substrate soon after it passes
over. Ideally, the mesh is stretched where its elongation limit is 1 %. They are attached
to the frames such that the pressure given is spread to the corners preventing the
screens from significant damages.

% Squeegee — Squeegee settings are essential to have a reproducible thickness of the
resultant layer. The squeegee parameters, such as pressure, speed, and down-stop,
are set. It is made sure that the squeegee always runs parallel to the substrate. Their
size and thickness are selected based on the application and the viscosity of the paste
to be printed. Widely, squeegees made from polyurethane are used.

» Base — The substrate is mounted on this base, which usually uses a vacuum to hold
the substrate in place during the entire printing process.

% Paste/ink — The main element that needs to be transferred on to the substrate in a
particular pattern. The viscosity of the paste also influences the printing parameters.
The viscosity is selected such that they are not too viscous that it clogs the mesh and

not less viscous that it is spread after printing.
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Figure 24: The basic printing process %2

While screen-printing is widely used in the electronics industry, the print thickness plays a
significant role in their performance. The mesh parameter determines the thickness of the
print based on the thread thickness and the number of the mesh opening per cm?. As a basic
rule, the mesh opening should be three times the individual particle size used in the paste,

and the minimum line of width is three times the mesh diameter.

For a reproducible printing of a particular paste, the following parameters should be

optimized:

7

+* Squeegee pressure — It is set such that the paste is pushed into the open area of the
mesh precisely. Too much pressure leads to the reduced thickness, and too little
pressure does not produce a uniform print.

% Squeegee speed — It is to set the speed such that the screen-mesh peels off from the

substrate soon after the printing. Faster speed with low pressure will result in poor

printing.

>

K/
*

Snap-off — it is the distance between the substrate and the screen. It is set such that

)

the precise height-gap helps in peeling off.

It is to be noted that all these parameters are set based on the viscosity of the paste used.
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3.5.1 Screen printing parameter optimized for this thesis

In this thesis, the devices prepared in chapter 6 and 7 has most of its layers fabricated
through screen-printing. Ekra X4 screen printer located at Fraunhofer ISE was used. TiO; is
screen-printed using the Dyesol DSL-18NRT paste mixed with terpineol in the weight ratio of
1:0.75. Zr0O; is screen-printed using Solaronix Zr-Nanoxide ZT/SP paste. The parameters set
for printing mp-TiO; and mp-ZrO; are a printing speed of 50 mm/s and a printing pressure of
50 N with a snap-off distance optimized to be 2 mm. The commercially bought carbon-
graphite paste (Solaronix Elcocarb B/SP) is comparatively less viscous. Hence, less snap-off
distance (1.25 mm) was used with a printing speed and pressure of 50 mm/s and 30 N,

respectively.

Thereupon, in this section, the basic working principle of all the deposition techniques that
have been used in device fabrication for this thesis was given. It also listed the specific process
parameters that were optimized for the fabrication of different layers of the PSCs reported in

this thesis.
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4 Characterization Methods

This chapter provides a detailed explanation of all types of characterization techniques used
in this thesis. It is divided into two sub-section. The first section, “morphology and
crystallographic analysis,” specifies the techniques used for analyzing the layer morphology
and its crystallographic details. It accounts for the working principle of various electron
microscopy analysis such as SEM, TEM, EDX, roughness analysis through AFM,
crystallographic analysis using XRD, Absorbance using UV-Vis and PL. The second sub-section
details the shunt analysis with DLIT and other electrical characterizations used to interpret
the performance of the PSCs. Detailed information is provided on the techniques used and

the physics behind its data interpretation.

4.1 Morphology and crystallographic analysis
4.1.1 Scanning electron microscopy (SEM) and Energy dispersive X-ray (EDX) analysis

To fulfill the need to have a higher resolution than the optical microscope, an electron
microscope (EM) came into existence. As the name says, these microscopes use accelerated
electron to illuminate the source. Since the electrons are of high energy, resolution higher
than the optical microscope is attained. Through SEM, topography, morphology, composition,
and crystallographic information can be retrieved. It uses a focused electron beam to extract
the structural information at the point of interest and collects the knocked-out electrons to
recreate them as images. In 1935, a prototype of SEM was invented by Knoll in Germany,
which was later released in the market in 1965 by Cambridge scientific instruments (UK) and

Joel (Japan) separately.
Working Principle:

When the electron beam hits the sample, electrons or X-rays are emitted according to the

depth of electron beam interaction with the sample (Figure 25).

e Auger electrons: These are electrons emitted with an interaction depth of 1 nm, which
provides surface-sensitive information.

e Secondary electrons (SE): These are low energy electrons (< 50 eV) that results from
the inelastic interaction between the electron beam and the sample. The interaction

depthis the range of 5—50 nm. These electrons are detected by the Everhart-Thornley

54



4 Characterization Methods

detector, which consists of a scintillator inside a Faraday cage. The low energy SE is
attracted to the surface of the cage that is at 10 kV. It is passed through the scintillator
to produce light. They are amplified using a photon-multiplier tube (PMT) and are
converted to electric signals to be given to the computer unit. SE provides information
on the topography of the sample.

e Backscattered electrons (BSE): BSE are high energy electrons that result from elastic
interaction between the electron beam and the sample. These are highly dependant
on the atomic number of the sample. In this mode, the heavy elements appear
brighter. The BSE are detected using a solid-state detector. They provide information
on the atomic number and the topography information.

e X-rays: The electron beam that hits the sample knocks out an electron creating a hole.
When electrons from the higher energy level fill this hole, the difference in the energy
is emitted as X-ray. The energy of the X-rays depends on the atomic number of the
element, making it a unique feature. Thus, X-rays are considered as a fingerprint of
each element, which helps in their identification. A Silicon-drift detector (SDD) is used
to capture the X-rays that provide information about the elements present in the

sample. These X-rays are used for EDX analysis.

10A — Auger electrons

Secondary electrons

Backscattered electrons

Characteristic X-rays

E=E.
E=0

' r-— Continuum X-rays

e Secondary fluroscence by
continuum and characteristic
X-rays

BSE
Spatial -
resolution

-l  X-ray resolution e

Figure 25: Signals from electron beam-sample interaction *°
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SEM Instrument:

The SEM instrument (Figure 26) consists of an electronic console, which stages the control

knobs and an electron column that houses the source, lens, sample holder, and detectors.

The details of the components in the electron column is given below:

56

1)

2)

3)

4)

5)

Electron gun: It consists of a tungsten filament at 2700 K that produces the free
electrons. Wehnelt, which houses the filament, controls the number of electrons that
leave the gun. The acceleration of these electrons is controlled from 200 V to 30 kV.
Condenser lens: These lenses act as an anode. These are used to reduce the size of
the incident to 1000 times its original size. It also adjusts the intensity of the beam
that reaches the sample.

Objective lens: These lenses are used to determine the diameter or the spot size of
the electron beam on to the sample. It is an important parameter that determines the
resolution and the depth of the field produced in the sample. Lower the spot size
higher is the resolution and deeper is the beam interaction in the sample.

Scanning coils: These coils are used to deflect the incident beam vertically or
horizontally on the samples. It helps in focusing the beam on the region of interest
(ROI). This vertical or horizontal deflection of the electron beam on the sample is
called rastering.

Detectors: Various detectors such as solid-state detectors, Everhart-Thornley
detector, and silicon-drift detectors are used to capture backscattered electrons,
secondary electrons, and X-rays, respectively. All the detectors are connected to the
computer unit that converts the signals to necessary output forms such as images, the

elemental composition, which aids in quantitative and qualitative analysis.
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Figure 26: Schematic diagram of an SEM instrument 1%

Energy dispersive X-ray (EDX) analysis:

EDX is a non-destructive technique coupled with SEM that provides elemental information
and supports its analysis. The EDX data consists of a spectrum of elements collected by the
SDD. The software, coupled with it, marks each peak in the spectra to individual elements.
These data then aid in qualitative and quantitative (percentage concentration of each

element) analysis on the data.

Relation to this thesis

In this thesis, all the works reported in chapter 5, 6, and 7 has a standard SEM measurement
that was carried out to analyze the crystallinity, crystal size, morphology and layer thickness
of the corresponding architectures used. EDX analysis was used for precisely showing the
ultra-thin sputtered Al;03, as shown in Figure 83 and explained in section 7.3.3.1. For the
results shown in chapter 5, SEM images were taken using the Zeiss Merlin field emission

microscope in CSIRO. 5 kV and a working distance of 5-6 mm was used. The images were
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captured using the InLens detector. For the results shown in chapters 6 and 7, Zeiss Aurigo 60
Dual Beam SEM present in Fraunhofer ISE was used. SEM images used 5 kV, and EDX analysis

used 7 kV. Either InLens or SE2 detectors were used.

4.1.2 Transmission electron microscope (TEM)

A transmission electron microscope is also a microscopy technique that uses an electron
beam as the source to illuminate the samples. Even though the basic principle is the same,
TEM uses electrons at high acceleration voltages (enabling resolution of 0.2 nm) that passes
through samples. The transmitted and diffracted electrons are captured onto a fluorescent
screen. The captured image gives information on the crystallography and atomic position in
the sample. 1n 1931, Max Knoll and Ernst Ruska from Germany built the first TEM, and it was

later commercialized by the same group in 1939.
Working principle:

The highly accelerated electrons pass through a thin sample. The electrons are either

transmitted or diffracted.

1) A transmission beam is formed by unscattered electrons that are not deflected while
passing through the sample—the resulting image, as shown in Figure 27a. Dark region
points to thicker regions, whereas bright areas are places where there is no element
present.

2) The diffraction pattern results from the scattered electrons, which are sourced by two
kinds of scattered electrons based on their interaction with the sample. Elastically
scattered electrons are deflected by the atom’s position but without any energy loss.
It provides information about orientation, atomic arrangements, and its phases.
Inelastically scattered electrons are deflected due to energy loss during the interaction
of incident electron beam with the sample. As the energy losses are unique to each

element, they are stored and analyzed in electron energy loss spectroscopy.
High resolution TEM (HRTEM):

It uses both the scattered and unscattered beam to produce an interference image (Figure
27b). It is capable of giving a contrast image of a unit cell, thereby giving a direct

representation of the atomic structure.
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Selected area electron diffraction (SAED):

Scattered electrons following Bragg’s law (4 = 2d sin ©) where a pattern of spots is

formed corresponding to the plane and the atomic spacing in the element. Inset of Figure

27b is the result of selected area electron diffraction (SAED). By using the formula, d = /%
where d is the spacing between the planes, D is the distance between the spots in SAED
pattern, L is the camera length for the TEM machine, and A is the wavelength of the
electron beam. A pattern of spots is formed for single crystal, whereas a concentric ring

of spots (Ewald sphere) is constructed for polycrystalline samples. No spots, but a halo

bright spot is visible in case of an amorphous sample.

Figure 27: (a) TEM image of Bio.1BSCF - Bio.1(Bao.55r0.5)0.9C00.8Feo.203-6 perovskite (b) HRTEM
and inset is the SAED analysis 101

TEM instrument:
The TEM instrument (as shown in Figure 28) consists of the following components

1) Electron gun: A Wehnelt and a tungsten filament produces free electrons. The
acceleration is controlled in the range of 40 to 100 kV.

2) Condenser lens: The free electrons are condensed to form a coherent beam and
determine the spot size of the electrons beam onto the sample.

3) Sample: The holder for the sample is provided. The condensed electron beam passes

through it.
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4) Objective lens: It focuses on the transmitted electron and enhances its contrast to be

formed into an image

5) Intermediate lens: The periodic diffraction of an electron can be studied by the user

through adjusting this lens.

6) Projector lens: It projects the enhanced transmitted electron beam on to the screen.

7) Fluorescent screen: Forms the image pattern on a phosphor screen. When the

electrons strike the screen, light is generated, which enables us to see the image.

Electron gun

Anode

_gd_;a/

Condenser lens S A j
-/ Specimen

Objective
aperture lens

lens

Projector lens

j/ Fluorescent
/ screen

Intermediate \E

Figure 28: A schematic representation of a TEM instrument 102

Relation to this thesis

In this thesis, HRTEM measurements were carried out for the devices reported in chapter 7.

For our measurement, an instrument from JEOL present at the University of Strasbourg was

used. It clearly shows the presence of an amorphous Al,0s layer that surrounds the crystalline

TiO2 particles. The results are shown in Figure 78 and explained in section 7.3.1.1.
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4.1.3 Atomic Force Microscopy (AFM)

Another technique to measure the topography of thin films is the AFM technique. It probes
the surface in the atomic scale with a resolution of 0.2 nm. Its main advantage over SEM and
TEM is that it gives a 3D magnification with a vertical resolution of 0.05 nm. It is used to
analyze also non-conductive samples without any additional surface treatment. It was
invented in 1986 by Gerd Binning, Christoph Gerber, and Calvin Quate %, One year later,

Wickramasinghe et al. introduced a vibrating cantilever technique 1,
AFM instrument:

AFM measurement setup consists of a cantilever with a tip that moves over the sample as
shown in Figure 29a. The force exerted over the tip is recognized by a photodiode that is
sensitive to the position. A feedback system adjusts the new force according to the reference
and gives a signal back to the scanner to maintain constant contact of the cantilever tip with

the sample surface.

(a) (b)
Measurement ‘
and control
system
©
o
£ Repulse regime
Y (contact mode) F f £
Photodiode o ar awar from surface
Laser T 0 (out of feedback)
=, N —
’_
—’ . .
Attracti
Sample Cantilever with tip ractive regime
(non-contact mode)
>
e 8 5 Tip-Surface Distance
canner

Figure 29: (a) Basic setup of AFM instrument % (b) Different modes used in AFM 106

Modes of contact:
There are three types of scanning modes (Figure 29b)available. They are:

1. Contact mode: It works on the repulsion principle, where a minimal distance in
angstrom is maintained between the tip and the sample. A strong repulsive force is
exerted at the atomic level distances; thus, the tip-sample is considered to be in

contact. The cantilever’s deflection is maintained to sustain the tip-sample connection
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consistently. High speed scan is possible in this mode; however, it damages the surface
of the sample.

2. Non-contact mode: It works on the principle of attraction. Polarized atoms polarize
its neighboring atoms, which creates a force of attraction. Thus, a sample-tip distance
is maintained. Here the tip resonates at a constant frequency and maintains the
amplitude. For this reason, only a low-resolution image is produced.

3. Tapping mode: The cantilever tip is continuously tapping on the surface of the sample
(i.e., contact with the surface at constant intervals), and this it utilizes both the
repulsive and attractive forces. In general, a frequency in the range of 50 — 500 kHz
and the amplitude in the range of 20 — 200 nm can be maintained. Thus, the resulting
image is of high resolution obtained without damaging the sample. However, it can be

used only with slow scan speed.

Apart from the modes mentioned above, two other modes of scanning can be used—contact
height mode and constant force mode. In contact height mode, the height of the scanner is
fixed; thus, the deflection observed in the cantilever directly maps to the topographic image.
The commonly used scanning mode is the constant force mode where the cantilever’s
deflection is given to the feedback system that controls the z (height) scan direction. Further,
the phase lag between the surface-tip is recorded as phase image. It is also acquired together

with the topography image to understand better surface morphology.
Relation to this thesis

AFM was used in this thesis to verify the roughness and morphology of the corresponding
layers under investigation. In chapter 5, it is shown how to interpret the skewness factor in
relation to the roughness. A negative skewness factor indicates the absence of big particles
or agglomerates (section 5.3.2). In chapter 6 and chapter 7, AFM measurements showed a
uniform layer of different HBL processing techniques on FTO and sputtered Al;03 on mp-TiOy,
respectively. For the results shown in chapter 5, A Bruker FastScan atomic force microscope
(present in CSIRO) with Icon scanning head along with Ultrasharp silicon nitride tips and
NanoScope 9.4 software was used. For the results shown in chapters 6 and 7, similar AFM
machine and software present in the University of Strasbourg was used. The surface topology,

in all cases, was analyzed using tapping mode.
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4.1.4  X-ray diffraction (XRD) analysis

In 1912, it was discovered that when X-rays pass through a crystal lattice, it forms a three-
dimensional diffraction grating similar to the spacing of phases in the crystal. It is a non-
destructive technique used to study atomic spacing, phase identification and its orientation,

structural properties such as strain and grain/crystal size.
Working principle:

When the incident X-ray beam hits the samples, the atoms in the crystal lattice absorbs this
energy. Due to elastic scattering between the X-ray and the sample, X-rays are further emitted
from the sample. By rotating the source and the detector, the intensity of the reflected X-rays
is recorded. Generally, the source is rotated at angle 6, and the detector is rotated at an angle
of 20. When the incident and the reflected rays follow Bragg’s equation, nA = 2d sin 6,
diffraction pattern as a result of constructive interference occurs (Figure 30). They are unique
for various elements like a fingerprint. Thus, they are recorded, d spacing values are

calculated and compared with values in the shared file to identify the elements present.

X- ray wavelength A

J
'.A ei e ’

S

e‘ |

Crystal plane

For diffraction, 6,=6 . and nA = 2X =2d sin 6

Figure 30: Diffraction according to Bragg's law %7
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XRD instrument:

A schematic diagram of an XRD instrument is shown in Figure 31. It consists of the following

components:

1) X-ray tube: X-rays are created in a cathode ray tube by heating a filament. Free
electrons produced are accelerated by applying voltage. They have the facility to be
moved at different angles.

2) Goniometer: It consists of the sample holder that also can rotate.

3) Detector: The emitted characteristic X-rays from the sample is collected through the

detector.

X-ray
source

(0] Detector

Incident Receiving

(goniometer)

Figure 31: Schematic diagram of an XRD instrument 78

Information from X-ray diffraction:

Informations that can be obtained from XRD are:

e Phase identification: The phase identification can be done quantitatively and also
qualitatively. Qualitative analysis involves identifying the elements through d spacing
calculation, and quantitative analysis is done commonly through the reference
intensity ratio method (RIR). It identifies not only the crystalline phases but also its

orientation.
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e Crystalline size: When the size of the crystals is < 120 nm, the broadening of the
diffraction peak occurs. Thus, using Scherrer’s equation, the crystal size can be

calculated.

kA

T= Eq 17
B cos@

where,

T = Crystal or the crystallite size (nm)

k = shape factor, usually having a value close to 1
A = X-ray wavelength (um)

B = breadth at full-width half peak height

0 = Bragg angle (°)

e Lattice strain: It can be calculated while analyzing a thin film. The peak remains the
same when there is no strain. The peak is shifted if there is a uniform strain present.
However, the peak is broadened and also shifted in case of non-uniform strain caused

by point defects, deformation, or poor crystallinity.
Relation to this thesis

In this thesis, all the results chapters 5, 6, and 7 consist of XRD results in grazing incidence
mode. For the devices in chapters 6 and 7, it gives the crystallinity and its corresponding phase
for the layers under investigation. In chapter 5, XRD results were interpreted uniquely. The
results are shown in section 5.3.7. Here, the XRD diffractograms at various incidence angles
were taken for sub-cells before and after UV treatment. The area under the main peak
representing Pbl, and perovskite was calculated, and the corresponding change in its value
concerning the incidence angle was analyzed. An excess Pbl; was observed on the surface of
the sub-cell after UV treatment. Thus, a quantitative analysis of the sub-cells was made using
XRD analysis. For the devices in chapter 5, A Rigaku SmartLab with a rotating anode CuKa
source (45kV, 200mA) present in CSIRO, equipped with a Hypix 3000 detector, was employed
to obtain grazing incidence XRD patterns. The analysis was performed on the collected XRD
data using the Bruker XRD search match program EVA™5, For the results shown in chapters 6
and 7, a similar machine from the same manufacturer present in the University of Strasbourg

was used.
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4.1.5 UV-vis spectroscopy

Spectroscopy is the analysis of the interaction between the sample and the entire

electromagnetic spectrum or with a particular wavelength.

UV-Vis spectroscopy involves measuring the absorbance of both UV (200 to 400 nm) and
visible light wavelengths (400 nm to 750 nm) by the sample under investigation. When the
molecule absorbs the light, the electrons in the highest energy occupied molecular orbital
(HOMO) level are excited to the lowest energy unoccupied molecular orbital (LUMO) level.
The distance between the HOMO and the LUMO level is the bandgap (Eg), and its values differ
from various molecules. Thus, the absorption spectra produced is also distinct for individual

molecules/elements.

The electronic interactions in the orbital level take places between n, m, o, n* and o* orbitals
where, n is the non-bonding state,  and ¢ are bonding orbitals, and n* and o* are non-
bonding orbitals. Frequent electronic transitions are between n-nt*, n- ¢*, n- n*, - ¢* and
o-o*orbitals (Figure 32). The peak wavelength absorbed is based on one or combined effect

of these electronic transitions that differ based on the molecules.
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Figure 32: Frequent electronic transitions
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UV-Vis spectroscopy instrument:
The UV-vis spectroscopy instrument (Figure 33) consists of the following components:

1) Source: Two lamps are used in this case, namely deuterium lamp for UV wavelength
(170 to 375 nm) and tungsten filament lamp for visible wavelength (400 to 700 nm).
Wavelengths longer than 700 nm are also possible to be obtained.

2) Filter: Focuses the light on to the monochromator

3) Monochromator: It consists of a prism and a slit. The prism diffracts the light and
sends a spectrum of light through a slit that emits one wavelength at a time.

4) Beam splitter: The beam is split into two. One without any changes serves as
reference intensity (lo), and the other passes through the sample and its intensity
changes after absorption (1).

5) Data processing: Photodiodes are reference, and the sample’s intensities are

compared and processed to give the absorption spectrum.

Mirror

D, lamp | Tungsten lamp Reference
Mirr(% @ Photo diode
Data readout
L
Filter 2
Data _g
Processing _§
<
I |Tﬂ Wavelength (nm)
k Photo diode
| Beam Sagn!n |
splitter Sampie

Monochromator

Figure 33: Schematic of UV-vis spectroscopy 1%
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Working principle:
As explained, after the beam passes through the sample, it is compared with the reference.
The ratio between them formulates the absorption spectrum and the peak wavelength that

is observed (Amax). They are calculated based on Beer-Lambert’s law:

I
logTO = A= ecl Eq 18
where,

A = absorption

lo = Reference light intensity

| = light intensity after passing through the sample
€ = Molar extinction co-efficient (I mol* cm™)

¢ = concentration of the sample (mol/l)

| = length of the light path (cm)

4.1.6 Fluorescence spectroscopy

The fluorescence spectroscopy is also sourced by a range of wavelengths; however, it

provides information on the light emitted after the absorption.
Working principle:

The electrons in the HOMO level is excited to the LUMO level after absorbing light
energy > bandgap of the molecule. It initially relaxes through its sub-levels by losing a few
amounts of energy. This initial relaxation is named as vibrational relaxation. It is followed by
the relaxation to back to the sub-levels of the HOMO level, which emits a photon. The process
is described through a Jablonski diagram (Figure 34a). It is be noted that the energy of the
emitted photon is lower than the incident light, and thus the peak is shifted to a higher

wavelength (Figure 34b).
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Figure 34: (a) Jablonski diagram showing fluorescence principle °° (b) Sample absorbance
and emission spectrum %0

Relation to this thesis

In this thesis, the UV-vis spectroscopy was used to analyze the change in the transmittance of
ITO/SnO/perovskite sub-cell before and after UV treatment in chapter 5 (section 5.3.6). UV-
vis spectrophotometer from Hewlett-Packard/Agilent 8453 equipped with an integrated
sphere in CSIRO was used. It was also used in chapter 6 to analyze the transmittance of HBL
processed through various deposition techniques (section 6.3.2). Lower transmittance was

observed for SPD-HBL owing to small distributed particles in their layers.
Fluorescence spectrometer instrument:

The components found in the instrument setup for fluorescence spectroscopy (Figure 35) is

as follows:

1) Source: The necessary wavelength of light is produced similar to the source of a UV-
vis spectroscopy setup.

2) Monochromator: Individual wavelengths are sent to the filter on to the sample

3) Photomultiplier: After passing through the sample, the emitted light is captured and
sent to the photomultiplier for amplifying the signal

4) Data processing: The amplified signals are sent to the data processing unit for analysis.
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Figure 35: Schematic diagram of a fluorescence spectroscopy instrument 1!

Relation to this thesis

The fluorescence spectrometer was used to analyze the change in the PL for
ITO/SnO,/perovskite sub-cells before and after UV treatment in chapter 5 (section 5.3.6). The
instrument from Perkin Elmer (model no. L5S5) present in CSIRO was used. The results show

an increase in PL after UV stress owing to poor electron transfer to SnO,.

4.1.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the surface characterization tools which is
also used to determine the elements present. It was developed by Kai Siegbahn in the 1960s.
It gives the data about the elements present in a sample and its bond with the neighboring

elements.
Working principle:

When the energy of the incident X-ray is greater than the binding energy of an electron, then
it is released from the atomic structure (Figure 36). The kinetic energy (KE) of this emitted

electron depends on the photon energy and the binding energy of an electron. It can be given
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by the formula, KE = hv — BE. Binding energy (BE) is defined as the energy required to
remove an electron from the surface. These two energies are analyzed to obtain the details
of the elements present in the sample’s surface. The kinetic energy gives information on the
element type, chemical state, and the binding energy. Further, the BE provides more in-depth
information such as the orbital and chemical environment from which the electron is ejected.

BE can be identified using the formula:
Ebinding = LEphoton — (Ekinetic + @) Eq 19

Ejected K electron
(1s Electron)

Vacuum \

Fermi \

ValenceBand /A /A /"~ ///
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S

Figure 36: Working principle of XPS 1*?

XPS instrument:
Schematic representation of an XPS instrument is shown in Figure 37.

1) X-ray source: Produces incident X-rays.

2) Ultra-high vacuum (UHV) chamber: The sample is housed inside the UHV chamber. It
is kept in the pressure around 10° mbar. Such low pressure is required to prevent the
sample from surface contaminations caused by atmospheric agents such as O3, H20,
etc. Even at pressures such as 10°® mbar, the atmospheric gases can still interact with
the surface, which might cause a discrepancy in the data later. Thus, the UHV chamber

is used to prevent surface degradation resulting in accurate measurement.
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3) Lens system: After the interaction with the X-ray, the electrons that escape from the
sample’s surface is caught by the lens system.

4) Electron energy analyzer: The amount of electron and its kinetic energy is analyzed in
the electron analyzer.

5) Electron multiplier: The signal from the electron energy analyzer is further multiplied
in the electron multiplier and given to the data processing unit. It formulates the XPS

spectrum, which maps the intensity vs. the binding energy of all the emitted electrons.

electron energy

analyser
F =
lens
system Electron XPS

multiplier spectrum

X-ray
source

UHY chamber

Pumps

Figure 37: Schematic diagram of an XPS instrument 13

Relation to this thesis

XPS measurements were conducted on devices that were used in chapter 5. The sub-cells
(ITO/Sn0y/perovskite) used in chapter 5 utilized XPS measurement to investigate the
elemental changes before and after the UV treatment. XPS data were acquired at various
depths by etching the surface at intervals. By comparative analysis, excess Pb was detected
in the samples after UV treatment (section 5.3.8). The changes in the Sn:O ratio in an ITO/Sn0;

sample before and after UV were also analyzed, and the results are presented in section 5.3.8.
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XPS analysis was performed using an AXIS Nova spectrometer present in CSIRO (Kratos
Analytical Inc., Manchester, UK) with a monochromated Al Ka source at a power of 180 W (15
kV x 12 mA), a hemispherical analyzer operating in the fixed analyzer transmission mode, and
the standard aperture (analysis area: 0.3 mm x 0.7 mm). The same setup with a He discharge
UV lamp employing He | radiation (incident photon energy: 21.22 eV) was used for ultraviolet
photon spectroscopy (UPS). They were used to identify the ionization potential of SnO;

reported in chapter 5.

4.1.8 Contact angle measurement

Contact angle (CA) measurement is used to characterize the surface properties of the sample
under investigation. It provides information about the surface energy, the wettability of the
surface, adhesion, and cohesion forces in the liquid and at the solid/liquid interface,

respectively.
Working principle:

When the liquid is dropped on the surface under investigation, a drop is formed. Based on
the adhesion forces between the solid and the liquid, the contact angle is increased or
decreased. At the point where the liquid comes in contact with the surface, a three-point
contact line is formed. As shown in Figure 38, at the corner of the drop, a solid-liquid (SL), a
liguid-gas (LG), and a solid-gas (SG) lines converge. The baseline of the drop is formed by the
interaction of the solid and liquid. The contact angle is formed between the solid-liquid and
liquid-gas line. The surface tension of the solid is calculated using a liquid with known surface

tension by substituting its value in Young’s equation:

Ysv = Ysi T YiccosO Eq 20

where,

y = surface tension (N/m)

0 = contact angle (°)
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Figure 38: Formation of the drop on the sample film 114

The nature of the surface under investigation can be understood through the contact angle
and the surface tension values. Lower the contact angle, higher is the surface tension that
results in good wetting and adhesion to the surface. Contaminants could also result in higher

contact angle, which suggests different surface treatments based on the application.

Contact angle measurement instrument:

A schematic of a contact angle measurement is shown in Figure 39. It consists of a work
station coupled with a stepping motor to control the pressure given to the syringe. The
controls are also done through a user interface in software. The sample stage is well
illuminated, and the CCD camera is used to record the bubble. Further calculations on the

surface tension, height of the bubble, contact angle, etc. are calculated using the software.
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Figure 39: Contact angle measurement setup %>

Relation to this thesis

Contact angle measurement was used to analyze the change in wettability when different
additives were added to the SnO; solution (section 5.3.2) reported in chapter 5. The
investigation was carried out in the CA instrument from Nanotechnology instruments present
in CSIRO. Here, the perovskite solution itself was used as an investigating liquid. For the
devices reported in chapter 7, the contact angle measurement was carried out to analyze the
wetting properties of different thicknesses of Al;Os sputtered on mp-TiO;. Here, the
corresponding drop height over time was plotted (Figure 81). Thus, the CA measurements not
only provided an idea on the wettability of the sputtered Al,Os layer but also provided an
impression on the infiltration of the liquid through these layers. This knowledge will give an
opinion on the penetration of perovskite solution into the CG-PSCs (because in CG-PSCs,

perovskite drop coating is the last step in device fabrication).
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4.2 Electrical characterization

This chapter discusses the electrical characterization that was carried out in this thesis.

4.2.1 Dark Lock-in Thermography (DLIT)

DLIT follows the camera-based thermal imaging technique. It is a non-intrusive technique to
study the shunt points in a solar cell. It is an effective, easy to use quality control method

where the shunt points are detected using an infrared (IR) camera.
Lock-in principle:

The mathematical expression of a lock-in principle is:

R(t) = %f F(t).G(t)dt Eq 21
0

where, R(t) is the resultant temperature signal from the solar cell, F(t) is the reference signal,
and G(t) is the temperature signal. A phase-sensitive detection is carried out through the lock-
in process to eliminate the noise signal. Therefore, the signal received at reference
frequencies and frequencies in phase with reference is considered. Signals from all other

frequencies are discarded.
Consider, sinusoidal input signal,

G(t) = Gsin(wg t + @) Eq 22

And the reference signal,

F(t) = Fsin(ws t + 0) Eq 23

Applying G(t) and F(t) in R(t),

GF GF
R(t) = 7cos[(wg —w)t+ ¢ — 0] - —cos [((wy + wf)t + ¢ + 6] Eq 24
If wg= wsr,
GF
R, (t) = 7C05(q0 - 0) Eqg 25
R, (t) ~Gcosd Eq 26

Where § = @ - © is the phase difference between the sinusoidal input and the reference signal.

Therefore,

76



4 Characterization Methods

fg = ff = flock—in Eq 27
If only one channel is considered, we have a signal at § = 0 but not at 6 = 90. Thus 2-channel
lock-in preferred where the reference signal is phase-shifted for 90° and then multiplied with

G(t) to get R(t).

GF
R,(t) = 7Sin((p - 0) Eq 28

R, (t) ~Gsind Eq 29

Thus,

Ri(t) = R(0°) = in-phase component
Ra(t) = R(90°) - phase shifted component

Amplitude ‘G’ of R(t) is given by, G = /[R (0°)]2 + [R (90°)]?

R(90°)
R(09)

Phase is given by, § = arctan

The frequency of lock-in (fiock-in) is based on the frame rate of the camera. If the frame rate of
the IR camera is given by f; (in Hz), then according to the Nyquist sampling theorem (NST) fiock-

in(in Hz) is:

f
flock—in = ZS Eq 30

where, n is the number of frames evaluated in each lock-in period. Thus, for a 2-channel
lock-in, n should greater than or equal to 4. In other words, a minimum of one-fourth of the
frame rate should be used as the lock-in frequency 6. The IR camera obtains the thermal
output for each lock-in period. For a 2-channel lock-in process, two images are obtained—
one channel for 0° image and another channel for 90° image. For analog to digital conversion
before being fed to the computer, the images are multiplied by weighing factor (K). Thus, the
process of obtaining 0° image and 90° image and processing it with the weighing factor is

defined as a lock-in process.

The resultant four images give essential information. 0° image provides the sine with
correlation function, 90° image provides the phase-shifted image. It shows the dissipated heat
from the shunt position. The amplitude image gives the magnitude of the leakage current that

flows through the shunt point, and the phase image shows all the local shunt points.
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DLIT instrument:

The schematic of a lock-in thermography system is shown in Figure 40. A frequency generator
is used to produce a reference signal F(t) and trigger pulse. It triggers a pulsed voltage to the
solar cell, thereby creating periodic thermal output signals G(t). The system is coupled with a
computer to determine the period of pulses - R(t). An analog to digital conversion is done by
multiplying with the weighing factor ‘K.” In the end, four types of images are obtained using

a two-channel lock-in process.

1) 0°image
2) 90°image
3) Amplitude image

4) Phase image

computer 4— lock-in correlator  |[€———— SI_g_nal. <+
conditioning
| Ref.
|
|
o e »  x-y (-z) mechanical scanner
lock-in Trig. | pulsed local T- /
frequency » power probe
generator supply - l

p sample under investigation

Figure 40: Schematic of a lock-in thermography system 116

Relation to this thesis

The DLIT setup used for sample measurements reported in this thesis (in chapter 6) uses a
custom-made state-of-the-art system developed by IRCAM GmBH in collaboration with
Fraunhofer ISE. The infrared camera used in the setup has an InSb (Indium Antimonide) based
Mid-wave Infrared (MWIR), Focal Plane Array (FPA) detector, which is sensitive to IR
radiations between 1.5 um to 5 um. It has a Noise Equivalent Temperature Difference, NETD
< 20 mK, and a sterling motor as the cooler for an enhanced signal-to-noise ratio. The

measurements in this work are performed using the IR SM 50 lens with a focal length of 50
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mm. The detector resolution was set to 512 x 512-pixel images that are used to obtain square-
shaped images. The samples were measured at different voltage biases for integrated on 90
seconds at 30 Hz frequency. The electrical voltage bias is supplied by a Toellner TOE7621 four-
guadrant power supply. The current at a given bias voltage is measured at the beginning and
end of every measurement by two Agilent 34450S multi-meters. All the measurements are
conducted at room temperature. As the typical open-circuit voltage Vo value of the complete
monolithic graphite-based solar cells considered in this work is ~0.90 V, all DLIT
measurements presented in this work were done at £1 V. All DLIT images are -90° images and
have been normalized to the same brightness, contrast and color scale. For the local J-V
analysis of shunt spots using DLIT signal intensity values, the signal intensity value at 0 V has

been considered as the noise value and deducted from all other signal values.

DLIT analysis was carried out for sub-cells FTO/HBL/u-graphite in chapter 6. Here, DLIT was
used to detect HBL layer quality, mainly ohmic shunts. Additionally, the local J-V curve of a
hot spot in the DLIT image obtained at forward bias provided more information on the nature

of defects. Detailed results are presented in sections 6.3.3, 6.3.4, 6.3.5, and 6.3.6.

4.2.2 Current-voltage characteristics

Current-voltage (I-V) characteristics are the commonly used parameters to determine and
analyze the performance of a solar cell. They are carried out in standard test conditions using
1000 W/m?, AM 1.5 G spectrum, and at a cell temperature of 25 °C. They are used to analyze
device performance under various load conditions. The current generated in an ideal solar
cell follows a single-diode circuit model, as shown in Figure 41. The light generated in a p-n

junction diode is given by:

—IR — IR
b)_ ]+b—h Eq 31

I=1 (
"[ P, R

where,

| = Net current flowing through the solar cell (A)
I = light generated current (A)

lo = dark saturation current (A)

Rs — Series resistance (Q)

Rsh — Shunt resistance (Q)
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V = Voltage across the terminals (V)

V1 = Thermal voltage given by kT/q (V)

q = Charge of an electron (1.602 x 10'*° C)

k = Boltzmann’s constant (1.38 x 1023 J/K)

T = Absolute temperature (K)

n = ldeality factor = denotes the ideal shape of the I-V curve. The value ranges between 1

and 2. For an ideal solar cell, n = 1.

R S
v / / I
D sh .
I,
@ ¥ Re v

Figure 41: Equivalent circuit of a single-diode model of a solar cell 1Y

Figure 42 shows the dark |-V curve and illuminated I-V curve. In the absence of light, the I-V
curve shows the leakage current in the solar cell. This value gets higher with the decrease in
the shunt resistance. The |-V curve is shifted downwards based on the current generated with

respect to the illumination intensity.

- - -

illuminated

Figure 42: Characteristeristic I-V curve of a solar cell under dark and illuminated condition 118
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An ideal I-V curve and the same marked with the defect and loss mechanisms are shown in

Figure 43, where for easy understanding, the I-V curve is shown in the 1%t quadrant.
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Figure 43: (a) Ideal I-V curve of a solar cell (b) I-V curve with loss mechanisms *°

The important parameters in the |-V curve are given below:

1)

2)

3)

4)

5)

Voc = At this point, the light generated carriers forward bias the junction, which leads
to the increase in the diffusion current. Since this current is opposite to the drift
current, the net current inside the cell is zero. Thus, the maximum voltage that can be
extracted from the solar cell is at Voc, where the current is zero.

Isc = At this instant, the minority carrier concentration is increasing on both the n-
type and p-type side of the cell. The current that depends on the minority charge
carriers is called the drift current. As the minority charge carriers increases, the drift
current also increases, which hinders the path to the majority charge carriers. Thus, Isc
is the maximum current that can be extracted from the cell where the voltage is zero.
Fill Factor (FF) =FF is an important performance indicator of the cell. It is a measure
of the squareness of the curve. The fill factor is the ratio of the product of Vocand Isc
to the voltage and current at the maximum power point. The performance of 2 cells
having the same Voc and Isc might vary with their FF.

Pmax =2 At Voc and Isc, the power extracted from the cell is zero as either voltage or
current is zero 120, The maximum power is extracted from the cell when the
characteristic resistance of the cell is equal to the load resistance. The voltage and
current corresponding to the maximum power point are less than the Voc and Isc,
respectively.

Vmep = Voltage at the maximum power point
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6) Impp = Current at the maximum power point

I-V curves are measured from V=0 to Voc. The majority of losses are contributed by the series
resistance and/or the shunt resistance. For an ideal cell, the series resistance is very low, and
the shunt resistance has a very high value. The shunt resistance has to be very high so that it
doesn’t provide an alternative pathway for the light-generated charge carriers. The existence
of a shunt resistance causing a leakage pathway can be observed in the curve near the Isc
point. The higher the shunt resistance, the better and the more horizontal the curve near the
Isc point will be. The series resistance addition affects the curve near the Voc point and flattens
the curve in that region. The addition of series resistance substantially alters the FF, which in
turn reduces the power conversion efficiency of the cell. A very high value of series resistance
also disturbs the Isc values. |-V curves are also measured in the reverse direction (from Voc to

V=0) and under the dark condition for a detailed analysis of the performance of the solar cell?.
Relation to this thesis

In this thesis, average electrical parameters have been reported for all the devices. Two
different scenarios are mostly studied — (1) Under illumination and (2) under dark. Under
illumination is the standard condition to see the device performance, whereas, under dark,
an idea on the recombination mechanism can be gained from forward onset voltage. As lower
the forward current, as lower is the recombination at the interface under investigation. A
straight forward judgment if a device is shunted can be devised using dark I-V measurements

by the occurrence of a superimposed linear curve.

In chapter 6, the dark I-V measurement of a sub-cell is showing high forward onset voltage for
a device with low recombination at the FTO/perovskite interface (section 6.3.6). It also shows
that a high forward current (in the range of 100 pA) is observed for a shunted device (section
6.3.3). Apart from the |-V measurement under light and dark, a uniqgue measurement is shown
in section 7.3.2 in chapter 7. As all the electrodes and CTLs are present before the infiltration
of perovskite in CG-PSCs, it facilitates the electrical characterization of the electrode stack
before filling with photo absorber. To better understand the influence of different thicknesses
of the isolation layer at the mp-TiO,/graphite interface in the absence of perovskite, the mp-
TiO2 (Eg = 3.2 eV) was photoactivated using a UV light (365 nm with a max power of 320 mW

illuminating 0.4 cm? of the active area placed at a distance of 10 cm). The result shows a high
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barrier potential (> 1 V) for the transport of electrons from mp-TiO, to CG for Al,Os thicknesses

higher than 40 nm, which is in agreement with the theoretically achievable photovoltage.

4.2.3 Maximum power point tracking (MPPT)

Even though Voc and Isc give the maximum achievable electrical parameter from the solar cell,
in practical cases, the power extracted is the vital parameter as they depend on the load
connected to it. Mostly, the reported values, even in cases of certified measurements or
record efficiencies, are taken from the |-V measurement. This measurement is highly
influenced by the hysteresis effect. In turn, it is affected by varying the scan rate, scan
direction, preparation method, device architecture, and history of device measurement.
These factors make |-V measurement not an efficient and comparable tool for analyzing
device performances. Additionally, I-V measurement also does not represent the standard

solar cell working conditions.

In general, for any thin-film solar technologies to be commercialized, it has to meet the
IEC61646 test conditions. Owing to the differences in the device physics between Silicon and
novel solar cells, in 2011, Krebs and team formulated the ISOS test conditions (Test protocols,
outdoor, thermal cycling, humidity cycling, shelf storage, continuous illumination, etc.) for
analyzing Organic photovoltaics (OPVs) *?1. The main test condition emphasized to compare
the stability of the devices is Tgg, i.e., the time taken by the device to reduce to 80 % of its
initial PCE value. A recent review by Antonio Urbina emphasis that these ISOS standard
conditions are required to be followed '?? as IEC61646 test conditions were concentrating
more on environmental aspects. These conditions are vital not only to assess the reliability of
the produced devices for commercialization purposes but also for the better comparison
between the efficiencies reached by different teams, different architectures, etc. This review
provides a detailed table with different architectures along with their Tgo and Tso values. A

high Tgo values > 1000 h under illumination has been reported for carbon-based PSCs.

For a reliable and comparable measurement in PSCs, Zimmermann et al. suggest analyzing
stabilized power conversion efficiencies, by tracking it for at least 60 s 1%3. Analyzing the
stabilized values not only provides reliable efficiencies at standard working conditions but
also provides information on the effects of light soaking and device degradation over

continuous illumination conditions. Using this technique, the non-reliable PCE values
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dependent on light soaking, trap filling, scan speed, etc. can be avoided. It is to be noted that
the majority of the times when high certified efficiencies are reported in literature, they are

non-stabilized values without following standard test conditions.

In this thesis, even though average electrical parameter values are reported, for better
reliability, we mainly compare MPP measurements over a period of time. In chapter 5, a Tso
value of 14 h under continuous illumination is reported, as shown in section 5.3.9. In chapter
6, stable PCE values have been reported for 100 s. In chapter 7, a clear discrepancy in the J-V
parameters and the PCE measured by MPPT is shown in section 7.3.3.7. It complements the
arguments made at the start of this section. Thus, even though Tgo or other standard test
conditions for commercial purposes has not been tested here, tracking the MPPT already

gives a reliable value for comparison.

4.2.4 Interfacial recombination analysis

In PSCs, one of the major losses in the device performance is caused via interfaces. Unlike
silicon solar cells, PSCs consists of multi-layered organic/inorganic materials as charge
transport layers (CTL), which is filled with the organic photo absorber material. A direct impact
on how the CTLs influence the device performance and stability can be seen in the report by
Antonio Urbina 22, The role of interfaces between perovskite and CTLs has already been

discussed in chapter 2.3.

The difference between the Fermi level of electrons (Ere) and holes (Erh) in the perovskite
absorber is the quasi-fermi level splitting (QFLS), which is the upper limit for the open-circuit
voltage (Voc) of a solar cell. However, other reports show that the externally measured Voc
can be lower than the QFLS %4, This means that the charge carrier selectivity of the transport
layers is not sufficient °. Therefore, it is important to analyze Voc over various conditions such
as dark, low sun intensities, etc., which gives us the possibility to understand the nature of
shunts, non-radiative recombination mechanisms, and its corresponding pathways. The main
factors that influence the Voc are the energy alignment of the CTL with perovskite;

trap-assisted recombination and carrier densities 124,
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In this thesis, three characterization techniques were used in analyzing the recombination at

the interface. They are:

1. Open circuit voltage decay (OCVD) measurement

2. Suns-Voc measurement

3. Transient PL measurement

4.2.4.1 Open circuit voltage decay analysis

OCVD analysis is a dark measurement technique. For this measurement, the device is initially

under illumination under open-circuit. Thus, the external photocurrent is maintained at zero.

After a few seconds, the illumination is switched off, and Voc is monitored.

A typical OCVD curve is drawn with Voc over time Figure 44a. It consists of three phases. The

mechanism of recombination in the respective phases is given in Figure 44b.

Phase A: Voc under illumination. The values correspond to the number of
photogenerated charge carriers produced under illumination and their separation at
the HTL and ETL.

Phase B: Instance the light is switched off. As soon the illumination is off, at high
voltage region, the following recombinations take place:

» Fast radiative and non-radiative (non-trapped/shallow traps) recombination in the

perovskite
» Fast non-radiative recombination between the non-trapped/shallow-trapped

charge carriers in the CTL with the charges in the perovskite

Hereafter, these recombination pathways are collectively referred to as primary

charge carrier recombination.

Phase C: Here the Voc is measured under dark. The primary charge carrier
recombination is followed by the slow secondary purely non-radiative charge carrier
recombination. The slow recombination takes place between the charges in the deep
traps states of the mesoporous CTL and the charges in the perovskite. Other
literatures of OCVD measurements on PSCs also show similar behaviour of the devices
under dark 2>126 |t is to note that research is still ongoing to find the exact reason of

such a storage behaviour of PSC under dark in the OCVD measurements. Therefore,
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the electron response time is analyzed. It is obtained by taking the derivative of the

OCVD curve normalized by the thermal voltage 27:128;

-1
kgT (dVoc) Eq 32

AT

where,

Tn = Electron lifetime (s)

ks = Boltzmann’s constant (1.38 x 1023 J/K)
T = Absolute temperature (K)

q = Charge of an electron (1.602 x 10'*° C)

As the photovoltage in solar cells is logarithmic with charge concentration, the electron

lifetime depends on the amount of photocharges present in the device during the Voc decay.

In Figure 44a, OCVD analysis of two different conditions present in a PSC is shown. In the
presence of ohmic shunts (red line), no secondary charge carriers are present under dark as
all the photogenerated charges recombine at the shunt center. Thus, as soon as the
illumination is switched off, the Voc drops to zero. In the other case, the charges are not
immediately recombined. De-trapping and recombination of the trapped (deep) charges
occur slowly under dark based on the quality of the interface (black line). Thus, a longer

lifetime of the electrons staying at higher potential is observed for PSCs.

86



4 Characterization Methods

(a)
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Figure 44: (a) Sample OCVD of a cell with ohmic shunt and cell with non-ohmic traps/defects

(b) Mechanism of recombination under different phases.
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Relation to this thesis

In this thesis, OCVD measurements were carried out for devices investigated in chapter 6 and
7. In the case of chapter 6, the influence of a hole blocking layer in preventing the
recombination at the FTO/perovskite interface is studied. The results from the OCVD
measurements (section 6.3.8) showed a higher electron lifetime at comparatively higher
voltages for SPD-HBL and lower for sputtered-HBL. The observation was well in agreement
with the DLIT results, where distributed non-linear defects were observed in the case of
sputtered-HBL. Following the curve at times < 20 s, a voltage of 50 mV for a no HBL device is
noticed. It shows in the absence of an HBL layer, more backtracking of electrons from FTO to
perovskite is detected, and the effect is suppressed by the introduction of a thin, compact,

dense HBL.

In the case of chapter 7, the influence of a sputtered isolation layer thickness on suppressing
the interfacial recombination at the mp-TiO2/CG interface is studied. A curious observation
was made in section 7.3.3.4 for a device without an isolation layer. By theory, it is believed
that when the mp-TiO; contact graphite counter electrode, it results in an ohmic shunt.
However, in a perovskite filled device, voltage close to 300 mV after 1 min being under dark
shows that the mp-TiO,/CG is prone to more recombination in the absence of an isolation
layer. However, it doesn’t result in a linear shunt. A 1 kQ resistor was connected in parallel to
confirm it. The immediate drop to 0 V in < 50 us as soon as the illumination was switched off

confirmed that devices without isolation layer were not linearly shunted.

4.2.4.2 Suns-Voc measurement

Another technique to analyze the recombination is the low illumination intensity
measurement, where the Voc is observed at varying illumination intensities. It was first
introduced by Cuevas et al. for silicon solar cells'?® and has been well established in other
solar cell technologies such as organic solar cells 13°. A typical suns-Voc graph has the Voc in
the y-axis plotted against different sun intensities (usually plotted in log scale). With this
measurement, the effects of series resistance over Voc is eliminated as the net current is

maintained at zero. Thus, only the effect of recombination on the Voc values can be analyzed.

aVoc
Jiighte(V = Voc) = Jo Ie(n“’kBT) - 1] —Je()=0 Eq 33
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where,

Jo = dark current density (mA/cm?)
q = Charge of an electron (1.602 x 10'*° C)
nip = ideality factor

Jg (1) = generation current density with respect to illumination intensity (mA/cm?)

For an ideal solar cell with only radiative recombination being present, at an absolute
temperature of 300 K, there is a 60 mV decrease with per decade change in the sun intensity

131 The slope is also denoted by the factor called the ideality factor (nip), given by the formula

132.

fip = — dVoc Eq 34
T ksT gy
1mW cm™—2

Tress et al. shows that,

nip = 1 only in the presence of surface recombination or band-to-band recombination.

1 < njp <2 in cases with SRH recombination as shown in Figure 45.

3 Examples Open-Circuit Voltage - Ideality Factor — Light Intensity
A 136V A
60 mV/dec Band to band | S
recombination || _SRH .
) B C B ‘ ! low intensity
il 100 mV/dec C g vy :
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5 ek slons nation non:el. /7 ‘ in the bulk 3 :anaLet:;onn region of
T"} / § contacts SRH recombination 0 For]high
c S . " o
g :n:' in quam peutral region of photogenerated n, p
o Room temperature g pn junction
o - close to the contacts in
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concentration distributions
- S
Light intensity i 2

Ideality factor

Figure 45: Suns-Voc measurement and ideality factor explanations 32

In other words, surface recombination is often referred to as bimolecular recombination
leading to an ideality factor of nijy = 1 1%*. On the opposite, recombination solely from occupied
trap states results in a higher ideality factor of 2 (nia = 2). In real solar cells, both recombination

types co-exist, resulting in an ideality factor between 1 and 2 133,
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The understanding of the ideality factor in perovskite solar cells is still under research. A high
Voc of 1 V with nip = 2 has been reported 32, Also, low Voc value < 1 V with the ideality factor
was 1 has also been noticed 34, It was attributed to the low built-in potential that limits the
driving force for charge separation (i.e., the difference in work function because of the
electrodes). The presence of the CTL is believed to be the reason for the vague understanding
of the recombination with respect to the ideality factor. Bongiovanni et al. show that the
recombination order can be different for electrons and holes. In case, one charge follows trap-
assisted recombination (monomolecular recombination, nip = 2) another charge may follow
bimolecular recombination (nip = 1). Thus, it is still under debate if lower or high ideality factor
is beneficial in PSCs. However, it is interesting to note that, a combination of both

recombination mechanism is considered, most perovskite solar cells report nip ~ 1.5 35,
Relation to this thesis

In this thesis, Suns-Voc measurement is carried out for devices investigated in the results
chapter of 5 and 7. In all the measurements, the intensity was always < 1 sun. The discrepancy
in the ideality factor with the device performance was also observed in the results shown in
this thesis. For the device in chapter 5, the suns-Voc measurement helped to measure that

the devices are free from ohmic shunts reliably.

In chapter 7, for the devices that resulted in high photovoltage, ~ 950 mV had a high ideality
factor of 1.46. A time-dependant ideality factor was also observed, as suggested in Calado et
al. 136, For a device without an isolation layer, the ideality factor after stabilization (60 s)
decreased to 0.92 from its unstabilized value (1.36). Thus, only stabilized values were
considered later for observing the quality of an isolation layer based on its thickness. An
illustration is provided to hypothesize the behavior seen. It is shown in Figure 86 for a device
without the isolation layer; the probability of recombination comes from the fast detrapping
of the shallow traps of mp-TiO2 and less filled CB of perovskite. Thus, it resembles
recombination from unoccupied shallow traps whose n value is 1. In the presence of an
isolation layer, the fast detrapping of the shallow traps is prevented. It results in occupied
shallow traps of mp-TiO; and CB of the perovskite thus, resembling an ideality factor n = 2.
Thereby, an ideality factor of 1.4 shown is reliable for the cases achieving a high photovoltage

>950 mV.
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4.2.4.3 Time-dependent PL measurements (In relation to thesis)

In general, photoluminescence (PL) in solar cells results from radiative recombination
between the electrons in the conduction band and the holes in the valence band. It is,
therefore a direct measure of the density of photoexcited primary charge carriers. In this
thesis, a unique measurement technique was used where the PL images were taken toggling
the sample between short circuit and open circuit conditions. While measuring each condition
over a few seconds, and the reactions were monitored under a PL camera; charge generation,

charge extraction, poor recombination centers were shown based on the set condition.

A completely filled device is connected electrically and controlled through a potentiostat. The
device was illuminated using a red LED of 635 nm from Thorlabs, and Andor sCMOS camera
was used to capture the PL signal from perovskite at 770 nm. It was toggled between two
conditions, namely open circuit (OC) and short circuit (SC). MPP conditions can also be tested
similarly. Each condition was monitored for a specific time frame (in s), and the change in the

Vo, Isc, and corresponding PL (as video) was recorded.

Condition 1: open circuit condition (I = 0 A) = The device was kept under open circuit
condition for ~10 s while the Voc was recorded parallelly with PL. Voc values based on the

charge generation is noticed, and a high PL was recorded over the entire time window.

Condition 2: Short circuit condition (V=0V) = As soon as the device is changed to short circuit
condition, all the photogenerated charges are removed through the CTL to the external
circuit. Thus, the Voc value changed to zero, and Isc values started to rise. The interesting
phenomenon noticed is in the PL video. The entire PL window turned dark as soon as the
condition was changed from open circuit to short circuit. In this thesis, this phenomenon is
mentioned as “PL quenching” — reduction in PL when switched from Voc to Jsc or Vwpp.
Monitoring the device in SC condition over time, we noticed that, for devices with a good
interface, the PLimage was dark with comparatively high Isc values monitored throughout the
time window. However, for poor interface (with interfacial recombination), the PL slowly
started to rise with the Isc values decreasing. Later, both Isc and PL stabilized over time (based

on device architecture).
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Thus, in open circuit conditions, the PL is only limited by the internal recombination. In
contrast, under short circuit conditions, the electrons are drawn out, leading in an ideal case
to a full quenching of the PL. The intensity of PL quenching (i.e., the comparison between
PL@Voc and PL@V=0) is, therefore, a reciprocal measure of the current contributed by the
primary charge carriers. Moreover, it is limited by the charge transport and the concentration
of electrons in non-radiative traps (i.e., secondary charges). Thereby, measuring the PL

quenching is an excellent method to check the charge transport in perovskite solar cells 137,

Dieter Neher and his team, also show similar technique and observation in their article 3,
where PL quantum yield at Voc and Vmer were observed. Here they explain that there is a
misconception of the term “PL quenching” reported for DSSCs or organic photovoltaics. In
DSSCs, PL quenching of the bulk meant efficient electronic dissociation. However, in PSCs, low
PL yield at Voc could mean more interfacial recombination. Thus, high PL@Voc and low PL@Jsc

is desired.

Additional condition: For this, Viee from the I-V curve can be set, and the corresponding Isc
and PL can be recorded. Similar to SC condition, if the interface was well prevented from non-

radiative recombination, low or no PL with high Isc values will be observed.

Chapter 7 includes such a measurement (Figure 89) to investigate the quality of the insulation
layer and its thickness. It helped to demonstrate the changes in the interfacial recombination
dependent on the layer quality. The image below shows the example of the changes in the PL

according to their interface quality when switched from OC to SC.
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Figure 46: PL quenching in a perovskite solar cell with a good interface and a bad interface
after toggling from the open circuit to the short circuit condition.

Therefore, this chapter firstly detailed the working principle of all the morphology and
crystallographic analysis that was used to analyze the devices reported in the thesis. Apart
from the working principle, the general measurement setup involved is explained. At the end
of each sub-section, specific details on the instrument and parameters used to investigate the
devices shown in this thesis are also provided. The second half of this chapter dealt with the
electrical characterizations that were used to analyze the performance, stability, and special
characterization techniques to investigate the non-radiative recombination present in the

devices.
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5 Sub-cell characterisation of SnO,/perovskite interface and
stability analysis on complete planar perovskite solar cells

This chapter investigates the role of slot-die coated SnO; on air-processed planar PSCs by
analyzing sub-cells (ITO/SnO,/perovskite) under UV-exposure. The optical, morphological,
and crystallographic analysis shows that UV treatment of ITO/SnO./perovskite has led to a
reduced electron transfer to the SnO; layer and a gradual increase in the amount of Pbl;
towards the perovskite surfaces. Subsequently, the hole transporting layer (HTL) and
electrodes were applied on SnO/perovskite interfaces (UV-treated and non-UV treated), and
complete devices were fabricated. Device performance was compared and analyzed through
J-V curves and maximum power point (MPP) tracking. Results show that devices built on a
UV-treated SnO./perovskite interface show better stability, which is attributed to the
presence of excess Pbl; resulting in a passivation effect. Challenges in uniform film formation

of slot-die coated SnO; and potential solutions using a polymeric additive is also highlighted.

The results shown in this chapter are based on the article published by the author of this
thesis in Solar RRL under the title “Improving the stability of ambient processed, SnO;-based,
perovskite solar cells by the UV-treatment of sub-cells” 3. This chapter documents my work
during my half a year exchange term at Commonwealth scientific and industrial research

organization (CSIRO), Melbourne, Australia.

5.1 Introduction

Commercializing PSCs requires not just an impressive PCE, but also capitalizing on their
solution-processability, and low-cost materials and production to achieve an unprecedented
cost breakthrough. However, for the cost benefits of high-throughput production methods
on plastic substrates such as polyethylene terephthalate to be realized, post-deposition
thermal treatment steps are limited to 140 °C to avoid degradation of the substrate. SnO; has
emerged as the most promising ETL in planar PSCs with the highest certified efficiency of
23.32% PCE. With this achievement, it is increasingly important to rigorously test and

understand the implications of SnO; on the stability of PSCs.

The stability of SnO,-containing devices has been studied under varied test conditions, such

as dark storage %0, 1 sun illumination 4!, and under UV exposure #2, However, conflicting
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conclusions have been drawn on the role of SnO; in perovskite degradation. It is partly due to
the lack of standardized testing protocols and vast differences in material and fabrication
procedures. In specific tests, devices are stored in air or nitrogen environment 38, and
intermittent 49 J-V measurements under standard 1 sun conditions (1000 W/m?, AM 1.5 G)
were carried out. Such tests qualify as dark storage tests at room temperature. Perovskite
stability in dark storage tests is significantly higher compared to its operational stability under
1 sun test conditions, as the devices experience no long-term bias stress. For example, Chen
et al. studied the stability of ITO/ETL/CsFAMA/Spiro-OMeTAD/Au devices in which the ETL
was either SnO; or graphite carbon nitride doped SnO; 3/, with the devices processed in
nitrogen. The devices with undoped SnO; retained over 80% of the initial PCE after 1000

hours, which was significantly improved with doped SnO..

In contrast to the dark storage test, a steady decline in PCE is reported when devices are
subjected to constant 1 sun illumination, and the performance is monitored by intermittent
J-V measurements or maximum power point tracking (MPP) 4. In other studies, UV tests are
conducted and have shown varying results depending on the UV wavelength. For example,
glass/ITO/Sn02/MAPbI3/Spiro-OMeTAD/Au devices showed negligible PCE degradation with
UV-B (370 nm) irradiation over 1750 hours; however, significant degradation occurred with

UV-A (311 nm) exposure due to degradation of the perovskite 142,

Chapter 2.3.2 explained PSC instability also in the presence of SnO; and reported solutions via
its doping. Nonetheless, all n-i-p devices show steady degradation regardless of the use of
doped or undoped SnO;. The overall impact of SnO; cannot be easily discerned, as additional
instability may also be attributed to the ubiquitously-used hole transport material (HTM),
Spiro-OMETAD 43, Additionally, the use of an inert processing environment limits the
implications of these studies in real-world devices, as maintaining an inert atmosphere is

costly and impractical in an industrial roll-to-roll manufacturing scenario.

Herein, the stability of devices incorporating SnO; produced by an industrially-compatible
slot-die coating method is studied. Firstly, the use of a slot-die coated SnO; layer and its device
optimization is examined as this coating technique presents several challenges to uniform film
formation. An investigation on the role of SnO; on the stability of ambient-processed PSC

devices under UV irradiation is performed.
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Sub-cell configurations (glass/ITO/SnO./perovskite) before and after 500 hours of UV (365
nm) irradiation under open circuit in a nitrogen-filled glovebox (< 1 ppm H,0, < 1 ppm O3) is
studied. By doing so, the effect of the hole transport layer (HTL) and the electrode that
typically fail first has been eliminated. It previously limited investigation into the role that
other layers and interfaces, play in device failure. Further results are compared with TiO; and
ZnO to discern the relative differences among the three metal-oxides. Complete devices are
built on the sub-cells (UV-treated and non-UV treated), and their performance and stability
are analyzed. Thus, importance of analyzing the sub-cell configurations is shown to
understand the specific interface kinetics, and also show that the stability of complete devices
may not replicate the results from a sub-cell configuration. Unexpectedly, evidence has been
found that the SnOy/perovskite interface may not be stable under storage; however, UV

irradiation can improve interfacial stability.

5.2 Experimental section
5.2.1 Precursor solution preparation:

The SnO; solution was prepared by the procedure defined by Wei et al. 4. 225 pl of SnO>
solution (2.25 ml of Sn,0 15% in H,0 colloidal dispersion liquid from Alfa Aesar dissolved in
10 ml DI water) was added to 1.5 ml of LiCl; solution (17 mg/4 ml DI water). The mixture is
stirred for 10 min @ room temperature (RT), and 5 mg of polyethylene glycol (PEG from Sigma

Aldrich with molecular weight 8000K) was added and stirred overnight.

1 m of MAPbIs, FAPbI3, and MAPbBrs using DMF (as solvent was prepared. Additionally 0.85 m
of CsPbls in DMF:DMSO (4:1 v/v) was also prepared.. The precursor solutions were prepared
in a glove box and stirred at 70°C overnight. For the final CsMAFA solution,
MAo.61FA0.37Cs0.02Pbl2.96Bro.074 was mixed with 2.5 mol% of PbCl, together with 10 ppm of
L-a-phosphatidylcholine (Sigma Aldrich) as a surfactant. The recipe was optimized from

previously reported by Tang et al. 4>, This solution was further stirred at 70 °C for 2 h.

5.2.2 Device fabrication:

Pre-patterned indium tin oxide (ITO) coated glass substrates (Shenzhen Display, 5 Q sq 1)
were used for the fabrication of devices. The substrates were sequentially cleaned in an
ultrasonic bath using a detergent solution (5 vol% Deconex 12 PA), twice with deionized

water, acetone, and propan-2-ol for 5 minutes each, with drying under a nitrogen stream
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between each step. The substrates were UV-ozone treated using Novascan PDS-UVT for 20
min before slot-die coating the SnO..

The process parameters of the slot-die coating of SnO; is given in section 3.4.1. Further steps
are diagrammatically shown in Figure 47. The samples were annealed for 20 min at 200 °C,
resulting in a 70 nm thick SnOz layer. 100 pl of the perovskite solution was spin-coated with a
two-step spin speed of 2000 RPM for 5 s and 3500 RPM for 35 s. 500 ul of ethyl acetate as
anti-solvent was deposited onto the surface of the perovskite 7 s after the start of 2™ spin
speed setting. Samples were then annealed at 100 °C for 2 min resulting in a 350 nm thick
perovskite layer. 75 ul of the PEDOT: PSS was spin-coated at 5000 RPM for 30 s to give an 80
nm HTL layer. All the solution-based deposition until the HTL layer is performed in the air
under ambient room conditions.

Samples were then transported to an evaporator (Angstrom) in a glovebox to evaporate
10 nm MoQs as an interlayer and 100 nm of Ag (99.9% pure, Kurt J. Lesker Company) or Au as
the counter electrode. 107 Torr vacuum condition was used. The active area of the devices
was defined as 0.1cm? using an evaporation mask and cross-checked with laser-beam induced

imaging.

99



5 Sub-cell characterisation of SnO,/perovskite interface and its stability analysis

Ag
MoO,
PEDOT:PSS

Perovskite

Sno,
ITO

Glass Glass

Bed temperature =
50 °C

Vacuum evaporation

Slot-die coating
SnO, solution

Annealing —
200 °C 20 min

Vacuum evaporation

Perovskite

Glass

ITO

SnO,
Perovskite
PEDOT:PSS

\Y[e]®}

Glass

ITO

Sn0O,
Perovskite
PEDOT:PSS

Figure 47: Device preparation for samples in Chapter 5.

5.3 Results and discussion

5.3.1 Device Architecture
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Figure 48 shows a schematic representation of the charge transport layers and the electrodes

in the n-i-p planar PSCs that are used in this chapter. The basic working of PSCs has already

been explained in Chapter 2.2.2. Here, SnO; is the ETL and PEDOT: PSS is the HTL.
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Figure 48: Schematic representation of n-i-p planar perovskite solar cells.

5.3.2 AFM and Contact angle measurement of SnO, and perovskite films

An as-received nanoparticle solution of SnO; was slot-die coated on glass/ITO substrates. It is
observed that slot-die coating leads to the formation of SnO, agglomerates, even after 20
minutes of UV ozone treatment of the substrate. SnO; agglomeration during film formation
is undesirable for optimal device performance as the agglomerates can create shunt pathways
in the device 14, This agglomeration occurs in slot-die films because it is a passive deposition
process in which deposition and drying/evaporation are discrete sequential processes with
the lag time between deposition and drying, facilitating nanoparticles movement leading to
agglomeration. In contrast, such agglomerations are not observed in spin-coated films with
UV-treatment of the substrates, because spin-coating is a dynamic process in which
deposition and evaporation are concurrent mechanisms, leading to rapid drying of the film.
In addition to the agglomeration challenge, perovskite precursors have poor wetting on the
SnOzlayer. Assuch, SnO; films are treated with UV-ozone before the deposition of perovskite

precursor 36,

In literature, surface modification through improved interface modification has been
achieved by adding elements such as Li 146, Mg 147, Y 148, Sb 14°, and Nb *°° as dopants in SnO,.
To prevent agglomeration in the SnO; film and also to provide better wetting to the perovskite

solution, this chapter studied several additives, including polyethylene glycol (PEG), polyvinyl

101



5 Sub-cell characterisation of SnO,/perovskite interface and its stability analysis

acetate (PVA), ethylene glycol (EG). Among these, PEG addition gave the best film with slot-

die coating while also improving the wettability of the perovskite solution.

Figure 49 shows the Atomic Force Microscopy (AFM) image of SnO; layers with and without
PEG, fabricated on an ITO-coated glass substrate. A clear difference in the layer morphology
can be observed by comparing the AFM results. While roughness values (Rq) are similar ca. 4
nm, the PEG-SnO; layer has a negative skewness factor of -0.376 in comparison to the positive
skewness of the commercial SnO; (com-Sn03) films, the PEG-added SnO; film is uniform

without any big particles or agglomerates.

Com-Sn0O, PEG-Sn0O, 18.0nm

AFM

Rq =3.92nm Rq =4.02nm
Skewness = 2.30 Skewness = -0.376

Figure 49: AFM comparing the commercial SnO; (Com-5n0;) and SnO; with PEG (PEG-5n0>).
A bar scale of 500 nm is used for both the images. Figure reproduced from publication 13°.

Figure 50 shows the CA measurement for layers fabricated using SnO; with different
additives; the lowest CA was measured for SnO; with PEG. This improved SnO, morphology is
ascribed to the hydrogen bonding of PEG with SnO;, which has improved the layer wettability

144 Thus, all the devices reported hereafter contain SnO; with PEG and referred to as SnOx.
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(a) Com-SnO, (b) PEG-SnO,
26.3° .

(c) EG-SnO, (d) PVA-SnO,
26.1° - 30.1°

Figure 50: Contact angle measurements of SnO; with various additives. (a) Commerical SnO;
(b) SnO; with PEG (c) SnO; with EG and (d) SnO; with PVA. Figure reproduced from
publication 13°.

5.3.3 SEM analysis of SnO; and perovskite films

The morphology of the SnO; and perovskite layers was investigated using scanning electron
microscopy (SEM). Figure 51a and Figure 51b shows the SEM images of slot-die coated SnO;
and the perovskite layer, respectively. Confirming the AFM results, no agglomeration of SnO;
was observed, and a pinhole-free homogeneous layer is present in the investigated area, as
seen in Figure 51a. The SEM image in Figure 51b shows the perovskite layer is conformally
coated on the SnO; layer and is pin-hole free. As a comparison, an SEM image of a perovskite
layer spin-coated on glass is shown as an inset in Figure 51b to show no difference to the
perovskite layer when coated on SnO,. Figure 51c and Figure 51d illustrate the X-ray
diffractograms of SnO; and perovskite, respectively. The diffractogram of SnO; shows that it
has a tetragonal phase and belongs to the P42/mnm (136) space group (matched to PDF# 04-
014-0193). The absence of sharp peaks in the diffractogram indicates the slot-die coated SnO;
layer is nanocrystalline. With the crystallite size calculated to be in the range of 2.5 £ 0.8 nm.
Similar particle sizes of SnO2 and its nano crystallinity/amorphous property in the resultant
layer for a solution-processed technique has also been observed in other reports 3¢. The XRD
diffractogram of a perovskite film is shown in Figure 51d. The peaks, indexed in Figure 51d,
correspond to cubic phase perovskite {space group Pm-3m (matched to PDF# 01-085-6374)}.
A peak at 12.6° is also present, which corresponds to the (0 0 1) plane of Pbl; (matched to
PDF# 04-009-6453).
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Figure 51: (a) Top-view SEM image of slot-die coated SnO; layer, (b) Top-view SEM image of
spin-coated perovskite fabricated on SnO,. Inset shows the top-view SEM image of the
perovskite layer on glass (c) XRD pattern of the SnO; layer (d) XRD pattern of the perovskite
layer. Figure reproduced from publication *°.

5.34 Average device performance

After optimization of the SnO2 and perovskite layers, the devices are completed by depositing
anhydrous poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT: PSS). Above it,
MoOs is evaporated to improve hole injection *°! and, in the end, the counter electrode (Ag).
The film thickness of SnO,, perovskite, PEDOT: PSS, MoOs, Ag were 70 nm, 350 nm, 80 nm,
10 nm, and 100 nm, respectively. The histogram of 133 complete devices is shown in Figure
52 to demonstrate the reproducibility of the devices reported in this article. The average
electrical performances of these devices are Voc of 920 mV, Jsc of 17.54 mA/cm?, FF of 57.60

%, and PCE of 9.32 %.
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Figure 52: Histogram of 133 devices with architecture ITO/SnO/perovskite/PEDOT/Mo0Qs/Ag
(a) Voc (b) Jsc (c) FF and (d) PCE. Figure reproduced from publication 3.

5.3.5 Champion device, Suns-Voc measurement, and Energy band diagram

Figure 53a illustrates the J-V curve of the champion device, where Voc of 960 mV,
18.34 mA/cm? Jsc, 61.5% FF, and 10.82% PCE were achieved. Device performance is lower
compared to literature values due to devices being fabricated under ambient conditions, as
well as the non-optimal hole transport layer °2. The PCE is, however, comparable to other
reports on ambient-processed PSCs 1°31°% Despite the lower PCE, we confirmed that the films
were compact and that no shunt pathways (pin-holes) were present by studying its Voc under
different light intensities (Figure 53b). The results show that all devices studied here retained
Vocat low sun intensity, confirming that the devices are shunt-free. It is important to confirm
this point as the presence of shunts accelerates the degradation and can interfere with the

interpretation of results 1°°.

Figure 53c shows the energy level diagram where a higher conduction band level of SnO>

(-3.67 eV) was observed when compared to the values (-3.9 to -4.5 eV) shown most times in
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literature 3739146156 |t causes a mismatch at the SnO,/perovskite interface. It could have been
caused by the slot-die coating of SnO; and requires further investigation beyond the current
scope of this work. The ionization potential (IP) of SnO, was calculated through ultraviolet
photoelectron spectroscopy (UPS) measurement. The IP of perovskite and PEDOT: PSS was

obtained through photoelectron spectroscopy in air (PESA) measurement.
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Figure 53: (a) J-V curve of the champion device presenting a PCE of 10.82 % whose active
area was 0.1 cm? measured under AM 1.5 G at a scan rate of 100 mV/s (b) Suns-Voc
measurement and (c) Energy band diagram. Figure reproduced from publication *3°,

106



5 Sub-cell characterization of SnO,/perovskite interface & its stability analysis

5.3.6 Optical characterization of sub-cells before and after UV stress

Both internal and external factors contribute to a solar cell’s instability. Light, heat, oxygen,
and moisture are four key external degradation factors. UV is the most prominent
degradation-causing components in light due to its high energy. To study the effect of UV light
exposure, sub-cells comprising glass/ITO/SnO,/perovskite photoelectrode was exposed to a
UV lamp (A = 365 nm with a power of 6 W). UV light was emitted through two windows, each
comprising an area of 31.95 cm?, placed at a distance of 21 cm for 500 h from the glass side.
It leaves the perovskite layer openly exposed to the N; environment. Figure 54a shows the
experimental setup. By using a sub-cell configuration, any additional effects from the
perovskite/HTL and HTL/electrode interfaces present in a complete cell was eliminated.
Thereby, problems related to ion migration and incompatibility of the perovskite with the
metal electrode are avoided . Tests were carried out inside a glove box with oxygen and
moisture levels of less than 1 ppm and at room temperature to eliminate competing
degradation agents, as perovskite layers tend to degrade in the presence of oxygen and
moisture rapidly 718, Ingress of moisture and oxygen can be avoided by the development
of encapsulation. The sub-cells were characterized using photoluminescence (PL)

spectroscopy and UV-vis spectroscopy before and after UV exposure.

Figure 54b shows the light absorption spectra of sub-cells before and after 500 hours of UV
exposure. The light absorption through the 300 to 1000 nm range decreased slightly for UV-
treated sub-cells in comparison to non-UV-treated fresh sub-cells, which indicates
degradation upon UV irradiation 1€ |t could arise due to degradation within the bulk
perovskite or the perovskite/SnO; interface, or a combination of both. Degradation within the
perovskite layer is probed by studying Glass/Perovskite films under similar experimental
conditions. Figure 54c shows the light absorption spectra of glass/perovskite films before and
after 500 hours of UV-treatment, and glass/perovskite film before and after 500 hours of
storage in the same glovebox but without any UV-treatment. The spectra reveal absorption
has decreased to a similar extent in both the stored and the UV-treated sample, which
suggests perovskite degrades, and UV-treatment does not exacerbate or alleviate the rate of
degradation of the perovskite film itself. However, the decrease in absorption of the sub-cells

shown in Figure 54b is comparatively lower than the reduction in absorption of perovskite

107



5 Sub-cell characterisation of SnO,/perovskite interface and its stability analysis

only films in Figure 54c, which indicate that UV-treatment of sub-cells may indeed reduce the

degradation of perovskite.

Figure 54d shows the PL measurement of a freshly prepared sub-cell and a UV-treated sub-
cell. The PL intensity significantly increased after UV exposure, which suggests a reduced
electron transfer from the photo-generated electron-hole pair of the perovskite to the SnO;
layer when compared to samples without UV exposure. The reduced electron transfer,
therefore, indicates changes at the SnOy/perovskite interface or of the bulk perovskite after
the UV exposure. To find out whether the degradation is due to the bulk perovskite or due to
its interface with SnO,, a glass/Perovskite film was exposed to UV light for 500 hours to probe
the bulk perovskite as a reference. The PL spectra of glass/perovskite films with and without
UV-treatment are shown in Figure 54e. UV-treatment of the glass/perovskite indeed
decreased the PL intensity, indicating bulk perovskite degradation under the UV light, in
accordance with UV-vis results. It might be because the longer-lived electron-hole pair
charges are not extracted in the absence of electrode, which can lead to adverse side

reactions 22161,
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Figure 54: (a) Schematic representation of the experimental setup for UV stress for 500 h
inside a glove box where sub-cells (glass/ITO/SnO/perovskite) were illuminated from the
glass side using a UV lamp of 365 nm with 6W power source (b) UV-vis spectrum of a
glass/ITO/Sn0Os/perovskite sub-cell before and after UV stress for 500 h (c) UV-vis spectrum
of a glass/perovskite before and after UV stress for 500 h and before and after storage in the
glovebox for 500 h (d) PL spectrum of a glass/ITO/SnOz/perovskite sub-cells before and after
UV stress for 500 h and (e) PL spectrum of a glass/perovskite before and after UV stress for

500 h. Figure reproduced from publication
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To further attest whether the presence of SnO; can alleviate the degradation of the
perovskite, the PL before and after UV-exposure of glass/ITO/SnO,/perovskite with other
metal-oxides, such as ZnO, and TiO, was compared. The samples were fabricated on the same
day, and the measurements were done on a similar day. Figure 55 shows that the PL peak
intensity of both glass/ITO/Sn0,/perovskite and glass/ITO/TiO,/perovskite increased after 48
h of UV exposure. In contrast, the peak PL intensity of ZnO/perovskite decreased significantly
after UV exposure. It suggests that the perovskite has degraded substantially in the presence
of ZnO. It is also known that the TiO,/perovskite interface is adversely affected in the
presence of UV 12, which caused the reduced charge-transfer efficiency upon UV irradiation.

Nevertheless, SnO, shows a similar trend as TiO».
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Figure 55: PL of sub-cells (ITO/ETL/perovskite) with TiO,, SnO2, or ZnO as the ETL. The solid
and dashed lines compare the PL acquired before and after 48 h of UV stress, respectively.
Figure reproduced from publication 13°.

5.3.7 GIXRD analysis on sub-cells before and after UV stress

Figure 56 shows grazing incidence X-ray diffractograms taken at 0.25 degrees to study the
influence of UV at the surface. Glass/ITO/ZnO/perovskite film shows the highest evolution of
the Pbl, phase, as evident in the peak at 26 = 12.6° which corresponds to Pbl, (0 0 1) phase.
The relative peak intensities of the Pbl, (0 0 1) phase with respect to the perovskite (1 0 0)
phase are similar for both glass/ITO/Sn0O,/Perovskite and glass/perovskite indicating that

Sn0O; does not increase the degradation of perovskite at the surface.
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Figure 56: GIXRD diffractograms taken at an incidence angle of 0.25° of freshly prepared
glass/ITO/ZnO/perovskite, glass/ITO/SnOz/perovskite, and glass/perovskite compared with
glass/ITO/Sn0O/perovskite — UV stressed for 500 h. Figure reproduced from publication 3.

To probe deeper into the bulk of the perovskite and the SnO,/perovskite interface, XRD was
carried out in grazing incidence mode (GIXRD) at several incidence angles ranging from 0.25°
to 1.3°for glass/ITO/Sn0O,/perovskite sub-cells before and after 500 h UV stress. The results
were further compared with glass/ITO/ZnO/perovskite and glass/perovskite. The low
incidence angle grazes the surface while higher angles probe into the bulk perovskite towards

the ETL/perovskite interface.

The bar graphs in Figure 57 summarise the phase composition of Pbl, and perovskite seen in
the four samples at various GIXRD incidence angles by plotting the relative ratio of the
integrated peak intensity for the (0 0 1) Pbl, peak located at 12.6° with respect to the
integrated intensity of the main perovskite (1 0 0) peak at 14°. The comparison of
glass/perovskite and glass/ITO/SnO./perovskite reveals similar results (37% and 38% of Pbl,
respectively) at the surface. However, the relative proportion of Pbl, increases in the
glass/ITO/Sn0O./perovskite sample as one probe deeper into the bulk towards the interface in
comparison to glass/perovskite films, indicating the possibility of enhanced interfacial

degradation due to the presence of SnO; (Figure 57a and Figure 57b).
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Comparing the UV-treated and non-UV treated sub-cells, it is observed that a relatively higher
proportion of Pbl, (72%) is present at the surface of the UV-treated sub-cell, as shown in
Figure 57c. It could be induced by photo-oxidative reaction at the perovskite surface with
residual oxygen and water, which may be present in the glovebox leading to a loss of iodine.

A similar observation has been reported by Ouyang et al. 163164,

In the case of the glass/ITO/ZnO/perovskite configuration (Figure 57e), a high proportion of
Pbl; (78%) at the surface has been observed with a uniform Pbl, amount being present
throughout the bulk of the film. The PL also shows that there is a much faster degradation of
the perovskite occurring in the presence of ZnO as the reaction can be observed in a few
minutes when ZnO is deposited under ambient atmospheric conditions. The degrading effect
of ZnO on the perovskite has been attributed to photocatalytic reactions % due to the
presence of hydroxyl groups. Thus, our results show that the degradation of perovskite in the

presence of Sn0; is much less pronounced.

112



5 Sub-cell characterization of SnO,/perovskite interface & its stability analysis

(@) ™ - I Kit (I dl 2 1I4 XRD) (b) 10— | l l I |
erovskite (area under 26 = 14%in —_ . . 1
<120+ - o 4 = | [l Perovskite (area under 26 = 14° in XRD) |
st [__IPbl, (area under 26 = 12.6° in XRD) o ":’120 [_|Pbl,(area under 26 = 12.6° in XRD)
[ = —_
@ .5 100 5 21
T > o0
28 e g
g £ 80 g E
23 8
‘g o 60 c 5
o @ Qs
©E 40 =
o 2
& 20 a
025 055 07 085 115 13 0 0_'25 ' 0_55 ’ Oi'r' ' 0.185 ‘ 1.'15 13
Angle of incidence in XRD (in deg) Angle on incidence in XRD (in deg)
C d
( ) 140 : T T ( )140 : - T T
=120 [l Perovskite (area under 26 = 14°%in XRD) | —120L Il Perovskite (area under 26 = 14° in XRD) |
g s [ ]Pbl,(area under 26 =12.6° in XRD) 8 [_1Pbl, (area under 26 = 12.6%n XRD)
3 S 100 £ 5100
= < =
£ 8 3 8
E g— 80 P g— 80
o 8 = 3
S 60 Q 5 60
S S
% T 40 Ot 40
o 8 =2
=& 20 S 20
L 1 1 1 1 0 1 L L L 1 L
025 055 07 08 115 13 025 055 07 08 115 13
Angle in incidence in XRD (in deg) Angle in incidence in XRD (in deg)

Figure 57: Percentage composition of the area under the curve of 26 = 12.6° (for Pbl; phase
00 1) and 26 = 14° (for perovskite phase 1 0 0) for various GIXRD incidence angles for (a)
glass/perovskite (b) glass/ITO/SnO,/perovskite (d) glass/ITO/SnO/perovskite— UV stressed
for 500 h (d) glass/ITO/ZnO/perovskite. Figure reproduced from publication 3°.

5.3.8 X-ray photoelectron spectroscopy (XPS) of sub-cells

Figure 58 shows the compositional depth profiles generated by XPS. In consists of two sub-
cells that had both been stored for 500 hours, one sub-cell receiving UV-treatment
throughout storage (referred to as UV-treated sub-cell) and one sub-cell without UV-
treatment (referred to as non-UV-treated-stored sub-cell). The graphs are acquired by
repeatedly sputter-etching the sample surface for a short period (effective etch time). It is
followed by reanalyzing the freshly exposed surface to capture atomic concentrations of all
elements. Thus, the graphs show the evolution of the atomic concentration of elements into
the depth of the layers starting with the perovskite top exposed surface. It should be noted

that XPS depth profiling is not a straightforward or well-controlled experimental technique.
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Several complicating factors, such as preferential sputtering, can potentially affect results and
add significant uncertainty to any interpretation. With this in mind, the following is offered as
a qualitative discussion of our results based on a relative comparison between the two sub-
cells. It is noted that both sub-cells were prepared on the same day, using the same perovskite

solution, and XPS was conducted on the same day as well.
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Figure 58: X-ray photoelectron spectroscopy (XPS) for (a) UV-treated sub-cell and (b)non-UV-
treated-stored sub-cells. Figure reproduced from publication *3°,

At the top surface, all samples show a relatively higher concentration of C, N, and some O,
which is attributed to surface contamination as it is commonly observed. It is evidenced in
the sudden drop in C and N levels and the absence of oxygen within less than a minute of
etching. After that, only elements comprised in the perovskite, including C, N, Cs, |, and Pb,
are observed. Br is not detected, which is due to the low atomic content in the perovskite
formulation combined with the low sensitivity of XPS to Br. The composition of the perovskite
appears to change with depth, which is due to the poor stability of perovskite, making it

susceptible to decomposition as a result of the sputtering process itself.

Nevertheless, the comparison of the two samples can indicate the relative stability of the
samples. Table 1 shows the relative composition of various elements at three different points
of interest. Firstly, it compares multiple elements of the top surface layer before etching has
started. The relative ratio of | to Pb is also shown in Table 1. The lower amount of iodine
suggests higher relative degradation as perovskite degradation leads to release CH3NH;" and

Hl in the gaseous form 1%, Pb provides a reference point as the Pb remains in the sample even
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after degradation. The UV-treated sub-cell has the highest relative ratio of | to Pb compared
to the non-UV-treated-stored sub-cell. However, the I/Pb ratio may also be affected by the

migration of lodide ions in perovskite films 1>

The comparison of the relative ratio of C to Pb can further attest to the relative stability
between the sub-cells while overcoming the uncertainty associated with lodine migration.
This comparison of C to Pb ratio is performed after 0.33 min and 0.17 min of etching for non-
UV-treated-stored and UV-treated sub-cells, respectively, which is the first instance when
oxygen is no longer detected. This is assumed to be the contamination-free perovskite
surface, and thus, an overestimation of the concentration of carbon due to the surface layer
of adventitious carbon is avoided. Like in the case of |, higher relative C content indicates
relatively higher stability; however, C as a non-ionic is not associated with any known
elemental migration in perovskites. Again, the UV-treated sub-cell demonstrates a higher

relative ratio of C compared to Pb.

Lastly, the table also compares the elemental composition at the interface point between the
perovskite and SnQO; layer. It is taken at the etch time corresponding to the full-width at a
half-maximum point towards the perovskite side, which occurs at ca. 12.5 minutes for both
sub-cells. Again, the UV-treated sub-cell shows higher iodine and carbon relative to the non-

UV-treated-stored sub-cell in agreement with XRD depth profiling.
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Etch
Sub-cell time Pb I Cs N C 0 Sn I/Pb | C/Pb
(min)
Non-UV-
treated- 0.00 158 | 416 | 0.4 8.6 |31.2 2.1 0.0 2.6 *
stored

UV-treated 0.00 13.1 | 401 | 0.6 | 12.6 | 30.3 3.2 0.0 3.0 *

Non-UV-
treated- 0.33 279 | 611 | 1.2 3.9 5.7 0.0 0.0 2.2 1 0.21
stored

UV-treated 0.17 23.1 | 58.0 | 1.3 6.6 10.8 | 0.0 0.0 2.5 | 0.47

Non-UV-
treated- 1250 | 28.7 | 296 | 0.6 1.2 1.4 209 | 17.3 | 1.0 | 0.05
stored

UV-treated | 12.50 | 28.9 | 353 | 0.7 0.3 2.1 173 | 143 | 1.2 | 0.07

*Adventitious carbon makes the surface data relating to carbon unreliable

Table 1: Raw data from XPS for UV-treated and non-UV-treated-stored sub-cell. Reproduced
from publication 3°.

The elemental composition at the interface point between perovskite and SnO; layer can be
taken from Figure 58 at ca. 12.5 minutes. It is noted that the relative ratio of Sn:0O is not 1:2
because the etching process preferentially removes O from certain metal oxide films. To
confirm this, an XPS depth profile on a SnO; only film is conducted, which showed a ratio of
ca. 1:2 on the surface without any etching. It gradually changes to 1:1 with increasing etch

time (Table 2).
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Etch A i
. ¢ XPS Atomic% t(?mlc
Time ratio

(s) Sn o C 0/Sn

01]21.20 | 49.89 | 25.44 | 2.353

10| 26.27 | 48.51 | 21.60 | 1.847

20| 29.01 | 47.75 | 19.02 1.646

30 31.13|47.21| 1731 | 1.517

60 | 35.55 | 46.60 | 13.15 1.311

120 | 39.17 | 46.41 | 9.84 | 1.185

300 | 43.30 | 45.31 | 6.67| 1.046

600 | 43.21 | 45.65 | 6.65 1.056

Table 2: Atomic concentration of ITO/SnO; sub-cell obtained from X-ray photoelectron
spectroscopy (XPS). Reproduced from publication 1%°.

Thus, as the sub-cells were fabricated in ambient room conditions, the surface of the films
and the grain boundaries are likely to contain a higher concentration of adsorbed oxygen and
moisture, which triggers degradation upon UV illumination 8. It is evident in the XRD depth
profiling, which revealed a higher relative presence of Pbl, on the film surface of the UV-
treated sub-cell compared to the non-UV treated sub-cell (Figure 57b and Figure 57c).
Complementing to XRD results, XPS depth profiling also indicates a gradient of Pbl;

concentration for the UV-treated sub-cells.

5.3.9 Maximum power point tracking of complete devices

To investigate the effect of UV-treatment on the operational stability of planar n-i-p PSCs, the
cells were completed by depositing PEDOT: PSS as the HTL, MoOy, and Ag on top of the UV-
treated (500 h) glass/ITO/Sn0O,/perovskite. MoOx was used to create a barrier against Ag, and
| reacting, which can lead to degradation of the contact *°. For comparison, the devices were
also fabricated on the non-UV treated glass/ITO/SnO,/perovskite sub-cell with PEDOT: PSS,
MoOy, and Ag. Hereafter, for simplification, glass/ITO/SnO,/perovskite is referred to as the
sub-cell. The average electrical parameter is given in Figure 59. It can be noticed that the large

variation is found within the non-UV treated stored samples (light grey box). However, such
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an effect has been suppressed through UV treatment and the effect has been maintained also

in the UV-treated,stored devices (light blue box).
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Figure 59: Electrical parameter comparison (a) Voc (b) Jsc (c) FF and (d) PCE of devices
containing UV-treated and non-UV treated sub-cells. Figure reproduced from publication 3°.

Figure 60 shows the normalized maximum power point (MPP) of devices made from a
UV-treated sub-cell and a non-UV treated sub-cell after 500 h of full cell fabrication, acquired
for 14 h under continuous 1 sun illumination in an Ny-filled glove box. The MPP of the device
made from a UV-treated sub-cell shows an abrupt initial decay with a loss of only 20% of initial
MPP value within 3-4 hours, followed by a stabilized trend. The degradation is similar to that
observed in organic solar cell devices where the initial rapid degradation is known as the
“burn-in” ¥, As has been shown for MAPbIs films 68, oxygen can substantially be trapped

inside the perovskite, which might lead to a similar effect in the initial stability.
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Figure 60: Comparison of normalized MPP of devices whose glass/ITO/SnO,/perovskite
interface is UV-treated with devices whose glass/ITO/SnO,/perovskite is not UV-treated.
Figure reproduced from publication 13°.

Figure 61a and Figure 61b compares the J-V curves before and after the MPP measurement.
Figure 61c and Figure 61d shows the normalized photovoltaic parameters acquired from the
J-V curves. The devices with a non-UV treated sub-cell undergo a linear reduction in all
photovoltaic parameters, particularly Voc and Jsc. It suggests a degradation in bulk and
interfaces, whereas devices with UV-treated sub-cells have similar Jsc and Voc with somewhat
reduced FF, which could be due to contact issues trigged by a high concentration of Pbl; on
the surface. This accumulation of additional Pbl; at the perovskite/electrode interfaces will

170

induce a passivation effect by reduction of defect states 1¢°, ion defect migrations 17, and

171

recombination sites /!, which would lead to the stabilization of MPP in the devices made of

UV-treated sub-cells.
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Figure 61: J-V curves (a) before and after maximum power point tracking (MPP) of a device
containing a non-UV treated sub-cell and (b) before and after MPP of a device containing
UV-treated sub-cell. Comparison of normalized electrical parameters taken from J-V curves
acquired before and after MPP for (c) devices made from non-UV treated sub-cells (d)
devices made from UV-treated sub-cells. Figure reproduced from publication 3.
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5.4 Conclusion

The effect of slot-die coated SnO; on the UV stability of perovskite films was investigated. The
challenges of forming a uniform film with slot-die coating SnO;is demonstrated. The problem
of agglomeration is solved by adding polyethylene glycol (PEG) as a polymeric additive. The
formed SnO; electron transport layer (ETL) is characterized by using XRD and found that the
layer is nanocrystalline in nature. In comparison to the literature, a significant positive shift in
the range of 0.2 - 0.8 eV in the conduction band level of SnO; (-3.67 eV) is observed using UPS.
It might originate from film formation differences owing to slower solvent evaporation in a

slot-die coating process compared to the often-used spin-coating.

To particularly investigate the SnO»/perovskite interface’s contribution to device stability, the
glass/ITO/Sn0O,/perovskite sub-cells before and after 500 h continuous UV illumination under
an N environment from the glass side was characterized. Perovskite films on glass alone as
control samples were also investigated to rule out the influence of bulk degradation.
Absorption spectra of all perovskite films and sub-cells showed little change after UV
treatment. However, higher photoluminescence (PL) intensity was observed after the UV
treatment, which could indicate a lower electron injection rate into the electron-accepting
SnO; layer. Additionally, GIXRD measurements show the presence of excess Pbl,, which
formed at the surfaces of perovskite photo absorber after the UV-treatment. Confirming
observations showing the change in perovskite surfaces was also seen in XPS measurements.
Subsequently, devices were completed from sub-cells to full devices through a hole transport
layer (HTL) and electrode deposition. During the maximum power point (MPP) tracking, unlike
the constant drop of PCE observed in the case of the device with non-UV treated sub-cell,
80% of the initial PCE was retained for 10 h after the initial decrease in a device with UV-
treated sub-cell. It is attributed to the passivation effect from the presence of excess Pbl, at

the HTL/perovskite interface.

In conclusion, detrimental effects have been noticed in the sub-cells after long UV
illumination. However, surprisingly, complete devices fabricated from UV-treated sub-cells
showed stable performance. Therefore, to understand further the device stability under UV,
the importance of also analyzing a specific interface in a sub-cell is shown. Analyzing a sub-

cell can, therefore, be a powerful tool to probe layers and interfaces across a plethora of
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characterisation tools. While UV treatment of sub-cells shows unexpected improvement in
the full device stability, future work should explore stability over the different duration and
the impact of hole transporting layers other than PEDOT:PSS. Additionally, this study indicates
that the UV-treatment of sub-cells may be an effective passivation tool. For this, various
parameters, including UV intensity, wavelength, and duration of exposure, requires further

investigation.
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Figure 62: Summary diagram for chapter 5 showing the result of UV treatment of sub-cell
and the final stabilized device performance. Figure reproduced from publication *3°,
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6 Sub-cell analysis and optimization of FTO/perovskite
interface with different hole blocking layer deposition
techniques in carbon-based perovskite solar cells

In perovskite solar cells, the compact hole-blocking layer (HBL) governs the transport
resistance, as well as the rates for electron-transfer and the recombination at the FTO-
perovskite interface and hence significantly affects the solar cell efficiency. For the work in
this chapter, compact-TiO, (c-TiO2) as HBLs were processed using different techniques
(screen-printing, atomic layer deposition (ALD), sputtering and spray pyrolysis deposition
(SPD)) to attain very thin (<30 nm) and uniform layers for enhanced performance of
perovskite solar cells (PSC). Results from SEM and AFM show that all the deposition
techniques can successfully result in a conformal coating of the c-TiO,. Even though layer
morphology and thickness can be seen through SEM and AFM, they are destructive
techniques, and only micrometer-sized area can be analyzed. Additionally, the electrical

quality (i.e defects, shunts, current distribution) of the layers cannot be explained.

In this chapter, an FTO/c-TiO2/p-graphite sub-cell was used to analyze the electrical quality of
c-TiO2 using a camera-based imaging technique - Dark Lock-in Thermography (DLIT). DLIT is a
reliable, fast thermal imaging tool for shunt detection and to examine the distribution of the
current flux in solar cells. DLIT has been used not only to identify defects/irregularities in the
investigated layer but also to determine the local current-voltage characteristics of these
weak spots, facilitating the distinction of linear/ohmic from non-linear defects. DLIT helps for
the identification of the causes for defects and aids towards optimization of the cell. From the
analyses, the ALD-TiO; film proves to be the most efficient, pin-hole free HBL for
carbon-graphite based PSCs (CG-PSCs). It offers an efficient layer to prevent the backtracking
of electrons from c-TiO; to perovskite. Thereby, the charge recombination at the
FTO/perovskite interface is reduced. The results show high power conversion efficiency of

stable efficiency of 10.1 %.

Part of the results shown in this chapter are based on the framework of a master thesis from
Mrs. Shanmugam Lakshmi Subramaniam for which | was her immediate supervisor. She
contributed to the DLIT measurements and analysis. | participated in further analyzing the

complete devices.
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6.1 Introduction

The understanding of the charge transfer mechanisms 3°

and physical processes at the layer
interfaces has led to the optimization of charge selective layers. Thanks to this, numerous
papers have been reported to enhance cell performance by reducing interfacial
recombination 72?2 and improving the properties of electron and hole blocking layers. The
role and importance of HBL have already been explained in Chapter 2.3.3. One way to
enhance HBL property is by adding a buffer layer (Sb,Ss %, Al,O3 layer 8, etc.). By adding a

buffer layer above HBL, claims a passivation effect at the c-TiO,/perovskite interface 4.

Another solution is given by using different HBL or EBL materials 4%:6>172,173,

On the other hand, to ease large scale production, faster processing, and in the aim of
knowledge transfer towards flexible PSCs, steps attempting elimination of charge selective
layers in the device structures have also proven successful 24174175 |n general, charge
transport layer (CTL)-free PSCs undergo many challenges such as energy misalignment, poor
surface finish, and coverage of TCO, hysteresis, and lack of permanent built-in potential 176177,
However, power conversion efficiencies (PCE) > 19% has been reported for the electron
transfer layer (ETL) -free and hole transfer layer (HTL) -free devices. Huang et al. published an
article where surface modification of ITO with tetramethylammonium hydroxide (TMAH) is
shown. Such a treatment is claimed to modify the surface of ITO. Thereby, the recombination
and defects at the ITO/perovskite interface are reduced. Conductivity in the perovskite grain
boundaries is also increased. It led to a high efficiency of 20.1 % for an ETL-free architecture
176 In an HTL-free device, the main drawback is the mismatch of the perovskite and ITO energy
levels. W.Q. Wu and his team reports a MAPbIs perovskite doped with p-type organic 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ). Better energy alignment, favorable
band bending has led to the reduction of series resistance at the ITO/perovskite interface.
The article claims that the FATCNQ increases the charge extraction also in the grain
boundaries. Thus, achieving a stable PCE of 20.2 % for 75 s 1’8, Therefore other works show
that the thickness of HTL and ETL can be surprisingly low as reported by Lunt and team ’°. In
this report, they show an architecture where hole extraction is enhanced from perovskite to
ITO using 1.6 nm PEDOT. Electron extraction is enhanced from perovskite to Ag also through
1 nm of vacuum evaporated Ceo. The high efficiency is attributed to the reduced space charge

accumulation at interfaces. However, irrespective of the device configuration, controlling the
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nature of the charge selective layers and their interfaces with the perovskite absorber is

indispensable to maximize the cell performance.

One of the proven camera-based thermal imaging tool for shunt imaging and examining
current distribution in solar cells is Dark Lock-in Thermography (DLIT) 116:180-182 The thermal
behavior of the cell varies based on different applied voltages. Lock-in frequencies set ensures
to capture even the weakest thermal loss, which helps in identifying the smallest
defect/shunts present in the solar cell. Thus, this imaging technique makes it a quick, reliable
quality control tool that can be adapted to the manufacturing of large-area solar cells, as well.
DLIT, as a control tool, has already been used in Si, CdTe, and organic solar cells 180182183,

More details on the working principle of DLIT has been provided in section 4.2.1.

In this work, a sub-cell configuration FTO/c-TiO,/u-graphite is employed for studying the
quality of the HBL processed through different deposition techniques. Various optical,
crystallographic, and morphological tools have been used to analyze its physical quality.
However, the electrical quality (i.e., shunt detection, defect detection, current distribution)
of a specific layer cannot be investigated through the techniques mentioned above. For this
purpose, this work uses the non-intrusive DLIT technique to investigate shunts, defects, and
non-uniformity of the HBL in specific. Results from the sub-cells showed SPD and ALD
techniques produce smooth and defect-free HBL. When compared with the electrical
parameters of complete devices, SPD shows a high voltage > 900 mV. However, owing to
improved current density and FF, the high average efficiencies were achieved for devices with

ALD - c-TiOg, reaching an average PCE of 10.7 %.

6.2 Experimental section
6.2.1 Preparation of sub-cells for DLIT measurement

100 x 100 mm? FTO TEC 7 glass plates were patterned using in-house class Ill, Nd-Yag laser
machine, to create both electrodes on a single glass to be used as a monolithic cell. These
plates were then cleaned in an ultrasonic bath containing 3% Deconex OP153 at 60°C for 2
min and rinsed with DI water to remove the soap residues. Further, they were ultrasonically
treated in the bath for 1 min at 60° C in DI water, rinsed, and dried with dry nitrogen. The

samples are deposited with compact TiO2 as HBLs using different techniques and sintered at
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500°C for 30 mins in air. The sintering process has been performed to have a direct
comparison with complete PSCs, where the mesoporous layers need to be treated at T>400°C.
To deposit the p-graphite film, a 1:7 ratio graphite-water solution (Aquadag colloidal graphite)
is prepared and manually sprayed on the samples at 140° C with compressed air at 2.5 mbar.
The spraying is done using a metal mask to result in an active cell area of 0.4 cm?. The plates
are then cut into substrates of 25 x 25 x 2.2 mm?3 dimensions, and electrical contacts are

established with silver paint (G3692 Acheson silver DAG 1415) on the TCO patches.

6.2.2 HBL deposition methods

The sputtering process details for c-TiO; are given in section 3.1.2.2, and ALD details are
provided in section 3.2.1. Spray Pyrolysis Deposition (SPD) was carried out manually, and the
corresponding process parameters are given in section 3.3.1. Screen-printing was carried out
using Dyesol TiO; paste using a metal mesh screen. These layers were air-dried at 150 °C

before its sintering process.

6.2.3 Device Fabrication

For full device fabrication, the same steps until the manufacturing of c-TiO;, as mentioned in
section 6.2.1, is used. It is followed by the screen printing of mesoporous layers of TiO, and
ZrO,, whose thickness is 900 nm and 1600 nm, respectively. These layers are sintered together
at a temperature of 500 °C for 30 min. The carbon-graphite counter electrode of 9 pum is
screen printed and sintered at 400 °C for 30 min. The process parameters for screen printing
is defined in section 3.5.1. For perovskite infiltration, 1 M 1-step perovskite solution was
prepared by mixing 0.6675 g of Pbl,, 0.2186 g of MAI, and 0.0177 g of 5-AVAIl in 2 ml GBL.
4.5 pl of the solution was drop casted onto each device. After 20 min of wait time, the devices

were annealed at 50 °C for 60 min.

6.3 Results and discussion
6.3.1 SEM and AFM characterizations of c-TiO; films processed on FTO

In this section, the morphology and the surface features of TiO2 films have been studied using
scanning electron microscopy (SEM) and atomic force microscope (AFM) images. The SEM
images of TiO; films deposited on FTO through ALD, SPD, and sputtering have been compared

with bare FTO as a reference in Figure 63. From the cross-sectional analysis, all TiO2-HBLs
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appear conformal with the bare FTO Figure 63a, indicating a uniform coverage of the FTO’s
peaks and valleys. The top-view images in the inset suggest that ALD-TiO; (Figure 63b) and
sputtered-TiO; (Figure 63c) both produce a smooth layer, slightly rounding off the FTO peaks.
In contrast, the TiO, deposited through SPD (Figure 63d) is comparatively rougher with
smaller particles distributed across the layer. However, very thin layers (< 30 nm) of TiO; can
be effectively deposited on FTO substrates through ALD, SPD, and sputtering processes to

produce uniformly thin HBLs with good coverage on large areas.

@ Y ) \ = . lﬁ. rA j

Figure 63: Cross-sectional and top-view (inset) SEM images of (a) bare FTO glass substrate,
(b) 20 nm TiO,-HBL deposited through ALD, (c) 20 nm sputtered TiO2-HBL and (d) 30 nm TiO;-
HBL deposited through SPD. All TiO; films were treated at 500° C before measurement.

Further investigations on the layer roughnesses are presented in Figure 64. The root-mean-
squared (RMS) roughness values of these layers, determined on an area of 5 um?, are
presented. The TiO,-HBLs deposited through ALD, and sputtering processes (Figure 64b and
Figure 64c) gives the smoothest layers supporting the information obtained from SEM
measurements. The roughest layer is obtained through SPD processing, as shown in Figure
64d. A higher resolved AFM image of the SPD films is given in Figure 64e to highlight tiny

distributed particle-like structures, causing a rougher surface.
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140 nm

Figure 64: Tapping mode AFM top-view images of (a) bare FTO glass substrate, (b) 20 nm
TiO,-HBL deposited through ALD, (c) 20 nm sputtered TiO2-HBL, and (d) 30 nm TiO,-HBL
deposited through SPD. The values on the top-right corner of the images are the RMS
roughness values determined through AFM on an area of 5 um? and (e) Highly resolved top-
view AFM image of TiO> deposited through SPD. Encircled are the tiny distributed particle-
like structures on the film.

129



6 Sub-cell analysis and optimization of FTO/perovskite interface with different HBL

SEM and AFM are widely used optical characterization tools for thickness and morphology
investigation. However, they are destructive and micrometric-localized analysis tools. Even
though reliable morphology measurements can be made using SEM and AFM, it is difficult to

precisely identify defect points and have a bigger picture of the entire active area.

6.3.2 Transmittance, UV-vis and XRD measurements of c-TiO2 - HBL layers

Figure 65a and Figure 65b displays the transmissivity curves of FTO/c-TiO2 samples in the 300
— 1000 nm wavelength range. As expected from SEM measurements, it is observed that the
SPD-TiO; has a lower transmittance of (69.67% at 550 nm) differing from the sputtered-TiO;
having a transmissivity of 75.4% (at 550 nm). The energy band gap values (Eg) of the different
HBLs derived from the Tauc plots obtained from UV-spectroscopy measured on the same day
are presented in Figure 65c. The Eg values for SPD and ALD blocking layers are found at 3.19
eV, and 3.27 eV, respectively, close to the values stated for anatase-TiOzin literature ¥, The
Eg value for sputtered TiO,-HBL, however, deviates considerably from the other two samples
and is measured to be 3.38 eV. From the spectroscopy measurements above and the
analogous/comparable values found in the literature'®, it can be stated that the TiO; films
deposited using ALD and SPD methods (and annealed at 500°C) is in the anatase phase.
However, to verify the crystallinity of the TiO; layers, X-ray diffraction measurements (XRD)
have been carried out on a Si substrate. Although the Egis higher, the XRD results reveal that

the sputtered TiO,-HBL layer is also in the anatase phase.
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Figure 65: (a) Transmittance of c-TiO; processed through various deposition techniques on
glass substrate (b) Transmittance value at 550 nm plotted from (a), (c) UV-vis spectroscopy
measurement and (d) XRD measurements of c-TiO, processed through various deposition
techniques on Si substrate

6.3.3 Understanding DLIT images of sub-cells FTO/c-TiO2/p-graphite

The introduction and basic working principle of the DLIT have already been discussed in
section 4.2.1. By following the lock-in principle, the IR signal in the investigated sample is
periodically modulated through an external source (i.e., an applied voltage), and the lock-in
is applied to every temperature signal from every pixel of the image of the sample. Practically,
increased thermal radiation will occur in areas with high localized heat, such as shunts and
non-radiative recombination points. These spots are defined as high emission regions/points

in the DLIT image of the sample under investigation: the mean power dissipated (Pmean) at
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every voltage is proportional to the mean of the DLIT signal intensity (lout) 8. It can be

equated as following to determine the current density J at the corresponding voltage.

Prean < Ippr < J? Eq 35

J < \IpLr Eq 36

The HBL material (TiOy) investigated in this work is a nano-thin film having low emissivity and
thus low radiated power, making the distinction of defects challenging. Hence, the compact
HBL film deposited on the FTO substrate is homogeneously covered by spraying a 4-5 um thick
micronized graphite (p-graphite) having emissivity in the MWIR region > 0.92 (1.0 is for a
blackbody). This process results in a conductive highly emitting conformal coating with low
heat conductivity able to finely follow the morphology of the underlying FTO/HBL layer. Thus,
the resulting FTO/HBL/u-graphite layer effectively radiates the local heat after the application

of a bias to the test sample.

Figure 66a and sample Figure 66b show a top-view photograph, a cross-sectional schematic,
and an SEM image of the sub-cell (FTO/HBL/u-graphite) with a compact and uniform
appearance. It demonstrates the achievement of high-quality interfacial contact between the
compact HBL and the p-graphite. This FTO/HBL/u-graphite sub-cell was measured through
DLIT using a bias voltage of 1 V. The resultant DLIT image is shown in Figure 66¢ (with the
active area outlined). It displays the presence of hot-spots (bright spots/regions), which

indicate shunt paths, defects, or non-uniformity in the hole-blocking layer.

Generally, the work function of the conductive p-graphite matches with the work function of
Gold (metal) and can be considered similar to metal contact. Since the HBL is an n-type
semiconductor, it is important to note that this sub-cell configuration HBL/p-graphite forms
a Schottky diode (semiconductor/metal contact) and hence should show a rectification
behavior by theory 1818  Thus, this prominent feature of the sub-cell configuration
additionally helps in qualitatively analyze the HBL. It is done by analyzing the voltage-

dependent intensity of the resulting DLIT image.

In this direction, the DLIT signal is acquired at voltage-steps, and the Ipur obtained is then
equated using Eq 36 to calculate the corresponding current in the active area. The dark J-V
curve, thus obtained, is compared with the dark J-V curve of the sample measured with a

potentiostat in Figure 66d. The dark J-V from the potentiostat shows a diodic behavior of the
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sub-cell. The active area current, thus calculated from a voltage-dependent DLIT image, also
follows a similar pattern. Thereby, it indicates that the voltage vs. DLIT intensity curve can
provide supplementary information on the quality of the HBL in addition to the indication of

shunt spots in the DLIT image.
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Figure 66: (a) Photograph (top-view) of an FTO/HBL/u-graphite sample prepared for DLIT
measurements with a defined active area of 0.4 cm?. (b) Schematic cross-sectional image
and FIB-SEM image of an FTO/HBL/u-graphite sample prepared for DLIT measurements. (c)
DLIT image acquired at +1 V of an FTO/HBL/ u-Graphite sample indicating bright spots and
(d) Dark J-V curves of the measured sample obtained from standard J-V measurements and
qualitatively determined from DLIT images. Max. shunt detection resolution = 20 um.
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6.34 Reverse and forward bias of the sub-cell

By having a voltage-dependent analysis, the sub-cell can be put under reverse bias and
forward bias. In the case of a reverse-biased sub-cell, the electrons are passed through the
graphite towards FTO. Even though this is the desired direction in which the HBL should allow
the electrons to pass through in a PSC, the property is changed because of its interface with
graphite. Thus, in a reverse bias condition, an electron depletion region is created at the HBL/
p-graphite interface. Thereby, blocking behavior is observed. Hence, only in the presence of
a linear/ohmic shunt, electrons pass through HBL and produce a bright spot in the resultant

DLIT image.

In the case of a forward-biased sub-cell, the electrons are pushed through the HBL from FTO
(Figure 67b). It is the undesired direction in which an HBL should not conduct. However, the
electrons find their way toward the p-graphite through various non-linear Schottky type
interfaces, defects (i.e., non-uniformity in the layer, dust, etc.) and linear ohmic shunts
(graphite in contact with FTO). It results in high forward current, as shown in Figure 67a. The
corresponding DLIT images in a forward-biased condition is shown in Figure 67c.
For a non-linear defect, its forward current is lower in the range of 1 uA (more moderate DLIT
intensity), whereas the current through an ohmic/linear shunt point is in the range of 100 pA
(high DLIT intensity). Therefore, by comparing the DLIT image at forward bias and the DLIT

image at reverse bias, ohmic shunts can be identified.
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Figure 67: (a) dark J-V curve of HBL having different defects (b) schematic diagram of a sub-
cell under forward bias marked with the layer inhomogeneities and (c) Corresponding DLIT
images of conditions mentioned in (a) at a bias voltage of 1 V. LOI is the line of interest
(dashed line). Max. shunt detection resolution = 20 um.

6.3.5 Local J-V curve analysis of shunt spots for defect detection

As introduced in the previous section, the defects studied in this work have been classified
into two categories — linear shunts and non-linear shunts or defects. Classifying the shunts
and defects can aid better optimization of the HBLs through the deposition processes. The
proportionality analysis mentioned in section 6.3.3 has been applied to local hot-spots to plot
the local J-V curves of the shunts observed in the sample shown in Figure 68. The qualitatively
fitted J-V curves of the three local regions of interest (ROls) hence obtained, are presented in

Figure 68b-d.

The non-linear shape of the J-V curve and the onset voltage in the forward bias (~0.6 V) of
ROI1 (Figure 68b) exhibit non-linear exponential behavior of the spot and hence can be stated
as a non-ohmic diodic type shunt. This spot could be a result of non-uniformity in the TiO;

film or foreign dirt-particles. The perfectly linear shape of the J-V curve of ROI2 (Figure 68c),
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on the other hand, indicates a pure ohmic behavior of the spot, hence an ohmic shunt. The
ohmic shunt is a result of direct contact of the FTO and p-graphite, suggesting a pin-hole in
the deposited TiO; HBL film, which would be detrimental in this case for complete cells, aiding
direct electron-hole recombination. A hot-spot-free third region ROI3 was analyzed, whose
local J-V curve is presented in Figure 68d. As explained in section 6.3.3, the diode-like shape
of this curve is based on the Schottky diode configuration of the sub-cell. The J-V curve of
ROI3 represents the desired behavior expected from a uniform, compact TiO; film. This local
J-V curve analysis method can be used to determine the contribution of each individual shunt
spot on the behavior of the whole sample. Thus, apart from straight-forward detection of the
presence of shunts in the HBL through reverse bias, DLIT can be importantly used to identify
the type of shunts. Thus, more profound knowledge of the HBL structure, presenting partially

shunted or defected areas are given.
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Figure 68: (a) DLIT image of an FTO/HBL/ u-Graphite sample measured at 1V. Qualitative
local I-V curves of the shunt spots derived from DLIT for three ROIs, (b) ROI 1 (c) ROI 2 and
(d) ROI 3. Max. shunt detection resolution = 20 um.
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6.3.6 Sub-cell analysis of different HBLs through DLIT

To identify a reliable (pin-hole free) technique for deposition of TiO, hole blocking layers,
FTO/HBL/ p-graphite structured samples with different HBL deposition typologies - ALD, SPD,
and Sputtering - have been fabricated and characterized using DLIT. The DLIT results of a
reference sample in each typology are presented in Figure 69a-d. For each typology, DLIT
images in reverse bias (- 1 V) and forward bias (+ 1 V) is shown. As explained in the section
6.3.4, linear/ohmic shunt points are displayed both in -1 V and +1 V DLIT image. Additionally,
the non-linear defects in the layer are also shown in +1 V DLIT. Here, the bias voltage of 1 V is
chosen, such that a bright DLIT intensity is obtained. Bias voltage and integration time
determine the right quality image with a high signal-to-noise ratio. The selected values should
not either be too low as the intensity of the DLIT also will be low or too high that it damages

the sub-cell. For the measurements shown here, an integration time of 2 min was chosen.

Although the DLIT image at reverse bias displays purely ohmic shunts, it does not entirely
represent the shunt behavior of the sample. However, from DLIT images at a reverse bias
(shown in Figure 69a-d), it is inferred that the ohmic shunt densities in all the three typologies
are negligible. The DLIT images at a forward bias( Figure 69a-d) gives us additional information
about the non-linear shunts in the HBL. The ALD-TiO; film (Figure 69c) displays absolutely no
singularly shunt spots denoting a very uniform, pin-hole free HBL. The signal gradient across
the active area is attributed to uniform heat dissipation due to a forward current onset at
voltage < 1 V (Figure 69e). The sputtered-TiO; film (Figure 69b) displays distributed defect
spots in the forward bias but no shunts on the revere bias. It is suggestive of the fact that the
sputtered HBL has a pin-hole free coverage, which is, on the contrary, a non-uniform film
revealed by the DLIT image at forward bias. The SPD-TiO; film can also be said to be uniform
with almost negligible pin-holes (Figure 69d). On the whole, it is deduced that the ALD and

SPD processes produce a more uniform TiOz-HBL as compared to the sputtering method.

The DLIT images are compared with the corresponding dark J-V curves shown in Figure 69e.
High forward current density or a lower current onset voltage means back-flow of electrons
from the FTO to the graphite via the HBL or holes from the p-graphite to the FTO, which
defeats the function of the HBL and is undesirable. From the J-V curves in Figure 69e, higher
values of forward onset voltage for SPD and Sputtered TiO; films indicate better blocking

properties than of the ALD-TiO> film >7.
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Figure 69: Reverse bias and forward biased DLIT images of sub-cell FTO/HBL/ u-graphite (a)
No HBL (b) Sputtered (c) ALD and (d) SPD and (e) Dark J-V curves of the sub-cells shown in
(b), (c) and (d). Max. shunt detection resolution = 20 um.
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Three sub-cells from each HBL processing technique were accessed to see the dependency of
defects with the processing techniques. The result shown in Figure 70 shows that the densities

of errors in all typologies seem to be independent of the deposition process.
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Figure 70: DLIT images at 1V for sub-cells (FTO/HBL/u-graphite) processed from different
HBL processing techniques. Three sub-cells were analyzed in each sub-cell category (a) ALD,
(b) SPD, and (c) Sputtered HBL. Max. shunt detection resolution = 20 um.
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Thus, the results from the sub-cell analysis show that all the deposition technique works well
as HBL with no linear shunt points. However, more non-linearities were found in the
sputtering technique owing to the non-uniformity of the nano-thin layer on FTO. Surprisingly,
a high forward onset voltage was observed for the sputtering technique, and the undesired

low forward onset voltage was found for the ALD process.
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6.3.7 Complete device fabrication with c-TiO processed with various deposition
techniques

Complete devices were fabricated with steps, as described in section 6.2.3. The average

electrical parameters are compared in Figure 71. An average high voltage of 907 mV is

observed in SPD. However, with high Jsc and FF, the average device performance of the ALD

is shown to be better with average PCE of 10.7 %.
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Figure 71: Average electrical parameters of complete devices with HBL processed using
various deposition techniques (a) Voc (b) Jsc (c) FF and (d) PCE.

6.3.8 Stable Voltage and open-circuit voltage decay (OCVD) measurement

To further understand the recombination at the FTO/perovskite interface, the stable voltage,
along with OCVD measurements, were investigated. A high stable voltage of 925 mV was
observed for devices with SPD processed c-TiO,. It can be noticed that there is a difference
between the initial and the final voltage in the stabilized voltage measurements in PSCs. It

was also observed in other PSC architectures (as shown in section 7.3.3.2). The low stable
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6 Sub-cell analysis and optimization of FTO/perovskite interface with different HBL

voltage for a sputtered c-TiO; is well in agreement with the result from DLIT. As predicted,
the backflow of electrons from FTO to the VB of perovskite is higher in the absence of an HBL

with a low voltage of 747 mV (Figure 72a).

A similar trend has been observed in the OCVD measurements. The basic interpretation of
OCVD analysis for PSCs is discussed in section 4.2.4.1. Figure 72b shows the OCVD
measurement for 10 min. Comparatively, the charges in the sputtered HBL recombine faster,
as also seen from DLIT results. It is to note that it took around 50 s for the voltage to reach 0
Vin a no HBL device. Analyzing in the range of few tens of seconds (< 20 s), the device without
HBL does not reach 0 V as soon as the illumination is off. It shows that without HBL, there are
no ohmic shunts. Still, their absence evolves to a high amount of non-radiative recombination
due to the backtracking of electrons toward the perovskite. And this recombination has been

suppressed with a thin conformal coating of c-TiO,.
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Figure 72: Stable Voc measurement and (b) OCVD measurement

6.3.9 Stable device performance

After analyzing the recombination at the FTO/perovskite interface, the complete device
performances are analyzed through stable MPP measurements. A high stable PCE of 10.1 %
has been achieved for the devices with ALD c-TiO; (Figure 73). With high forward current and
low onset voltage (Figure 69e) in an ALD processed sub-cell, its complete device was thought
to perform poorly. However, considering the interface change of the ALD processed HBL from

u-graphite (in case of sub-cell) to mp-TiO./perovskite (in complete devices) could mean that
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6 Sub-cell analysis and optimization of FTO/perovskite interface with different HBL

ALD of a nano-thin HBL has a uniform low series resistance with enhanced charge extraction.

The same has been reflected in the average electrical parameters through high Jsc and FF.
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Figure 73: Stable PCE of complete devices whose HBL is processed with different deposition
techniques.

6.4 Conclusion

To conclude, compact TiO; films deposited using different methods, including Atomic Layer
Deposition, Spray Pyrolysis Deposition, and sputtering have been investigated. A sub-cell
configuration (FTO/c-TiO,/ pu-graphite) was used to analyze the physical and electrical quality
of the HBL layer. The results were also compared with devices having no HBL. Notably, a Dark
Lock-in Thermography tool has been used for shunt identification and analysis of the
qualitative local J-V curves of the shunt spots to determine the linear and non-linear attributes

of the defects present in the HBL layer.

Sub-cell analysis from SEM and AFM show that a conformal coating of HBL was achieved with
all the investigated deposition techniques. Additionally, shunt detection through the DLIT
image under reverse bias also revealed the same. The forward biased DLIT analysis showed a
lot of non-linear defects in a sputtered HBL layer. Thus, the TiO-films formed by ALD and SPD
methods are more uniform and reliable in comparison to the sputtered HBL. Dark J-V curve
of the sub-cells revealed that ALD has a low onset voltage, which is an undesired quality of an

HBL.

142



6 Sub-cell analysis and optimization of FTO/perovskite interface with different HBL

Surprisingly, complete perovskite solar cells fabricated with ALD resulted in a highly stable
efficiency of 10.1 % owing to high Jsc and FF. Even though better recombination resistance at
FTO/perovskite interface was observed for SPD processed HBL through OCVD measurements,

the device performance was higher for the device with ALD processed c-TiO;.
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Figure 74: Summary diagram for Chapter 6 showing the sub-cell configuration that was
measured under DLIT and its interpretation that led to suppression of non-radiative
recombination at FTO/perovskite interface.
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7 Analysis and optimization of mp-TiO,/carbon-graphite
interface with sputtered Al,0; ultra-thin insulation layer in
carbon-based perovskite solar cells

The electrically insulating space layer takes a fundamental role in monolithic carbon-graphite
based perovskite solar cells (PSCs), and it has been established to prevent the charge
recombination of electrons at the mp-TiO,/carbon-graphite (CG) interface. Thick 1 um printed
layers are commonly used for this purpose in the established triple-mesoscopic structures to
avoid ohmic shunts and to achieve a high open circuit voltage. In this work, a reproducible
large-area procedure was developed to replace this thick space layer with an ultra-thin dense
40 nm sputtered Al;03, which acts as a highly electrically insulating layer preventing ohmic
shunts. Herewith, transport limitations related so far to the hole diffusion path length inside
the thick mesoporous space layer have been omitted by concept. It will pave the way towards
the development of next generation double-mesoscopic carbon-graphite based PSCs with

high efficiencies.

Scanning electron microscope (SEM), energy dispersive x-ray analysis (EDX), and atomic force
microscopy (AFM) measurements show the presence of fully oxidized sputtered Al,O3 layer
forming a pseudo-porous covering of the underlying mesoporous layer. The thickness has
been finely tuned for the achievement of both electrical isolation and optimal infiltration of
the perovskite solution allowing full percolation and crystallization. Photo voltage decay,
light-dependent, and time-dependent photoluminescence measurements showed that the
optimal 40 nm thick Al,O3 not only prevents ohmic shunts but also efficiently reduces the
charge recombination at the mp-TiO,/CG interface and, at the same time, allows efficient hole
diffusion through the perovskite crystals embedded in its pseudo-pores. Thus, a stable Voc of
1V using CH3NH3sPbls perovskite has been achieved under full sun AM 1.5 G with a stabilized

device performance of 12.1%.
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7 Analysis and optimization of mp-TiO2/carbon-graphite interface with sputtered Al,03

The results shown in this chapter are based on the article published by the author of this
thesis in ACS Applied Nano Materials under the title “Double-mesoscopic Hole-Transport-
Material-Free Perovskite Solar Cells: Overcoming Charge-Transport Limitation by Sputtered
Ultra-Thin Al,Os3 Isolating Layer” 187, The results are based on the devices that | produced at

Fraunhofer ISE.

7.1 Introduction

The necessity of replacing Spiro-OMeTAD with CG as a counter electrode to reduce
production cost and improve stability has been introduced in section 2.2.4. This change in
architecture leads to the introduction of the insulation layer. Its role, details regarding the
commonly used mesoporous thick insulation layer (ZrO;), and other developing insulation
layer material (Al203) have been already discussed in chapter 2.2.4 and 2.3.4. Further status-

guo on the stability analysis of this architecture was also included in those sections.

In this work, for the first time a cell architecture is presented in which a thick mesoscopic
space layer is avoided by using an ultra-thin sputtered Al;03 as an insulator to prevent direct
electrical contact between ETL and CG, giving rise to double-mesoscopic PSCs. Figure 75a
shows the focused ion beam cut cross-sectional scanned electron microscope (FIB-SEM)
image of this new device architecture before the filling of the perovskite and the magnified
cross-section of the mp-TiO2/Al;0s3 interface is shown in Figure 75b. The energy level

alignment of the material stack is depicted through the energy band diagram in Figure 75c

79,83,85
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Figure 75: (a) FIB-SEM image of an unfilled double-mesoscopic carbon-graphite CG-PSC
developed in this work (b) Magnified image of an mp-TiO./Al,03/CG interface (c) Energy
band diagram. Figure reproduced from publication &’

As explained, the function of the thin insulating Al.O3 layer is to prevent the electrical
connection of electrons in the mp-TiO; to the CG that creates direct shunt and recombination
pathways. To differentiate from the widely used triple-mesoscopic architecture in the
literature (mesoporous ETL, thick mesoporous isolation layer, mesoporous counter
electrode), hereafter, we refer to our structure as double-mesoscopic PSCs (mesoporous ETL,
sputtered thin isolation layer, mesoporous counter electrode). Pictorial representation
showing the architectural difference of a triple-mesoscopic CG-PSCs compared to a

double-mesoscopic CG-PSCs is shown in Figure 76.
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(a) Triple-mesoscopic CG-PSCs with um-thick isolation layer (ZrO,)
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Figure 76: (a) Schematic representation of a triple-mesoscopic CG-PCSs with a micrometer
thick screen printed mesoporous ZrO; sandwiched between mesoporous TiO; and
carbon-graphite layer and (b) Schematic representation of a double-mesoscopic CG-PCSs
with a nanometer thin sputtered pseudo-porous Al;03 sandwiched between mesoporous
TiO2 and carbon-graphite layer. Figure reproduced from publication ¥,

Results from optimizing the isolation layer thickness in the range between 10 nm and 100 nm
show that 40 nm already guarantees optimal film quality to avoid any ohmic shunt. It achieves
a high and stabilized Voc of 1 V and stabilized power conversion efficiency (PCE) of 12.1%,
thanks to the control of charge recombination at the mp-TiO2/CG interface. A new technique
to investigate the electrical properties of the isolation layer in an unfilled device is illustrated.
Further investigation on the charge extraction ability of a filled device was observed by space
resolved photoluminescence (PL) quenching. The combination of these two techniques
provides new insight about ohmic shunt detection in unfilled devices and recombination
suppression at the mp-TiO2/CG interface in perovskite filled devices. Conclusively, through
this section, a discussion is opened if a thick space layer (i.e.,> 0.5 um) is detrimental for the
efficient performance of CG-PSCs, and the new double-mesoscopic CG-PSC architecture is

introduced.

7.2 Device fabrication

The FTO glasses were cleaned, as mentioned in section 6.2.1. A compact layer of TiO; (c- TiO3)
of 20 nm was sputtered, as given in section 3.1.2.2. 1.5 um of mp-TiO2 was screen printed and

sintered at 500°C for 30 min. Different thicknesses of Al,0s were sputtered using the

parameters mentioned in section 3.1.2.3 and sintered at 500°C for 30 min. Then, a carbon-
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7 Analysis and optimization of mp-TiO,/carbon-graphite interface with sputtered Al,Os

graphite (CG) counter electrode of a thickness of 8 um was screen printed and sintered at
400°C for 30 min. The process parameters for screen printing TiO, and CG were already
defined in section 3.5.1. Finally, 1.2 M 1-step perovskite solution was prepared by mixing
1.106 g of Pbl,, 3.624 g of MAI, and 0.0294 g of 5-AVAI in 2 ml GBL. 4.5 pl of the solution was
drop casted into each device. The devices were kept in an enclosed space by covering using a
glass lid during its wait time at room temperature for 30 min. It is then transferred to a hot
plate of 50° C. The cells are still kept closed within the glass lid on the hot plate for 30 min.
The lid is then opened, and the cells are further annealed for 1 h at 50° C. Keeping the cells in
a closed space at RT allows efficient spreading and percolation of the precursor solution into
the stacks. Further, annealing in a closed space prevents fast perovskite crystallization. It

additionally facilitates enhanced pore filling of the thick mesoporous TiO; layers.

7.3 Results and discussion
7.3.1 Sub-cell characterization of ultra-thin sputtered Al.Os layer

The sub-cell characterization involves analyzing the Al,O3 sputtered layer either on the Si
wafer or on the mp-TiO; layer. Various characterizations such as SEM, AFM, TEM, and contact
angle measurements are shown to identify the crystalline nature, roughness, and porosity of
the sputtered layer. The comparison between sputtering Al,03 on Si wafer and mp-TiO2 shows
that the sputtered layer adapts to the morphology of the underlying layer. This section also
shows the importance of the sintering of the Al;0s. It is also analyzed using a sub-cell
configuration for a strong understanding.

7.3.1.1 SEM, AFM and TEM analysis comparison of sputtered 10 nm Al;03 on Si wafer

and mp-TiO;

In this work, sputtered Al,Os3 as the isolating layer in CG-PSCs was chosen to achieve ultra-thin
and conformal covering for the fabrication of an insulation layer in carbon-graphite based
perovskite solar cells (CG-PSCs). Thus, a manufacturing technique that can allow the transition
to larger-scale production was chosen. Many literature reports show that the layers achieved
using the sputtering technique is compact in nature 721818 However, it is demonstrated here
that the compactness for a very thin layer is governed by the underlying layer onto which they
are sputtered. A sputtered layer on a flat substrate and on a mesoscopic layer was examined

to study the difference in morphology. Figure 77 shows the top-view scanned electron
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7 Analysis and optimization of mp-TiO2/carbon-graphite interface with sputtered Al,03

microscope (SEM) image of a 10 nm Al,03 sputtered on top of Si substrate (Figure 77a) and
on mp-TiO; (Figure 77c). Their corresponding atomic force microscopy (AFM) images are
shown in Figure 77b and Figure 77d. Both SEM and AFM reveal that the Al,03 sputtered on a
mesoporous layer is less dense, mirroring/adapting to the morphology of the underlying
mp-TiO2 layer. Thus, as observed, a pseudo-porous layer is formed when a compact layer
adapts to the porosity of the underlying porous layer. The change in the morphology of the

sputtered layer facilitates the infiltration of the perovskite precursor solution that is drop

casted as the last step in the CG-PSCs production.

Figure 77: (a) Top-view SEM image of sputtered 10 nm Al;Ozon a flat Si-wafer surface

(b) AFM of sputtered 10 nm Al;O3 on Si with color scale + 3 nm (c) Top-view SEM image of
sputtered 10 nm Al;03 on mp-TiO; (d) AFM of sputtered 10 nm Al>03 on mp-TiO; with color
scale + 70 nm. Figure reproduced from publication &’
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7 Analysis and optimization of mp-TiO,/carbon-graphite interface with sputtered Al,Os

The crystalline property of the sputtered Al,Os was investigated through a transmission
electron microscope (TEM) and X-ray diffraction in grazing incidence mode (GIXRD). The TEM
image in Figure 78a shows the surface facets of the TiO, nano-crystals (as parallel lines),
indicating the presence of crystalline TiO; layer. A non-defined layer surrounding the parallel
lines defines the presence of an amorphous Al;0s layer. The elements present in the layer are
shown in Figure 78b through the energy dispersive x-ray (EDX) analysis. The presence of an
Al,Os layer is confirmed by the presence of an Al peak (as seen in Figure 78b). Additional Al,03
property analysis was carried out using GIXRD. No sharp peak present in the GIXRD mapping
(Figure 78c) confirms that the sputtered Al,03 is amorphous. Interesting to note is that this
thin and conformal covering layer is enough to isolate the TiO, nanoparticle from the

electrical contact with the flaky nature of the carbon-graphite electrode.
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Figure 78: (a) TEM image of mp-TiO2/10 nm Al,Os (b) Elemental analysis using EDX in TEM
(c) GIXRD of Si/100 nm Al;Os. Figure reproduced from publication *¥’.
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Sintering effects in sputtered Al,O3

To achieve insulating properties and for better light absorption, it is essential to fabricate a
transparent and completely oxidized Al,03 layer. Thus, to ensure complete oxidation, the
sputtered layers were sintered at 500° C for 30 min. To compare the surface topology of the
sintered and non-sintered layers, Atomic force microscopy (AFM) and SEM images were
captured for 100 nm Al;Os sputtered on a Si wafer. The resulting images from the optical
measurements (AFM and SEM) show the increase in particle size after sintering. Qiang et al.
show that this increase in the size of crystals with low surface energy is a result of decreased
internal strain caused during sintering 1°°. The cross-section SEM images, together with its
AFM images in the inset, are shown in Figure 79a and Figure 79c for non-sintered and sintered
Al,Os layers, respectively. These, along with its corresponding magnified specific spot image
in Figure 79b and Figure 79d, shows that the layer properties have visibly changed after

sintering, showing pseudo-porous Al,Osz layer.

As processed Al,0,

100 nm Al,O; on Si

Sintered Al,O,

Figure 79: (a) Cross-section SEM image of as processed 100 nm Al;O3 sputtered on Si wafer.
Inset shows the top view of the AFM image. (b) Magnified image of a section in (a). (c) Cross-
section SEM image of sintered 100 nm Al,O; sputtered on Si wafer. Inset shows the top view
of the AFM image. (d) Magnified image of a section in (c). Figure reproduced from
publication &7,
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7.3.1.2 Thickness optimization of sputtered Al,Os layer on mp-TiO;

SEM images of the different Al,O3 thicknesses on mp-TiO; in tilted and cross-sectional view
are shown in Figure 80. The porosity of the mp-TiO; layer is noticeable in the SEM of the layer
stack without Al,03 (w/o SL) (Figure 80a). Additionally, it is clearly visible in Figure 80b-d that
the sputtering leads to the formation of an Al,O3 layer with high open porosity at 10 nm and
nearly closed particle boundaries at 100 nm as a result of the dense Al>Os structure growth.
Itis important to allow complete infiltration and homogenous crystallization of the perovskite
solution in the cell stack. It ensures efficient light-harvesting and efficient charge transfer
thanks to the electrical coupling of perovskite crystals with the cathode. Therefore, it is
expected that the Al;03 thickness increase will hinder the infiltration of the perovskite
precursor solution from filling the underlying mesoporous layer and thereby resulting in lower

photocurrent.

V 1=40.05nm H

w“‘a A0, |

&0 ,3
ol 200 8 ;_mF’:T'Of,'

Figure 80: Tilted SEM images of different Al;Os thicknesses sputtered on 1.5 um of mp-TiO;
(a) No Al,Os— referred to as w/o SL (b) 10 nm Al203 (c) 40 nm Al;,0sand (d) 100 nm Al,0O:s.
Corresponding cross-sectional images are seen in the inset. Figure reproduced from
publication &,
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Detailed information on CA measurements on different thicknesses of Al,0s is shown in Figure
81. Figure 81a shows the representative image captured under a CA setup where CA is the
contact angle, H is the height of the droplet formed on the layer under inspection, and BD is
the base diameter of the droplet. The graph in Figure 81b shows the height of the droplet
formed on the mp-TiO,/Al,03 layer measured over time, where DI water is used as the testing
liquid. Figure 81c shows the series of images taken over time while the DI water is percolating
in the mp-TiO2/40 nm Al,Os layer. No change was observed in the droplet’s base diameter,
indicating that the difference in droplet height (H) is not due to the spreading of the liquid
but due to the liquid percolation into the underlying layer. This possibility of liquid infiltration
through a sputtered layer is attributed to the pseudo-porosity formed when it is sputtered on
a mesoporous underlayer, as explained under section 7.3.1.1. Lowest height of 0.17 mm and
the fastest percolation time of 30 s are observed in the absence of a sputtered insulation layer
(w/o SL). Introducing an ultra-thin 10 nm sputtered layer increases the bubble height to

0.32 mm, which has the lowest value comparing to other sputtered layer thicknesses.

Further increase in thickness affects the wetting and the liquid percolation (droplet height of
0.38 mm for 100 nm of sputtered Al;03). The results indicate that devices with 100 nm Al,O3
could present with percolation difficulties due to their increased particle size. However, the
possibility of percolation through these layers cannot be denied due to the observed droplet
height decrease over time. Similar difficulties in percolation were also observed by Xiong et
al., where they had optimized their Al,Os interlayer to 10 nm (real set thickness is 60 nm)

vacuum evaporated between mp-TiOz and 1 um ZrO, #.
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Figure 81: (a) Schematic representation of an image captured with the droplet on the layer
of interest. (b) Graph showing the trend in decreasing the height of the droplet on different
thicknesses of Al,03 sputtered on 1.5um mp-TiO; describing the solution percolation into the
mp-TiO; layer. As expected, a fast solution percolation is observed in the absence of Al;03
(w/o SL) (c) Series of photos of the contact angle measured for every 30 s for mp-TiO2/40 nm
Al;03. Figure reproduced from publication %7,

7.3.2 Characterization of double-mesoscopic CG-PSC prior to perovskite infiltration

As explained before, perovskite infiltration is the last step in PSC fabrication. Thus, analyzing
the electrical isolation over the mp-TiO2/CG interface as a function of the thickness of the
isolation layer independent of the interaction with perovskite was possible. For this purpose,
the mp-TiO; layer itself had to be made conductive by direct photoexcitation over the
bandgap of TiO, (3.2 eV) using UV light. Stevanovic et al. have recently explained the
mechanism of such TiO; conduction. They are originating from the hopping of photoexcited
electrons from illuminated to non-illuminated TiO; particles leading to electron diffusion as a
result of an electron density gradient %2,

According to the varying thickness of Al,Os, our devices are named as 10 nm Al;03, 20 nm
Al;03, 40 nm Al;,03, and 100 nm Al;0s. The unfilled electrode stack (c-TiO2/mp-TiO2/Al,03/CG)

with different thicknesses of Al,03 was illuminated from the glass side using a UV-LED (365
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nm). All devices shared the same structure with thicknesses as follows: 20 nm c¢-TiO2/1.5 um
mp-TiO2/Al,03/8um CG. Linear-scale J-V curves and the scheme of the experimental setup
are shown in Figure 82a and Figure 82b, respectively. Figure 82c shows the absolute current
in log scale plotted to its corresponding voltage to determine the points of lowest current at
the respective photovoltage. For Al,O3 thicknesses above 40 nm, the current density over the
space charge region at the mp-TiO,/CG interface at Voc is only in the range of a few nano
amperes as a result of pin-hole free and an efficient isolating layer. Therefore, a high barrier
potential against electron transfer to the CG counter electrode larger than 1.3 V is observed
for AlOs thickness of more than 40 nm. It is similar in value to the theoretically achievable
photovoltage of 1.34 V for the CH3sNH3Pbls (MAPI) perovskite absorber °2 to be applied later

in the full device.
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Figure 82: Shunt detection by analyzing the perovskite independent UV, induced
photocurrent at the mp-TiO,/CG interface. The current-voltage characteristics (J-V) curve of
unfilled CG-PSCs (c-TiO2/mp-TiO2/Al,03/CG) with varying thickness of Al;Os illuminated under
UV-LED (365 nm) is plotted. (a) Experimental setup (b) Resultant J-V curve (c) corresponding
log plot of (b) measured at a scan rate of 5 mV/s. Figure reproduced from publication 7.
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733 Characterization of perovskite filled complete device

Elemental characterization, such as EDX analysis and various electrical characterizations such
as stable Voc, OCVD, suns-Voc measurement, and |-V curves, are shown for complete devices
filled with perovskite. All the devices shown in this section will have 20 nm of ¢-TiO,, 1.5 um

of mp-TiO,, and 8 um of CG. Above mp-TiO,, various thicknesses of Al,03 are sputtered.

7.3.3.1 EDX analysis

Focused ion beam - scanned electron microscopy (FIB-SEM) image and energy dispersive X-
ray (EDX) analysis of a perovskite filled double-mesoscopic HTM-free CG-PSCs are shown in
Figure 83. A defined presence of Al;0s on top of mp-TiO; is noticed along with a good pore
filling of the mp-TiO, with the perovskite. It shows that thin Al,Os layers have not hindered

the percolation of the precursor solution.

Carbon graphite

Figure 83: EDX analysis of perovskite filled double-mesoscopic CG-PSC with 1.5 um mp-TiO;
and thin Al,Oz after crystallization. Figure reproduced from publication &,

7.3.3.2 Stable Voc measurement

The results from stabilized photovoltage measurements of the complete cells (c-TiO2/mp-
TiO2/Al>03/CG) with different Al,Os thicknesses are shown in Figure 84. By just adding a very
thin 10 nm Al;03 to the mp-TiO2/CG interface, already a 130 mV increase in photovoltage was
observed. On further optimization, stabilized 1V for devices with 40 nm Al,Os has been

reached.
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Figure 84: Stabilized Voc of complete perovskite-filled devices for 100 s at 1000 W/m? AM 1.5
G. Figure reproduced from publication &',

7.3.3.3 Suns-Voc measurement

Voc vs. light intensities of Figure 85a gives additional information on the nature of shunts and
diode ideality factor present in the cells under investigation. In literature, it has been reported
that the n value of PSCs varies with the Voc stabilization time %3, It also agrees with our
measurements. To illustrate this effect, Figure 85b shows the suns-Voc measurement for
devices without Al;Os at two-time intervals, namely 0 s (Voc unstabilized) and 60 s (Voc
stabilized over 60 s). The slope from these values was used to calculate the ideality factor, n.
An ideality factor of 0.92 was observed in devices without Al,03. Calado et al. show that the
ideality factor varies with time as the Voc is influenced over time for different illumination
intensities, e.g., by ion movement 3%, To investigate the same condition in our cells, the
ideality factor with Voc values taken from the initial time and with the values after stabilizing
for 60 s was compared. Unstabilized values are observed at 0 s (denoted as w/o
SL_unstabilised), which, when plotted, results in higher slope and n values. 32 % decrease in
the slope values when plotted with stabilized photovoltage at 60 s (denoted as w/o
SL_stabilised) is observed. Thus, the comparison shows a high n value (1.36) for unstabilized
Voc (at 0 s) due to the overestimation of the dominant order recombination 3¢, Thus, only

stabilized Voc values (after 60 s) have been considered for Figure 85a.
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Figure 85: (a) Voc measured at various sun intensities using an LED array for complete
perovskite-filled devices with different thicknesses of Al>0z(b) Voc measured at various sun
intensities using an LED array for a device without space layer (c-TiOz/mp-TiO2/CG) —
measured at two different time intervals: before Voc stabilization (black line) and after 60 s
stabilization (red line). Figure reproduced from publication &',

Interpretation of suns-Voc measurement for an ideal and real solar cell has been explained in
section 4.2. Devices without Al,O3 show the n value of 0.92, pointing to a situation with
unoccupied traps. The observation of the low photovoltage of 750 mV at 1 sun indicates that
there is a low density of photoexcited charges present in the perovskite. It leads us to the
conclusion that electrons from the conduction band of the TiO, are pulled away by the
carbon-graphite leading to a strong and fast emptying of shallow trap states in the mp-TiO,.
However, with the increase in Al,O3 thickness, the electrons in the mp-TiO; become now well
isolated from the CG. It means that traps are currently occupied, leading towards an n = 2
type recombination behavior. At the same time, the charge carrier density in the conduction
band of the mp-TiO, and the perovskite is high, leading to a high photovoltage. A similar
observation has also been recently reported and interpreted by Tress et al. 132. The pictorial
representation of the recombination pathway mechanisms and its corresponding n factor is

shown in Figure 86.
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Figure 86: Schematic representation of recombination mechanisms in a device without Al;O3
and for ¢c-TiO2/mp-TiO2/Al.03/CG. Figure reproduced from publication &’

7.3.3.4 Open circuit voltage decay measurement

Under open circuit conditions, the external photocurrent in a solar cell is zero by definition. It

means that the photovoltage is determined by the equilibrium between the photogenerated

charges and the charge recombination. The graph in Figure 87a shows the voltage decay from

the stabilized Voc of the cells under illumination after the light is switched off. As explained

in section 4.2.4.1, the sharp decrease in the Voc decay as soon as the illumination is switched

off is caused by the fast recombining primary charge carriers and the recombination from

shallow traps. In the time frame of seconds (Figure 87b), the voltage value is determined by

the very slowly recombining secondary charges (i.e., deep trapped charges in mp-TiO3). The

upward shift in the voltage with respect to increasing Al;Os thickness up to 40 nm shows that

the thin isolation layer efficiently prevents the recombination of electrons at the mp-TiO,/CG
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interface. Thus, the impact of fast recombination at the interface (mp-TiO2/CG) is reduced by
introducing Al;Os3 of 40 nm (or thicker), resulting in higher photovoltages and long-living
charges. Interestingly, the voltage decay even for devices without Al,O3is slow in the seconds
range. It indicates that the decay from the deep traps is eligible in all cases and shows the

absence of ohmic shunts.
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Figure 87: Voc decay measurement with cells illuminated using red LED as the light source
with a constant current of 5650 mA (approx. 1 sun intensity) (a) for 45 ms and (b) for 60 s.
Figure reproduced from publication &’.

The absence of ohmic shunts has been studied in more detail for the case of devices without
AlbOs. An external 1 kQ resistor was connected in parallel for the voltage decay
measurements. As shown in Figure 88, the voltage drops to zero in less than 50 us,
demonstrating the absence of an internal ohmic shunt. The observation of the fast decay (i.e.,
a small amount of trapped charge) also validates the mechanism of emptying the shallow

traps through the mp-TiO,/CG interface, as described in the explanation for Figure 86.
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Figure 88: Open-circuit voltage decay measurements (OCVD) for a device w/o SL (c-TiOz/mp-
TiO2/CG) with and without a resistor. Figure reproduced from publication *¥’.

7.3.3.5 Time-dependent PL imaging

Voltage, current, and averaged PL signal as derived from time-dependent PL imaging was
recorded under constant illumination when the devices were switched between open circuit
(OC) and short circuit (SC) conditions. The graph in Figure 89a shows the corresponding results
for devices from the same batch with 10 nm Al;03, 40 nm Al;03, 100 nm Al;03, and without
Al;O3 (w/o SL). The quenching in PL intensity and the increase in the current while switching
from Voc to V = 0OV (short-circuit condition) shows the charge extraction ability of the devices,
as explained in section 4.2.4.3. At least a double exponential behavior in quenching of the PL
intensity is observed for the devices with Al,Os, which stabilizes at the same low values after
20 s. This behavior corresponds to efficient non-limited charge transport. It is confirmed by
the high Jsc values of these devices (as shown in Figure 90). The PL images corresponding to
the 9t s and the 30™ s are compared in Figure 89b, which evidently shows the efficient and
uniform PL quenching in the monitored area in devices with Al,Os.

In contrast, devices without Al,O3, after switching to SC conditions, show an initial fast
guenching of the average PL, followed by a slow recovery of the PL towards the initial value
under Voc. The initially high photocurrent drops to half of its initial value after stabilization,

also indicating charge transport problems. As PL is a measure of the number of primary charge
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carriers, this could mean, in case of devices without space layer; primary charge carriers are
mainly not contributing to the current, leaving the current to be driven mostly by long-living
secondary charge carriers. The reason for this is not fully understood. Still, it anyway indicates
that the electron transport over the mp-TiO,/CG interface creates a recombination center

and that the presence of the thin Al,Os layer is sufficient to solve this issue.
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Figure 89: Differentiating between primary charge carrier transport by observing space
resolved photoluminescence (PL) after switching from open circuit conditions to short circuit
conditions: at constant illumination (a) The graph shows the voltage, current and PL
measured while switching between two conditions, namely open circuit condition (Voc) and
short circuit condition (V = 0 V). The measurements were carried out using a red LED as the
light source with a constant current of 1413 mA whose spot diameter 2 mm was resulting in
an intensity of approx. 1 sun (b) PL images of all device at 9" and 30" s (i.e., stabilized in
open circuit and short circuit conditions) which show an efficient and improved charge
extraction for devices with Al,03 with maximum voltage, current and PL quenching observed
in devices with 40 nm Al,Os as the insulation layer. Figure reproduced from publication &7,

165



7 Analysis and optimization of mp-TiO2/carbon-graphite interface with sputtered Al,03

7.3.3.6 Average electrical parameters

Upon investigating the photovoltage and charge extraction ability of the devices, the

reproducibility of the described enhancements is observed through analyzing the average

electrical parameters. It is extracted by the J-V characteristics and stabilized measurements

for devices without SL, Al,O3, and also 1 um thick ZrO; as SL. Four to six devices from each cell

condition/typology are considered for statistics. The average electrical parameters, such as

Voc, Jsc, FF, and PCE, are shown in Figure 90, respectively. Devices with 40 nm Al,0s as the

isolation layer achieved the highest average photovoltage, thereby achieving a high PCE of

11.11% with a Voc of 983 mV with 19.28 mA/cm? Jsc, 59% FF an active area mask of 0.4 cm?.
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Figure 90: Average electrical parameters comparing devices with various spacer layers and
also different thicknesses of Al;03 (a) Voc (b) Jsc (c) FF and (d) PCE. Figure reproduced from
publication
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7.3.3.7 J-V curves and stabilized PCE of best devices

The J-V curves of the best devices from each condition are presented in Figure 91a and their

stabilized PCE values are shown in Figure 91b. When compared, ZrO; cells have a higher

average reverse PCE of 12.52 % (Figure 90d) but present a significantly lower stabilized PCE

of 8.31% (Figure 91b). The average Voc from the reverse J-V curve and the stabilized Voc for

the ZrO; based devices is 907 mV and 911 mV, respectively. It can be noticed that these values

are ~10 % lower compared to the 40 nm Al,03 devices where the average Voc measured from

the reverse J-V scan is 984 mV (Figure 90a), whereas the stabilized values are 1002 mV (Figure

84). It can be noticed that the shape of the IV curves does not represent the ideal curve.

Discrepancies are also found between IV and stabilized values. Hence, the importance of

relying on stabilized values has already been explained in section 4.2.3.

(a)
30 T T T T T
Active area = 0.4 cm?
20
E
o
<
E10F
& ——wlo SL
—— 10 nm Al,O,
0 ——20 nm AlL,O,
——40 nm Al,O,
— 1 um ZrO,
——100 nm ALO,
_‘10 1 1 I
0.0 0.2 04 0.6 0.8 1.0
Voltage [V]
(c)
30 T T T T T

Jge (mA/em?)

Active area = 0.0876 cm?

| ——40 nm ALO, reverse X
- --40nm ALO,_forward .
-10 L L L L %
0.0 0.2 0.4 0.6 0.8 1.0
Voltage [V]

PCE [%]

(b)
14 T T T
Active area = 0.4 cm?
12 E
10.7%
10 876%  g710 106% 1
8¢ 831% |
6 ——w/o SL
—— 10 nm Al,04 5.10%
4r  —20nmaLo, 1
40 nm Al,O4
2 —4um Zro,
—— 100 nm Al,O4
D L I 1
0 50 100 150 200
Time [s]
(d)
15 T T
12 -
40 nm Al,O, = 12.19%
ol
6L
3l
0

50

100

Time [s]

150

Figure 91: (a) J-V cures of the best devices from all the device conditions (b) Stabilized PCE of
the best devices from all the device conditions compared with an active area of 0.4 cm? (c) J-
V of the champion device with an active area (d) stabilized PCE of the champion device with
active area 0.0876 cm?. Figure reproduced from publication &',
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A stable PCE of 12.1% for the champion device was measured with a masked area of
0.0876 cm?(Figure 91d). Its corresponding J-V curve is shown in Figure 91c. To further
demonstrate the reproducibility of Al,Os devices, Figure 92a and Figure 92b show the
histogram of Vocand PCE from J-V curves for 28 devices with 10 nm Al,03 that were produced

over a period of 1 year.
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Figure 92: Histogram of 23 devices with 10 nm Al;0s3 (a) Voc (b) PCE. Figure reproduced from
publication ¥,

Thus, a successful replacement of the thick spacer layer (ZrO, or Al,03) with an ultra-thin
isolation layer provides a reduction of the transport limitations of such PSC architecture.
Results show the capability and true potential of double-mesoscopic HTM-free CG-PSCs and
bring to the conclusion that the state-of-the-art thick space layers limit the performance of

CG-PSCs.

7.4 Conclusion

In this chapter, a new double-mesoscopic architecture has been introduced for hole
conductor (HTM)-free carbon-graphite (CG) perovskite solar cells (PSCs), favoring more
efficient charge transport compared to existing triple-mesoscopic CG-PSCs. A thin 40 nm
sputtered pseudo-porous Al;O3 layer can compensate the need for a conventional
micrometer thick (> 1um) mesoporous insulating space layer in triple-mesoscopic CG-PSCs.
By concept, this allows a smaller diffusion path length for holes inside perovskite photo
absorber. With this new configuration, a high photovoltage of 1.0 V and a stabilized solar

efficiency of 12.1% have been reached for CH3NH3Pbls (MAPI) perovskites. It already
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outperforms the results reported for high temperature processed triple-mesoscopic CG-PSCs

using standard MAPI perovskite by others.

SEM, TEM, EDX, and AFM measurements from the sub-cells show that the fully oxidized
sputtered Al,O3 layer covers the underlying mesoporous TiO; (mp-TiO3) layer. The pseudo-
porosity of Al,Os is therefore governed by the roughness of the underlying layer. The Al,Os
thicknesses have been finely tuned between 10 nm and 100 nm for an optimal infiltration of
the perovskite solution and allow full perovskite crystallization inside the mp-TiO; electrode
layer. The absence of pure ohmic shunts in the presence of Al,03 has been shown prior to the
infiltration of perovskite using direct photoexcitation of the TiO; layer with UV. Light-
dependent photovoltage and photovoltage decay, as well as time-dependent
photoluminescence measurements, showed that the optimal 40 nm thick Al,O3 efficiently
reduces the charge recombination at the mp-TiO,/CG interface and, at the same time, allows

efficient hole diffusion through the perovskite crystals embedded in its pseudo-pores.

The outcome of this work opens the discussion that an ultra-thin space layer efficiently
isolates the CG counter electrode from electrons, which have been transferred from the
perovskite to the mp-TiO;. The thickness of the isolation layer has been optimized to achieve
a high stable Voc by preventing the interfacial recombination of free electrons from the

illuminated perovskite region at the CG interface.
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Figure 93: Summary diagram for Chapter 7 showing that the recombination at mp-TiO,/CG
interface is suppressed. Figure reproduced from publication 8.
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8 Conclusions and outlook

8.1 Conclusions

The analysis of interfaces in perovskite solar cells is of increasing importance due to the
excellent bulk properties of the perovskite absorber material. It is essential to improve the
stability of the devices without comprising its performance for the PSCs to be commercialized.
For this purpose, not only the study of the material is critical but also its property changes
when itis in contact with the photo absorber or any other charge transport layer. Even though
various interfaces influence the overall performance of the device, it is vital to understand
each interface separately. Deeper understanding then helps in realizing specific functions of
the interfaces, which, in turn, aids in finding methods to improve them. In this direction, this

doctoral thesis shows a way to establish the interfacial analysis using sub-cell configuration.

For this thesis, three different interfaces in two different cell architectures were studied. For
each interfacial analysis, suitable sub-cell configuration and its investigation methods were
decided. Results from the sub-cells improved the understanding of the individual interface.
Then complete PSCs were fabricated. A comparison of results from sub-cells and complete
devices provided an understanding of the specific interface and the way it is influenced in a
complete device due to the presence of other interfaces. It also provided information on how

the interface analyzed in the sub-cell influences the complete device performance.

Analyzing the quality of ETL/perovskite interface:

The first interface that was analyzed and reported in this thesis (Chapter 5) was the
ETL/perovskite interface in an n-i-p planar perovskite architecture. The aim here was to
study the stability of the ETL/perovskite interface against UV illumination. All the processes
except counter electrode fabrication were done under a room ambient atmosphere. A
suitable sub-cell, FTO/SnO/perovskite, was subjected to 500 h of continuous UV illumination
to study the influence of SnO; on perovskite under UV, where SnO; is often reported to be
UV stable. The results of the sub-cells from XRD, XPS, absorbance, and PL spectroscopy
measurements showed the formation of excess Pbl; in the cell after the UV treatment.
However, surprisingly, the complete devices fabricated on this UV-treated sub-cell showed

impressive stability where 80 % of the initial PCE was maintained after 14 h under continuous
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AM 1.5 G illumination. The improved stability of the complete device could be attributed to

the passivation effect due to excess Pbl; at the HTL/perovskite interface.

e PSC architecture: Ambient processed planar PSC

e Cell configuration: Glass/ITO/SnO,/perovskite/PEDOT:PSS/MoOs/Ag

e Focus: To investigate the effect of slot-die coated SnO; at the SnO./perovskite
interface

e Sub-cell: ITO/Sn0,/perovskite

e Outcome: The UV-treatment of sub-cell improved device stability. 80 % of the initial
PCE remained after 14 h of continuous AM 1.5 G illumination.

e Published article: This work has been published in Solar RRL under the title “Improving
the Stability of Ambient processed, SnO,-Based, Perovskite Solar Cells by the UV-
treatment of Sub-Cells”. DOI: 10.1002/s0lr.202000262

Analyzing the quality of the hole blocking layer (HBL) at FTO/perovskite interface:

The second interface that was analyzed and reported in this thesis (Chapter 6) was the
FTO/perovskite interface in an n-i-p mesoporous HTL-free carbon-graphite based
perovskite cell architecture. Here also all the processes, including counter electrode
fabrication, were done in an ambient room atmosphere. The compact hole blocking layer
(HBL) is an already established solution to prevent the backtracking of electrons from FTO to
perovskite. In this work, dark lock-in thermography (DLIT), as a non-intrusive, large area
technique, is developed to study the stand-alone interface. The quality of the TiO,-HBL
processed through various deposition techniques such as sputtering, spray pyrolysis
deposition (SPD), and atomic layer deposition (ALD) has been studied. For this purpose, an
FTO/c-TiO2/u-graphite sub-cell was analyzed using DLIT. The importance of using DLIT for
shunt detection and other defects was shown. The local J-V curve of the hot spots in DLIT
provides more information other than linear shunts. The sub-cell analysis showed that all HBL
processing techniques produced a conformal coating upon FTO; however, the density of
shunts was not related to the processing technique. DLIT showed SPD and ALD helped in

uniform film deposition.

Even though conformal and pinhole-free coating was established using ALD, the dark J-V
curves of the sub-cell showed low forward onset voltage. Complete devices were fabricated
and compared. Stabilized voltage and open-circuit voltage decay (OCVD) measurements

inferred the presence of less shallow trap states in SPD, resulting in a storage type effect
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showing 224 mV of voltage 10 min after switching off the illumination. A stable voltage of 925
mV was observed for the SPD layer. However, contrary to the analysis from the dark J-V of
the sub-cell, a device with ALD processed HBL showed a high stable PCE of 10.1 % owing to
high Jsc and FF.

e PSC architecture: Ambient processed mesoporous HTL-free PSC

e Cell configuration: Glass/FTO/c-TiO2/mp-TiO2/mp-ZrO,/carbon-graphite (CG) where
mesoporous layers are filled with perovskite

e Sub-cell: FTO/c-TiO,/ p-graphite

e Focus: To investigate the quality of HBL - compact-TiO, (c-TiO2) and its role in
preventing recombination at the FTO/perovskite interface

e Outcome: The quality of the c-TiO; was analyzed using dark lock-in thermography
(DLIT). Various HBL deposition technique was analyzed. Atomic layer deposition (ALD)
proved to produce pin-hole free, shunt-free HBL thereby reducing the recombination
at c-TiO2/perovskite interface achieving photo-voltage higher than 900 mV

Analyzing the quality of the insulation layer at mp-ETL/cathode interface:

The third interface that was analyzed in this thesis (Chapter 7) was the mp-TiO2/carbon-
graphite (CG) interface in an n-i-p mesoporous HTL-free carbon-graphite based perovskite
architecture. Also, here also all the processes, including counter-electrode fabrication, were
done in an ambient room atmosphere. Using a thick 1 um mp-ZrO; or mp-Al,Os layer as an
insulation/spacer is the established technique to prevent the recombination at the
mp-TiO2/CG interface. The novelty in this work involved replacing this thick mesoporous
spacer layer with a sputtered ultra-thin Al,O3 layer. A sub-cell configuration of
FTO/mp-TiOz/sputtered Al,O3 was used to study the properties of the layer and also to
optimize it. SEM, AFM, and TEM measurements show the pseudo-porosity of an ultra-thin
sputtered layer up to 40 nm when fabricated on a mesoporous layer. Contact angle
measurements were carried out to show the wetting properties of the layer. J-V curves
measured before perovskite infiltration by photoactivation of the mp-TiO2 using UV light
showed low forward current density for the 40 nm pseudo-porous Al,O3 layer proving its
isolation property. Complete devices fabricated resulted in a highly stable voltage of 1 V with
a stable PCE of 12.1 % for devices with 40 nm ultra-thin sputtered Al>Os layer. Thus, it is shown
that a 40 nm Al,Os layer is sufficient to prevent the charge recombination at the mp-TiO,/CG

interface.
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e PSC architecture: Ambient processed mesoporous HTL-free CG-PSC

e Cell configuration: Glass/FTO/c-TiO2/mp-TiO2/Al,03/CG where mesoporous layers are
filled with perovskite

e Sub-cell: FTO/c-TiO2/ mp-TiO2/Al,03

e Focus: To investigate the quality of sputtered Al,Os; and its role in preventing
recombination at the mp-TiO,/CG interface

e Outcome: An ultra-thin 40 nm sputtered Al;Os is enough to prevent the
recombination at the mp-TiO,/CG interface. A stable photo-voltage of 1 V and power
conversion efficiency (PCE) of 12.1 % was achieved.

e Published article: This work has been published in ACS Applied Nano Materials under
the title “Double-Mesoscopic Hole-Transport-Material-Free Perovskite Solar Cells:
Overcoming Charge-Transport Limitation by Sputtered Ultra-Thin Al;Os3 Isolating
layer”. DOI: 10.1021/acsanm.9b02563.

In conclusion, this doctoral thesis shows that stand-alone interfaces can be studied, allowing
a deeper understanding of an individual interface. For this purpose, suitable sub-cells were
fabricated and analyzed. The results of the sub-cells and complete devices were compared to
understand the specific interface’s influence on the complete devices. Thereby, new
techniques can be found to improve the interface that eventually results in improved device

performance and stability.

8.2 Outlook

The thesis proposed a method (to identify and utilize a sub-cell characterization) through
which the role of interfaces, individually, without the influence from interfaces, can be
studied. The proposed method was applied to study three specific interfaces in PSCs. Two

different architecture were also involved.

The first interface studied was the ETL/perovskite interface, using a sub-cell involving only
this interface. A planar PSC was used in this case. Continuous UV exposure for 500 h led to
excess Pbl; being found on the perovskite surface. When device fabrication was completed,
it led to the device optimization attributed to the passivation of the HTL/perovskite interface.
In this case, the sub-cell was subjected to 500 h of UV stress from a particular UV wavelength.
Future work could involve various parameters, including UV intensity, wavelength, and
duration of exposure to define in detail the effects of UV treatment in PSC. The impact of the
HTL/perovskite interface can also be studied using the sub-cell technique, and the

performances of various other HTLs can be investigated.
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The second interface studied was the FTO/perovskite interface in a carbon-graphite (CG)
based PSC. The recombination at this interface was suppressed using the fabrication of
compact hole blocking layer (HBL). In this case, c-TiO,. The dark lock-in thermography
technique was used to study the electrical quality of the HBLs processed using various
fabrication techniques. In the future, DLIT analysis using the studied method of applying
graphite layer could be made for investigating each layer involved in the PSC fabrication. It
will give us the idea of how the quality of each layer plays a role in preventing/contributing to
the ohmic shunts in the device. Additionally, non-ohmic diodic type defects can also be

identified.

The third interface studied was the mp-ETL/cathode interface in a CG-PSC. Here, the
recombination at the mp-TiO2/CG interface was prevented using a sputtered ultra-thin 40
nm Al,O;s; layer. The thickness of the Al,0s; layer was optimized. However, the mp-TiO;
thickness was consistently 1.5 um. Future work could involve optimizing the thickness of
mp-TiO2 for the double-mesoscopic CG-PSC architecture to find optimum between

recombination losses vs gain in photoabsorption.

This work demontstrated the effects of strong UV exposure on a ETL/perovksite . Thus, a
technique to study the interface of interest by subjecting the specific interface to
environmental stress is suggested. Different stress conditions, such as UV, moisture, and
temperature with a gradient of exposure times, can be considered in future. The results will
help to have an in-depth knowledge of specific interfaces. Eventually, the goal towards long

term stable and efficient PSCs can be reached.
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8 Conclusions and Outlook
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Figure 94: Graphical conclusion showing the sub-cell concept, method and the main results.
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Perovskite solar cells (PSCs) are gaining increasing importance and attention in the last
decade. Even though high conversion efficiencies have been reached, one of the major
bottlenecks for the commercialization of PSCs is their stability. Issues at the interfaces
in the multilayered PSC architecture are suspected to be the significant contributor in
causing low stability.

This doctoral thesis focusses on the analysis of various interfaces present in PSCs and
traces methods to improve them. The investigation of individual interfaces is perfor-
med by developing suitable sub-cells, i.e., comprising only the particular interface of
interest. Various optical and structural characterization methods are used to determine
layer and interface properties. After this step, complete devices are manufactured
from the sub-cells, and their final performance is investigated to conclude the role

and optimization of the interfaces.
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