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Abstract

The importance of perovskite-based solar cells — the emerging materials for photovoltaic
applications — heavily relies on the increasing energy demands in recent years. The evolutionary
progress has been observed in the area of photovoltaic technologies due to the intrinsic
optoelectronic and light harvesting properties that perovskite possesses. In order to address the
ambient instability challenges posed to perovskite solar cells, structural modifications of
perovskite material are suggested by combining perovskites of different dimensionalities for the
solar cell’s application. The research on the topic of multidimensionality of dual-halide Cs-based
perovskites (i.e., CsPblxBr) is not conventional and little is reported on the different types of 2D
perovskite formation inducing materials suitable for this perovskite system. Most of the reported
2D/3D structures are based on organic and hybrid perovskites, while the inorganic PVKs are
limited to CsPbls. Thus, in this research the main focus is directed towards investigation of intrinsic
properties of dual-halide CsPbI>Br with incorporation of inorganic Cs" spacer cation via CsCl post-
treatment, which in combination resembles the properties of 3D perovskites incorporated with the
2D structures. The obtained results show that the CsCl post-treatment changes the morphology of
perovskite, its composition and crystal lattice, adjusts optical properties as well as improves the
performance of the PSC. The obtained champion PSC devices after the post-treatment showed a
48% improvement of the PCE (from 10.9% to 16.2% for the champion PSCs), and maintained

stable performance under 20% RH condition.
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Chapter 1

Introduction

1.1 Background of Perovskite Solar Cells

In the era of the ever-growing population on the planet and escalating technological
progress, the demand on electricity also increases day-by-day, and the research community is
challenged to find energy sources which could be both effective and eco-friendly. In light of the
evolving trends in emerging photovoltaics, perovskite-based solar cells (PSCs) have captivated
experts in the energy materials domain, primarily due to the photophysical and electrical properties
that perovskite materials exhibit, along with the promising potential for the implementation of
perovskite in optoelectronic applications [1]. Concurrently, PSCs have attracted considerable
interest owing to their inherent benefits, such as simplified fabrication, cost-effectiveness, and high
efficiency, all of which contribute to their substantial advantages and application potential [2].
Additionally, these solar cells possess efficient absorption of visible light, remarkable charge
carrier mobility, and an extended charge carrier diffusion length [3]. In the past decade the PSC
field has evidenced a drastic progress in power conversion efficiencies (PCEs), which is set to be
a standard criterion to assess photovoltaic devices. Looking at the records from 2009 to 2022 for
perovskite-based photovoltaics, the reported PCE underwent an increase from 3.8% up to 25.7%
by date [4]. Currently, the PCE of perovskite solar cells precipitously approach the well-
established solar cell technologies, including the predominant photovoltaic (PV) systems
employing crystalline silicon materials. In laboratory environments without concentrators, these
silicon-based PVs have recorded a PCE of 27.6%, which is a sign of comparability between the

two technologies in terms of power conversion efficiency [5].

The tunable bandgap is one more advantage of perovskite materials, because aiming to the
best energetic alignment the constituent elements within the PSCs can be finely adjusted between
electron-transporting material (ETM, or ETL), active layer (perovskite), and hole transporting

material (HTM, or HTL) [6]. With perovskite solar cells it is possible to play with the constituent
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elements of the crystal lattice, i.e. make perovskite hybrid organic-inorganic (FAPbls, MAPDI3,
where FA - formamidium, MA - methylammonium) and all-inorganic (CsPblz, CsPbBrs3,
CsPblI;Br). There is even irregular multication and multianion structures composed crystals, i.e.
Cs0.05(MAo.17F Ao.83)0.95Pb(l0.83B10.17)3. Whereas impressive efficiencies can be achieved by hybrid
PSCs, long-term environmental stability is one of the most frequently stated problems for them.
For the well-established hybrid perovskite solar cells, which include organic counterparts, such as
methylamine and formamidine cations (MA™ and FA", respectively), the thermal stability of
perovskite is a major challenge. This instability is primarily attributed to the volatility of the
organic components at temperatures starting from 80°C. The thermal instability causes difficulties
during the processing of the solar cell fabrication because usually it requires high temperature
treatments [7]. To address the issue of thermal instability, the volatile organic components of
perovskite are replaced with the inorganic cations such as cesium (Cs"), which was reported to be
a promising component for development of thermally stable all-inorganic perovskites (>350°C)
[8] This is a significant step forward in the development of all-inorganic perovskite materials.
CsPbl; is the most well-known Cs* perovskite, and it has a narrow bandgap (1.73 eV) that is ideal
for solar cell applications. However, there have been numerous reports of CsPbls perovskites
undergoing phase transitions to a non-photoactive yellow phase (from o phase to 6 phase at room
temperature) [9]. CsPbBr3 is a more stable alternative, but its high bandgap (2.3 eV) limitates it to
absorb low-energy wavelengths (>540 nm) [10]. One way to balance bandgap and stability is to
investigate the dual-halide system, which could be equidistant from CsPblz and CsPbBr;. The
optimal choice is to replace iodine in CsPbls with one bromine and obtain CsPbl>Br, which appears
to have a little wider bandgap of 1.91 eV than CsPbls but also not as high as in CsPbBr3. On top
of that, the obtained dual-halide perovskite possesses a more stable cubic phase perovskite
compared to the CsPbl; under ambient conditions [11]. Thus, the CsPbl;Br perovskite is a
promising candidate in PSC applications having advantages in both light harvesting and phase
stability. By date, undergoing rapid development, the CsPbloBr perovskites have reached 17.1%
of PCE [12].

Nowadays, the photovoltaic performance of CsPbl.Br PSCs is approaching the success of
hybrid PSCs, but still for the drastic improvements quality of the perovskite film should be
investigated in more details. Although thermal stability is a major advantage of the Cs-based

perovskites, the challenge to make them more moisture-tolerant exists till today. Many approaches
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are considered to influence the quality of the perovskite active layer, from choosing and optimizing
the fabrication technique (one-step-coating deposition [13], vacuum evaporation [14], chemical
vapor deposition [15], slot-die coating [16]) to introducing broad range of strategies such as
additive engineering [17], post-treatment and interfacial passivation [18], annealing engineering
[19].To address the challenge of ambient conditions tolerance, numerous efforts have been
undertaken, including employing hydrophobic polymer coatings and incorporating bulk organic
cations, with the aim of protecting perovskites from moisture exposure, thereby enhancing the
stability and efficiency of associated devices [20]. One of such novel approaches is
multidimensional engineering of perovskites which comprise three-dimensional (3D) bulk
structures combined together with lower dimensional perovskites. The most common structure of
perovskite utilized is 3D hybrid organic-inorganic structures, which suffer from fast degradation
mechanisms triggered by water molecules penetration in air or from increased heat transfer.
Moving to the topic of crystal alignment of the conventional perovskites, it is becoming clearer
that for 3D perovskite crystal lattices the solar cells are barely hitting their ceilings. Contrary to
conventional 3D perovskites, lower-dimensional 2D analogs are known for their strong moisture
resistance and high temperature tolerance [6]. The reduced dimensionality prevents ion migration
processes which is a backbone of the moisture induced degradation. Yet, since 2D perovskites
consist of spacer cations, they have less prominent photovoltaic properties due to their insulating
nature and decreased charge transfer (electrons and holes transfer), which should be the major
driving forces for photovoltaic devices. This is why the 2D perovskites alone are not the best
competitors to the 3D perovskites in terms of the aspect of carrier transport mobility. In order to
knit the favorable charge-transporting properties of 3D perovskites with stable 2D perovskites, the
idea of combination of 3D-2D perovskites was realized and tried in practice [21]. Eventually,
incorporation of lower-dimensional perovskites into 3D PSCs was reported to help to overcome

instability-caused issues.

1.2 Motivation

The conventional hybrid 3D perovskites being one of the trending structures for
photovoltaic applications, however, suffers from fast degradation mechanism due to the weak
moisture and thermal stability. The Cs-based perovskites are more promising in terms of thermal

stability, while multidimensional engineering is a promising solution for moisture related stability
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issues. Among the Cs-based perovskites, dual-halide all-inorganic perovskites are less common,
and the solar cell devices optimization with them are altogether least reported nowadays. The
proposed procedure consists of obtaining all-inorganic CsPblBr perovskite bulk structure with
further optimization of the active layer material with CsCl, which would serve as a Cs* spacer
cation source to induce 2D perovskite formation. It is a versatile method to provide the solar cell

better ambient stability as well as higher photovoltaic performance.
1.3 Aims and Objectives

The aims of the thesis can be divided into two major parts: obtaining uniform polycrystalline
perovskite bulk, incorporating CsCl to imply multidimensional interfacial engineering approach,
and fabrication of high-performance photovoltaic devices. It is necessary to start approaching these
aims by material optimization (Objectives 1-2). Next stage is the device fabrication on the basis of

the optimized materials (Objectives 3-4).

Objective 1. To obtain high-crystalline Cs-based 3D-perovskites

Objective 2. To obtain 2D-PVK incorporated with 3D-PVK

Objective 3. To fabricate photovoltaic devices with the integration of 3D-2D structures

Objective 4. To optimize the devices aiming to higher photovoltaic characteristics
1.4 Thesis Outline

The Chapter 2 describes the perovskite solar cell fundamentals starting from the description
of perovskite active layer, moving to the multidimensional engineering of perovskites, and ending
with the device architecture and working principle of solar cells based on perovskite. Chapter 3
will provide details on the methodology of materials preparation and device fabrication, and give
information on the techniques applied to characterize both materials and devices. Chapter 4
demonstrates the findings and observations, and discusses with interpretations each
characterization result. The last part of the thesis concludes the results and discussion altogether,

and discusses the future plans of the continuous research work.
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Chapter 2

Perovskite Solar Cell Fundamentals

2.1 Perovskite crystal structure

Perovskites are the family of materials which exhibit chemical formula ABX3, where B is an
octahedrally coordinated cation, and [BXe]" octahedra create a corner-sharing network. A is a
large cation (i.e., MA*, FA*, Cs"), and B is commonly a small cation as lead. Meanwhile, X is
anion usually is a halogen (I, Cl, Br) (Figure 1) [22]. The ABX3 structure is characterized by two
factors: an octahedral factor (i) and a tolerance factor (t). The factor t is calculated by dividing the
A-X distance by the B-X length. In ideal perovskite geometry, when a solid sphere model is

assumed, the formula is as follows [22]:
t =Ra+Rx/N2*(Rp+Rx) (1)
(where R is the radius of an ion)

Meanwhile, p is determined as the ratio Rg to Rx. In perovskites, t value is in the range from 0.81

to 1.11, while p extends from 0.44 to 0.9 [22].



17

Figure 1. Perovskite crystal structure [22].

2.2 3D-2D Perovskites

The 2D perovskites are obtained by introduction of additional spacer cations (organic
cations: phenethylamine [PEA*], octylamine [OA™], butylamine [BA*] etc.; less commonly
inorganic ions: cesium [Cs*]) into 3D perovskite crystals, which intercalate into the crystal lattice,
and form either bilayer of the form 3D/2D, or mixed 2D:3D (Figure 2). In the mixed 2D:3D
perovskites, the small 2D plates are intercalated in 3D crystals at the surface or grain boundaries,
therefore guaranteeing the defect passivation in the 3D bulk layers. In the bilayer 3D/2D
perovskites, the 2D cations form a capping layer on top of 3D bulk in the form of ultrathin film
[23]. Although the 3D-2D approach at first glance seems to be an ultimate problem-solver, the
open questions are still present in the field: how to reduce quantum confinement effect from 2D
cations, how to improve interface morphology to reduce any chance of charge recombination etc.
[23]. Finding the robust combination of 3D and 2D perovskite materials and proper device

engineering is a challenging path in front to achieving high-efficient and stable solar devices.
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Varying the Thickness of
Inorganic Lattices (n)

n=q4,2 ,3

Organic Spacer

Z A
l-l‘l
2D:3D Mixed Perovskites  3D/2D Bilayer Perovskites

Figure 2. The introduction of organic spacer into 3D bulk structure leads to the formation of

either mixed perovskites or bilayer perovskites depending on the method and materials used

[24].

The concept of 2D perovskite sandwiched on top of the 3D perovskite was realized by
several techniques, and the most popular one is applying long-chain organic cations as 2D
precursors. When the 2D precursors with long hydrophobic chains are introduced, the cation of
3D perovskite (FA, MA™ etc.) can be replaced by the new 2D bulky cations, and the 2D A>BX4

perovskite is formed.

Y. Liu et al. have demonstrated successful synergy of 3D bulk FAPbIz and 2D agent -
pentafluorophenylethylammonium iodide (FEATI). The FEA™ cation has the advantage of a long-
chain organic core and electronegative fluorine, which in combination gives it ultrahydrophobic
nature. The FEA™ cations intercalate into the FAPbI3 3D crystal and produce the highly moisture-
tolerant 2D layer of the form (FEA);Pbl4. Additionally, the aromatic part of FEA* known for its

electronic properties provided the additional hole extraction in between of perovskite active layer
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and hole-transport layer (HTL). As result, the PCE of the devices increased from 19.97% for
regular 3D perovskite to 22.09% for 3D/2D (Table 1). Although the efficiency showed no dramatic
change, the lifetime of the 3D/2D solar cells was significantly altered. Due to the enhanced
moisture stability after the 1000-h exposure of the solar cells in the atmosphere with a relative
humidity of 40%, the control 3D PSC retained only 43% of its initial efficiency, while the 3D/2D
PSCs retained 90% of the efficiency [25]. In some cases, the 2D perovskite agent may be a mixture
of different organic components. Thus, Y. Cho et al. used BAI and FAI mixture to treat 3D organic
perovskite. The BAI component has positively affected the surface morphology and
hydrophobicity, while the FAI counterpart improved the conduction band alignment with HTL
[26].

In inorganic, Cs-based perovskites, 3D/2D architecture is more challenging than for
organic/hybrid perovskites, because Cs™ is less likely to undergo cation-exchange reactions needed
for the formation of conventional 3D/2D bilayer. Due to the inability of cesium to participate in
2D capping and cation exchange, the group of Y. Wang et al. found an alternative approach - a
surface cation termination. In the beginning, they applied PEA™ cation as an active precursor in
different ways (increased concentration, analyzed the XRD and AFM, washed out the PEAI), and
evidence suggested the absence of cation exchange reactions between PEA+ and Cs™, therefore
PEA,Pbl4 2D-layer was not formed. In fact, the only process observed is the physical absorption
of PEAI by the surface of CsPbls, since CsPbls is a too robust and rigid structure for any
intercalation processes. Instead, the functional groups of PEAI are hypothesized to stabilize the
CsPDbI3 lattice structure by giving it the proper steric orientations due to the bulkiness of the PEAI
molecule. Thus, not only physical rigidity is provided to the active CsPbls layer, but also the H.O
penetration is prohibited by the PEAI hydrophobic layer. This is why under relative moisture of
85-90% the - CsPbl; completely transformed to 6 phase rapidly - within an hour, while PEAI-
treated CsPbl; started to degrade only after 24-hour exposure to high moisture [27].

Although it was mentioned that the Cs-based perovskites are highly resistant to external
ion penetration into the crystal lattice needed for 2D perovskite formation, in 2021 T. Liu ef al.
found a way to induce it by the excess of Pbl> on CsPbls surface. They created CsPbls/Pbl, first,
where Pbl; is accumulated at the grain boundaries of bulk crystals, and then applied organic cation

PEA". They reported the reaction of the excess Pbl, with PEAI at the grain boundaries, which
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produced PEA;Pbls 2D-layer. This layer gave two advantages to fabricated solar cells: 1)
passivated grain boundaries, and 2) created a required band gradient for sufficient hole transport

[28].

Many of the existing 3D/2D constructions are taking the concept of surface passivation of
3D by 2D precursors. The alternative approaches were taken in applying organic spacer-cations,
and one of them suggested by J. Li et al. is to construct an inverted structure of PSC (Figure 3c),
and deposit PEABr under the active perovskite layer. Thus, contrary to surface passivation, they
created the bottom-up passivation effect. PEABr was deposited first, and the MAPBI; was
deposited afterwards. The bottom of the active layer contacts with PEABr, and the defects at the
bottom are passivated by means of PEA" and Br™ [29].

The other type of perovskites - multiplication and multianion hybrid 3D bulk structures -
were also reported to succeed in 3D/2D architecture. For instance, T. M. Koh ef al. used hybrid
3D Cs0.05(MAo.17F Ao.83)0.95Pb(I0.83Bro.17)3 perovskite, which contained both, organic (FA*, MA™)
and inorganic (Cs") cations, and deposited BAI and OAI on top to form 3D/2D structure. Due to
the presence of organic cations (MA™, FA™) ready for cation exchange reactions with the BA™ and
OA", they obtained an evident 2D layer formed on top of the as-prepared 3D bulk. Additionally,
not only structural changes were observed, but also enhanced moisture resistance thus prolonged
lifetime of a solar cell was guaranteed (Table 1). Notably, the OA* provided the better moisture
tolerance to the cell thanks to its hydrophobic nature attributed to the longer alkyl chain [30]. In
2021, another group of M. K. A. Mohammed et al. reached exceptional success with hybrid
Cs0.05(MAo.17F A0.83)0.95Pb(l0.83Br0.17)3 perovskites, when treated with the PEAI derivative - 4-
Fluoro-Phenethylammonium iodide (4FPEAI) - as a 2D PVK precursor. The 3D absorber crystals
were slightly expanded by the means of large 4FPEAY, and in result formed 2D (4FPEA):Pbls
perovskite top layer, and the state-of-art devices produced the PCE of 19.61% compared to control
single-3D - 17.91% [31].

The perovskites of 2D:3D mixed type for simplicity can be divided into two classes:
Ruddlesden-Popper (RP) phase and Dion-Jacobson (DJ) phase, depending on the cation type
chosen. Basically, RP perovskites utilize monoammonium cations, while DJ perovskites -

diammonium cations. Passivation of all-inorganic Cs-based perovskites may undergo the route of



21

formation of Ruddlesden-Popper (RP) perovskites upon treatment with long-chain
monoammonium organic cation sources. One of the good candidates for such organic precursors
is PEAIL In 2019, K. Wang et al. reported moisture-tolerant and stable 3D:2D Cs-based perovskite,
which was obtained after PEAI post-treatment. They aimed to stabilize the black y-CsPbls phase,
and it was found that PEA™ can be a steric hindrance at the crystal growth step, therefore the

crystals possess the preferred orientations characteristic to black y-CsPbls phase [32].

More recently, instead of conventional PEALI, another group used the less obvious chemical
derivative of PEAI - 4-methoxyphenethylammonium bromide (MOPEABr). The outstanding
performance of this type of 2D:3D RP structure was obtained by S. Zhang et al., who achieved a
PCE 0f20.31%. They proposed the spontaneous formation of 2D:3D at room temperature. For this
purpose, they post-treated the as-prepared CsPblz-xBrx (x = 0.15) with a mixture of
MOPEAB-/isopropyl alcohol (IPA), and notably, any additional annealing steps were excluded.

They observed that the excess of unwanted Pbl, evident in bulk 3D CsPblz-xBrx was eliminated

after the bulk film was exposed to MOPEABT treatment, which attributes to the spontaneous
reaction of MOPEABTr with the Pbl, [33].

The presence of 2D as a layer between 3D PVK and HTL may result in inhibited upward
hole transport. Along with the optimum choice of 2D material, another approach is to engineer the
inverted structures (Figure 3c), where the perovskite active layer is in direct contact with hole-
transport layer (HTL), and 2D perovskite on top of 3D is exposed to electron-transport layer (ETL).
Using this architecture, the hole transfer to HTL is not blocked by 2D material, and on the other
hand, 2D material facilitates hole blocking at the interface with ETL, which is a much more
favorable scenario. In that sense, Q. Li ef al. applied BIZI posttreatment on top of CsPbI2Br,
obtaining 2D (BIZ),Pbl3Br perovskite. The structure was chosen to be inverted - HTL-CsPbl,Br-
(BIZI)-ETL. The deposited BIZI not only passivated the surface but also promoted hole blocking

and sufficient electron transfer [34].
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Perovskite

Mesoporous n-i-p Planar n-i-p Planar p-i-n

Figure 3. Perovskite solar cells of different structures: (a) mesoporous n-i-p; (b) planar n-i-p

(regular); (c) planar p-i-n (inverted) [35].

The all-inorganic Cs-based perovskites were previously reported to be passivated with
organic cations, which, in fact, have a drastic size mismatch with Cs*. The large size mismatch
does not provide a smooth energy level gradient needed for effective hole-propagation and
electron-blocking, therefore H. Wang et al. proposed to post-deposit inorganic 2D precursor such
as CsCl, on top of CsPbls perovskite. By the addition of CsCl, they induced partial ion-migration
between Cl” of CsCl and I of CsPbls, which created a new Ruddlesden-Popper Cs2Pbl>Cl> 2D
nanosheets embedded into 3D crystals. The obtained nanosheets provided band level gradient, and

additionally acted as an effective electron-blocking layer without the need for hole transporters

[36].

Previous to this work, the group of S. Yang et al. synthesized Cs,PbI,Cl,» 2D nanosheets
(NS) in advance and incorporated the obtained nanosheets in two places: on top of ETL and on top
of CsPbLLBr active layer. In general, they sandwiched the active layer in between the NSs, so the
heterostructure was in the form of NSs/CsPbloBr/NSs. This work is specifically focused on the
application of as-prepared nanosheets as the novel type of interface engineering of the active layer
and the charge-transporting layers (both, ETL and HTL). The bottom-up and top-down
simultaneous modification has resulted in enhanced moisture tolerance and suitable aligning of

energy levels at the interfaces [37].
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Some research works have been focusing on the enhancement of van der Waals interactions
between the interfaces, therefore, contrary to the monoammonium RP cations, they suggest
diammonium cations. Such cations have ammonia functional groups at both ends of the long-chain
organic molecule, and subsequently, induce the formation of Dion-Jacobson (DJ) 2D perovskites.
X. Jiang et al. have introduced octyldiammonium cation (ODA") into 3D perovskite of the form
(FAo0.8sMAo.15)Pb(I0.85Br0.15)3, and achieved PCE of 21.6%. The ODAI was found to react with the
PbI2 excess, creating the capping of the 3D bulk perovskite with enhanced stability under humidity
(PCE of 21.6% under a constant relative humidity = 85%) [38]. Similarly, the recent work of the
Yukta et al. showed that aromatic-core xylylene diammonium iodide (XDAI) organic cation can
increase the PCE from 19.6% to 20.74%. They achieved a hydrophobic 2D capping effect, so that
for 2D:3D under 60% RH over 1000 h the PCE maintained 80%, while for single 3D PVK it
dropped to 35%. In addition, the aromatic nature of XDAI provides an additional hole-promoting
effect at the interface of PVK and HTL [39].

However, the problem of hole extraction is still a challenge to this type of 2D:3D
heterostructures since large organic spacers hinder the charge transport from perovskite to HTL.
To address this issue, W. Li et al. introduced a new so-called Localized DJ 2D-3D
Heterostructures (L2D-3DH), where they grew the 2D on top of 3D PVK more selectively. They
applied 1,4-butanediamine iodide (BDAIL) as post-treatment of the minimal finely-adjusted
concentration so that the amount of 2D cations would be as small as to cover the bulk only at the
grain boundaries. This method not only opens the space for hole extraction by not covering the
full area of 3D bulk but also passivates the 3D crystals at grain boundaries and defenses from H.O
penetration [40]

The summarized data on the performance of solar cells reported in this literature review is given

in the Table 1.
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Table 1. Power conversion efficiency and stability of 3D-2D perovskite based solar cells.

Perovskite structure PCE (%) Stability (RH, Reference
(in the form of 3D / 2D) relative
humidity)

FAPbI; / (FEA)2Pbls 22.09 After 1000 (Y. Liu et al., 2022)
hours:
90% of initial
efficiency (RH
=40%)

CsPbl;/ PEAY 13.5 After 720 (Y. Wang et al., 2018)
hours:
13% of initial
efficiency
(RH<20%)

Cs0.05(MAo0.17F A0.83)0.95Pb(l0.83Bro.17)3 BA*: 15.74 After 100 (T.M. Koh et al., 2018)
/ hours:
BA* or OA* OA*: 15.19 86% of initial
efficiency
(RH>50%)

Cs0.05(FA0.95MAo.05)0.95Pb 21.79 After 500 h: (M. K. A. Mohammed e?
(To.9sBro.0s)3 / 4FPEAI 67% of the al.,2022)
initial
efficiency
(RH = 85%)

(FAPbI3)0.85(MAPbBr3)0.15 / 21.7 After 912 (Y. Cho et al., 2018)
iBA2Pbl4 hours:
>87% of the
initial
efficiency
(RH=75+
20%)

CsPbls/ PEA2Pbls 18.82 After 84 hours: (T. Liuet al., 2021)
81% of the
initial
efficiency
(RH=40+
5%)

PEA*"/ MAPbI3 19.46 After 1300 (J. Li et al., 2020)
hours: 86.1% of
the initial
efficiency
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20.15 After 800
hours: 92.3% of
initial
efficiency
(RH = 15-30%)

16.65 After 648
hours:
>90% of initial
efficiency
(RH=35%)

13.65 After 288
hours:
89% of the
initial
efficiency
(RH =25-30%)

14.32 After 336
hours:
95% of the
initial
efficiency
(RH=15+
5%)

15.23 After 720
hours: 100% of
the initial
efficiency (RH
=10-20%)

21.6 After 360
hours:
>90% of the
initial
efficiency
(RH = 85%)

20.74 After 1000
hours:
80% of the
initial
efficiency
(RH = 60%)

20.1 After 1300
hours:
86% of the
initial
efficiency
(RH = 70%)

(S. Zhang et al., 2022)

(S. Yang et al., 2020)

(K. Wang et al., 2019)

(Q.Lietal.,2021)

(H. Wang et al., 2021)

(X. Jiang et al., 2020).

(Yukta et al., 2022)

(W.Lietal., 2022)
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2.3 Device Architecture and Working Principles

Perovskite solar cells (PSCs) generate electricity through the flow of electrons and holes
that are created by the absorption of sunlight. When the perovskite absorber layer is exposed to
sunlight, the material absorbs photons, generating excitons, and causing electrons to move to
higher energy levels. The electron-hole pairs are separated by the electric field in the solar cell,
and upon the separation excited electrons are extracted by the electron transport layer (ETL), while
the holes move towards the hole transport layer (HTL) (Figure 4). The ETL and HTL both act as
charge transport layers that allow the electrons and holes to move further towards the metal
electrodes at either end of the solar cell. In the regular n-i-p device architecture, the bottom
electrode collects the electrons, while the top electrode collects the holes. The electrons flow
through the external circuit from the bottom electrode to the top electrode, generating an electric
current. At the same time, the holes flow from the perovskite layer through the HTL to the top
electrode, completing the circuit. The anode and cathode of a perovskite solar cell create a potential
difference that drives the flow of electrons from the perovskite material to the external circuit,

where they can be used to power devices.

Metal
~Hole extraction.

/(BJeug

Glass

. electrons
") holes

Figure 4. Schematic representation of perovskite solar cell and movement of electron-hole

pairs upon radiation [41].

Figure 5 shows the energy level diagram of a perovskite solar cell, explaining the

photovoltaic process stages. Initially, light absorption excites electrons from the valence band
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(VB) to the conduction band (CB), and in open-circuit illumination there is a nonequilibrium
concentration of charge carriers takes place, which leads to the separation of Quasi Fermi levels
(EFn and EFp) [42]. The diffusion of photogenerated electrons and holes into the electron and
hole transport layers results in charge recombination under open-circuit conditions (Figure 5b)

and rapid injection of charge carriers in different directions under short-circuit conditions (Figure
5¢).

Ultimately, the shift in EFi gives rise to an electric field that governs the directional
movement of charge carriers, consequently generating a current. In this scenario, EFn and EFp
converge at the same level, resulting in no output voltage. Under these extreme conditions, the
output power of a perovskite solar cell (PSC) is null. However, when the device operates under
conditions where both voltage and current are present, as depicted in Figure 5d [42]. The output
power of a PSC is nonzero only when the device operates under conditions where both voltage

and current coexist, leading to simultaneous recombination and charge transfer.
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Figure 5. (a) Energy level diagram of PSC; (b) Charge carrier distribution at open
circuit; (c) The distribution of charge carriers at short circuit; (d) Charge carrier behavior

under the working conditions [42].

In order to establish the proper energy alignment, choice of ETL material usually varies

among transparent metal oxides (i.e. ZnO, TiO>) as they exhibit a proper energy bandgap for Cs-
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based perovskites as well as not affecting absorption properties of the photoactive layer. Compact
TiO2 (c-TiOz), the most common among the mentioned oxides and frequently reported for
delivering high efficiency devices, has the limitation in its low electron mobility that leads to
inadequate charge separation at the perovskite layer interface. In order to address this issue, one
of the strategies involves integrating ZnO as a second ETL above TiO», since ZnO is known for
its higher electron mobility [43] and lower fabrication temperature as a bonus [44]. Although, it
has been reported that hydroxyl groups present in solution-fabricated ZnO films can lead to the
deprotonation of organic MA™ and FA" and ultimately the decomposition of organic-inorganic
hybrid PSCs [45], this issue does not affect all-inorganic PSCs as they are excluded from organic

cations.

The HTL material is comparably of less debates, and the ultimate choice is well-established
2,2'7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene (Spiro-MeOTAD), which
exhibits high hole mobility, enabling efficient transport of holes from the perovskite absorber layer
to the anode. Additionally, it has a low tendency to degrade or react with other materials in the
device, which facilitates longer lifetime of a solar cell. Finally, its good film-forming ability
provides the uniform and smooth HTL layer on top of the perovskite absorber layer, reducing the

likelihood of defects and improving charge transport within the device.

Regarding the electrodes in n-i-p planar PSCs, typically, the cathode is a commercially
available and widely used in electronics transparent conductive oxide, such as indium-doped tin
oxide (ITO) or fluorine-doped tin oxide (FTO). The transparency of the anode is a favourable
property as it allows sunlight to pass through the substrate and reach the perovskite active layer.
Moreover, ITO and FTO are both relatively stable under conditions during the fabrication and
operation of the perovskite solar cell, since the solution processing techniques usually involve high
temperatures and chemical solvents that could damage less robust materials. The anode of n-i-p
PSCs is a metal, with gold being an optimal choice, not only highly conductive and low-resistant
but also stable to corrosion, oxidation, not chemically interacting and disturbing the PSC

component layers.
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2.4 IV Parameters for Perovskite Solar Cells

The current-voltage (IV) characteristics of devices can offer insights into performance-
limiting factors. Nevertheless, owing to the intricate processes within perovskite solar cell (PSC)
devices, it is common for multiple performance-limiting mechanisms to coexist. The IV curve of
a solar cell represents the superposition of the solar cell diode's IV curve in darkness with the light-
generated current (Figure 6). The presence of light causes a downward shift of the IV curve into

the fourth quadrant, enabling power extraction from the diode [46].
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Figure 6. Graphical representation of the short circuit flow of ¢ and h* at a p-n junction[46].
i) Short-circuit current (Isc)

The short-circuit current (Isc) occurs in a solar cell when the voltage is zero, typically when
the cell is short-circuited (Figure 7). Isc arises from the generation and collection of carriers
induced by light. In an ideal solar cell with moderate resistive loss mechanisms, the short-circuit
current and light-generated current are indistinguishable. Consequently, Isc represents the
maximum current extractable from the solar cell. The overall performance and efficiency of a solar
cell depend on the short-circuit current, which is influenced by several interrelated factors. One of
the critical factors is the solar cell area, with larger cells gathering more photons and generating
increased current. To ensure a fair comparison between cells of varying sizes, the short-circuit
current density (Jsc in mA/cm?) is typically reported rather than the absolute short-circuit current,

offering a more precise representation of the solar cell's inherent performance [46].
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Another essential factor is the number of photons or the power of the incident light source.
Short-circuit current (Isc) is directly proportional to light intensity, with increased light intensity
enabling the solar cell to capture more photons and generate higher current. The light intensity on
a solar cell is denoted as the number of suns, where one sun corresponds to standard illumination
at AM1.5 or 1 kW/m?. Light intensity not only influences the short-circuit current but also affects
open-circuit voltage, fill factor, efficiency, and the impact of series and shunt resistances. The
incident light spectrum significantly determines the short-circuit current since solar cells respond
differently to various light wavelengths. Consequently, a standardized spectrum called AM1.5 is
commonly employed for solar cell measurements, closely simulating Earth's sunlight conditions

and enabling consistent comparisons among different solar cells [46].

Additionally, the optical properties of a solar cell, specifically absorption and reflection,
play vital roles in determining the short-circuit current. Absorption concerns the solar cell's
capacity to capture incident photons and convert them into usable electricity, whereas reflection
denotes the loss of photons as they bounce off the cell's surface. Finally, the minority-carrier
collection probability substantially affects the short-circuit current, dependent on factors such as
surface passivation, which lowers charge carrier recombination at the solar cell surface, and the
minority carrier lifetime in the base, which influences the collection time for charge carriers.
Optimizing these parameters can result in more efficient solar cells and increased short-circuit

currents [46].
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Figure 7. Current voltage (IV) cure of a solar cell [46].
ii) Open-circuit Voltage (Voc)

The open-circuit voltage (Voc) represents the maximum voltage attainable from a solar cell,
occurring when the current is zero (Figure 7). Voc corresponds to the forward bias imposed on the
solar cell due to the solar cell junction's interaction with the light-generated current. Voc relies on
the solar cell's saturation current and light-generated current. Although the short-circuit current
(Isc) typically exhibits minimal variation, the saturation current is of greater significance, as it may
differ by several orders of magnitude. The saturation current (Io) is contingent upon recombination
within the solar cell. Consequently, the open-circuit voltage serves as an indicator of the extent of

recombination in the device [46].
iii) Fill Factor

As previously mentioned, the short-circuit current (Isc) and open-circuit voltage (Voc)
represent the maximum current and voltage attainable from a solar cell, respectively. Nonetheless,
power generation is zero at these operating points. Meanwhile, the fill factor (FF), a crucial
parameter used alongside Voc and Isc, determines a solar cell's maximum power. FF is defined as
the ratio of the solar cell's maximum power to the product of Voc and Isc, which serves as an

indicator of the IV curve's "squareness.":
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A higher voltage solar cell has a larger potential FF due to the reduced area of the IV curve's

"rounded" portion (Figure 8) [46].
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Figure 8. Graphical representation of the FF in the IV curve [46].

One of the primary factors affecting FF is recombination processes occurring within perovskite
solar cell (PSC) component layers. Recombination removes a hole when an electron stabilizes into
the valence band. Radiative and nonradiative recombination are two types that occur in solar cells.
Radiative recombination involves an electron from the conduction band directly combining with
a hole in the valence band, releasing a photon with energy similar to the band gap. Nonradiative
recombination occurs when an electron or hole trapped in a defect or impurity recombines with a
hole or electron in the perovskite's valence or conduction band [46]. In polycrystalline perovskite
thin films, defects or impurities are likely concentrated at grain boundaries (GBs) and film
surfaces. While nonradiative recombination at interfaces influences PSC performance, GBs' role

in device performance remains debated [47].

Parasitic resistances, such as series resistance (Rs) and shunt resistance (Rsn), also are the reasons
for changing FF (Figure 9). Resistive effects in solar cells reduce efficiency by dissipating power

in resistances. Series resistance (Rs) can originate at interfaces between the perovskite layer and
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adjacent layers (ETL, HTL), with imperfections or impurities leading to increased contact
resistance and hindered charge carrier transport. The ETL, HTL, perovskite material resistance,
and electrode resistance also contribute to the overall series resistance. Conversely, significant
power losses due to low shunt resistance (Rsu) are typically attributed to manufacturing defects
rather than poor solar cell design. Low shunt resistance causes power losses by providing an
alternate current path for light-generated current, reducing the current flowing through the solar

cell junction and the voltage from the solar cell [46].

series resistance Current
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Figure 9. Series and shunt resistances (Rs and Rsp) in a solar cell circuit [46].
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Chapter 3

Methodology

3.1 Materials preparation
i) Electron-transport layer (ETL)

Prior to the deposition of ETL materials, the fluorine-doped tin oxide (FTO) coated glass
substrates were preliminarily prepared. The FTO-coated glass substrates were sequentially cleaned
with isopropanol (IPA), and sequential sonication in detergent included water, distilled (DI) water,
acetone, and IPA for 15 min in each solvent, by two rounds. After the substrates are cleaned, they
are dried under direct N> flow, followed by UV-ozone treatment for 20 min. The TiO, ETL
precursor solution is pre-synthesized from TTIP, IPA, PVP and acetic acid. First, 150 mg of
polyvinylpyrrolidone (PVP) was dissolved in IPA (6.25 mL) and acetic acid mixture (1.25 mL).
Next, the mixture was gradually added to the mixture of IPA (6.25 mL) and TTIP (1.25 mL).
Finally, the solution was diluted in the additional 15 mL of IPA.

The second layer of ETL composed of ZnO ink solution, which was filtered and

ultrasonicated for 15 minutes before the deposition.
ii) Perovskite active layer

The perovskite precursor was prepared by dissolving 0.9 M Csl, 0.45 M Pbl,, and 0.45 M
PbBr; in DMF:DMSO solvent mixture (4:1, 1 mL). The solution was stirred in a vortex mixture

for 12 hours to dissolve all components in an N> glove box. The CsCl solutions were prepared with

by dissolving CsCl crystals in IPA (0.45 M).
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iii) Hole-transport Layer (HTL)

The Spiro-MeOTAD solution for HTL was prepared by dissolving 40 mg of Spiro-
MeOTAD powder in 0.5 mL of chlorobenzene (CB), 14.5 ul of TBP, and 9 pl of lithium (Li) salt.
The Li salt was prepared by adding 520 mg of LiTFSi to 1 mL of acetonitrile.

iv) Device Fabrication

The pre-TiO: solution was spin-coated (3000 rpm, 3000 rpm/s, 30 sec) on FTO-glass (70
uL), followed by a sintering step at 500°C for 2 hours for obtaining c-TiOz single layer. After the
substrates were cooled down to room temperature, the second layer of ETL was deposited: 70 uL
of ZnO ink solution was spin-coated on top (3000 rpm, 3000 rpm/s, 30 sec), and annealed at 110°C

for 10 min. Then, the double-layer ETL-covered substrates were put to the UV-ozone treatment.

The CsPbl;Br film was fabricated by spin-coating perovskite precursor solution (70 pL) at
1000 rpm for 10 s and 5000 rpm for the 30 s. The films were annealed on a hotplate at 40 °C for 2
min and 250 °C for 10 min to complete the crystallization of perovskite film. For obtaining CsCl-
treated CsPbl>Br perovskites, 70 pL of CsCl in IPA solution (0.45 M) was spin-coated at 5000
rpm, 5000rpm/s, 20 sec on top of the pristine as-prepared CsPbl,Br perovskite. For the different
CsCl treatment duration, the time of loading of the CsCl before the spin-coating step was varied

from 10 seconds to 5 minutes. Then, the substrate was annealed under 100°C for 10 min.

The Spiro-MeOTAD-based HTL was deposited on top of the as-prepared perovskite by
spin-coating the Spiro-MeOTAD solution at 3000 rpm, 2500 rpm/s for 30 sec.

The gold electrodes were thermally evaporated on the HTL layer under the vacuum of 10

¢ Torr, and had the final thickness of 70 nm.
3.2 Materials Characterization
i) X-Ray Diffraction (XRD)

X-ray powder diffraction (XRD) is used to determine the crystallographic characteristics

of a target material or identify the crystalline materials. The observation is based on their unique
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atomic structures, and in order to investigate the material in an atomic level, the x-ray radiation is
used. The X-rays interact with crystal lattices, and the XRD analytical approach gives information
on the crystallographic planes of a material which has a specific atomic ordering. The working
principle of the XRD instrument starts from the source emitter - X-ray tube. The tube generates
X-rays by bombarding a target material, often made of metals such as copper, molybdenum, or
chromium, with high-energy electrons. The electrons are typically accelerated by applying a high
voltage across the tube. When the accelerated electrons strike the target material, they cause the
emission of X-rays due to the interaction between the electrons and the target atoms. The emitted
X-rays are then used to illuminate the sample under investigation in the XRD analysis. The
scattered rays then reach the detector, and the angle between the incident and diffracted rays is
recorded, and denoted as 6. Constructive interference occurs when the top and bottom wave-paths
coincide, resulting in a peak on the XRD spectrum. Conversely, destructive interference occurs
when the paths do not align, leading to an absence of peaks in the diffractogram. To achieve
constructive interference, the lower wave-path must travel an additional distance, denoted as A. By
considering the information about O, A, and the interplanar distance (d-spacing), and applying
geometric principles, A can be equated to the following formula according to the Bragg’s Law

[48]:
nAd = 2d(sin O) 3)

For XRD measurement, a sample of perovskite thin film on top of the FTO-glass substrate
was put in the fixed chamber on a sample holder of the XRD System (SmartLab Rigaku). In the
SmartLab Studio II software the angle range was set to be from 10° to 40°, speed duration time at
3.5, data acquisition mode - 1D, the monochromatization method is K beta filter, voltage 40 kV,
and current 30 mA. Additionally, the optics alignment was chosen to be Bragg-Brentano focusing.
Throughout the analysis, first, the optics alignment was completed, then the sample allignment
was started. After the alignment steps were finished, the measurement started, the source and
detector's positions were simultaneously changing, increasing the 6 angle. Upon completion, the

raw data was saved, and the X-ray source and detectors returned to their original positions.



37

ii) Scanning Electron Microscopy (SEM)

Scanning electron microscopy is an imaging technique that gives information about
topography and chemical composition of a sample material from its scattered electrons and X-
rays. SEM benefits from optical microscopy by the allowed resolution and magnification of the
image. It can spatially resolve objects as small as 20 nm, and magnification can be as large as
3'106 times. It also allows not only to see the topography of a sample but also conduct qualitative
analysis of chemical composition of a specimen, assess thickness of coatings, measure dimensions
of nano-scaled objects. However, the energy dispersive X-ray spectrometry (EDS) is not that

powerful compared to other types of spectroscopy techniques [49].

The principle of SEM is based on the effect of electron scattering from the surface of a
sample material. In order to eject initial electrons with high enough energy, the source of some
material (i.e. tungsten filament) is heated, and a beam is generated. The path electron beam needs
to be precisely controlled, and for this purpose, they firstly go through positively-charged anode,
which deflects electrons so that they fly in a specific direction. During the process, vacuum
conditions are required, since the molecules in air may obstruct the straight path of electrons. Next,
the path of electrons is controlled by electromagnetic lenses, which are basically coils of wires that
undergo current. Here a magnetic field is generated, and the adjusted effect of the magnetic field
can create a desired path of electrons. The condenser is an electromagnetic lens that converges the
beam and adjusts the size of the beam - this is how resolution can be achieved. Objective lens is
another type of electromagnetic lens which also converges the beam by helping to create a desired
focus on the specimen. The scanning of the specimen surface is done in a raster pattern, which is
achieved by scanning coils [49]. The electrons are scattered from the surface of a specimen, and

finally collected by detectors.

There are three detectors: one collects backscattered electrons (BSE), another - secondary
electrons (SE), third - X-rays. BSEs are the incident electrons which return back as a result of
elastic scattering between the incident electrons and a specimen material. It gives information
about different atomic numbers over the scanned region in the way that the heavier elements, the
brighter it is shown in image. SEs come from the atoms of a specimen material after incident

electrons “kick out” the inner electrons. They give information about the surface of a material, and
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are most responsible for 3D image. X-rays are also detected by SEM, which is useful for energy
dispersive x-ray spectrometry (EDS). Using X-rays it becomes possible to identify elemental
composition of a specimen. From detectors the collected signals are then converted into image and
displayed on a PC monitor. The equipment used in this methodology is SEM Crossbeam 540
(Zeiss).

Sample preparation and data acquisition:

1) Perovskite-coated samples were sputtered with 4 nm of gold in order to make the top and
cross-sectional surfaces more conductive;

2) Samples were attached to the multi-holder on top of pin stubs by carbon tape. The pin stubs
were tightened to the holder before putting it into the sample chamber. Sample chamber
and the SEM column were vacuum sealed;

3) The sample holder was closely adjusted under the beam booster, and the analysis was
started;

4) Column mode was set to either “Analytic”; EHT = 5kV; WD = 3.8 mm; Scan Speed = 4; [
Probe = 100 pA. The obtained images were saved.

iii) Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a high-resolution imaging technique that allows for
the visualization of surfaces at the atomic level. It operates based on the interactions between a
sharp probe tip, mounted on a flexible cantilever, and the sample's surface. The working principle
of AFM involves three key components: a sharp probe tip, a cantilever, and a detection system.
The probe tip, usually made of silicon or silicon nitride, is attached to a flexible cantilever. The tip
is brought close to the sample surface, and the interatomic forces between the tip and the surface
cause the cantilever to deflect [50]. There are several modes in which AFM can operate, but the
two most common modes are contact mode and tapping mode. In this mode, the probe tip maintains
constant contact with the sample surface. As the tip is scanned across the surface, the interatomic
forces cause the cantilever to bend. A feedback loop is used to maintain a constant deflection,
which corresponds to a constant force between the tip and the surface. By monitoring the vertical
movement of the probe needed to maintain this constant force, a topographical map of the surface

is generated. In tapping mode, the cantilever is oscillated at or near its resonance frequency. As
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the probe tip approaches the surface, the oscillation amplitude is reduced due to the tip-sample
interactions. A feedback loop is used to maintain a constant amplitude, which corresponds to a
constant force between the tip and the surface. By monitoring the vertical movement of the probe

needed to maintain this constant amplitude, a topographical map of the surface is generated [50].

The detection system, usually based on a laser and a position-sensitive photodiode (PSPD),
measures the deflection or oscillation amplitude of the cantilever. A laser beam is directed onto
the back of the cantilever and reflected onto the PSPD. As the cantilever bends or oscillates due to
tip-sample interactions, the laser spot on the PSPD moves, providing a measurement of the
cantilever's movement [50]. The data obtained from the detection system is processed to generate
a high-resolution, three-dimensional topographical image of the sample surface. The equipment
used in this methodology is Atomic Force Microscope SmartSPM 1000, the software is Qscan.

The samples were scanned at ptsX and ptsY = 512 referring to the scan size in x and y directions.
iv) X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a method to investigate surface chemistry (up
to 10 nm), which yields information on the elemental composition and their corresponding
chemical states. During XPS analysis, X-ray beams coming from a monochromatic source such as
a magnesium or aluminum anode are bombarded on the surface of a sample, they ionize the atoms
in the outermost layer, causing the emission of photoelectrons [51]. The energy of the emitted
photoelectrons is characteristic of the chemical bonding state of the atoms from which they were
emitted, and electron energy analyzer measures the kinetic energy of these photoelectrons. The

binding energy (BE) can be calculated using the equation:
BE =hv-KE 4)

where hv represents the energy of the X-ray. Changes in the binding energy of a
photoelectron are caused by the chemical surroundings of an atom, leading to variations in the
measured kinetic energy (KE) [51]. By analyzing chemical shifts, it is possible to obtain
information about the chemical interactions in the material. For CsPbl,Br perovskites, the targeted

elements and corresponding orbitals are Cs 3d, Pb 4f, I 3d, Br 3d.
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v) Photoluminescence Spectroscopy (PL)

Photoluminescence (PL) spectroscopy is a non-destructive optical technique used to
characterize the properties of semiconductor materials such as bandgap, defect states, and carrier
lifetime. It involves the excitation of a material with a light source (such as a laser) to create
electron-hole pairs, followed by the recombination of these pairs, which results in the emission of
light (photoluminescence). The emitted light's spectral distribution and intensity provide

information about the material's electronic and structural properties [52].

Perovskite material is prepared on a glass substrate, and placed on a sample holder special
for thin films. A monochromatic light source, usually a continuous-wave or pulsed laser, is used
to excite the perovskite material, inducing the energy of the incident photons greater than the
bandgap of the material, which enables the promotion of electrons from the valence band to the
conduction band, creating electron-hole pairs. After the excitation, the excited electrons and holes
in the material recombine either radiatively (photons) or non-radiatively (phonons). Radiative
recombination results in the emission of photons (photoluminescence), while non-radiative
recombination dissipates the energy as heat. The photoluminescence signal is directly related to
the efficiency of radiative recombination. The emitted photoluminescence signal is collected using
optical components such as lenses or mirrors, and is then focused onto a spectrometer. The
spectrometer disperses the collected light according to its wavelength, allowing for the analysis of
the emitted light's spectral distribution [52]. In current experiments the important region to analyze
the PL is 550-750 nm, since in this range a peak appears corresponding to the bandgap energy of
typical Cs-based perovskites.

To confirm the presence of defect states and construct more detailed map about their nature,
it is beneficial to correlate the PL data with other characterization techniques such as deep-level
transient spectroscopy (DLTS), electron paramagnetic resonance (EPR), or X-ray photoelectron
spectroscopy (XPS). These techniques can provide complementary information about the type,
concentration, and energy levels of the defect states, allowing for a more comprehensive

understanding of perovskite quality.
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vi) UV-Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy is a technique for characterizing the optical properties of perovskite
materials such as its absorption, transmission, or reflection of light in the ultraviolet, visible, and
near-infrared spectral regions as a function of wavelength. One of the key parameters obtained
from visible spectroscopy is the absorption coefficient, which provides information about the
material's bandgap and the efficiency of light absorption in the solar cell [53]. After the sample is
placed in a UV-Vis spectrophotometer, the spectrophotometer measures the absorption in a range
of 500-800 nm, since for Cs-based perovskites it is the most valuable region to evaluate energy
bandgap. The spectrophotometer uses a light source (a combination of tungsten or halogen lamp
for the visible range) to illuminate the sample. The absorbed light is collected and directed to a
detector, which measures the light intensity as a function of wavelength. Next, the
spectrophotometer records the light intensity at each wavelength and calculates the absorbance
spectrum of the sample. The absorbance spectrum (A) is particularly important for determining

the material's optical properties, such as the absorption coefficient (o) and the bandgap (Eg) [53].

To determine the bandgap of the perovskite material from the absorption spectrum, Tauc
plot is used, where the absorption coefficient can be calculated from the absorbance (A) using the

Beer-Lambert law:
o=A/d (5)
where d is a thickness of the film

Then, the photon energy (hv) is found by converting the wavelength of the absorption

spectrum to photon energy using the equation:
hv=he /A (6)

(where h - Planck's constant, ¢ - speed of light, and A - wavelength). The Tauc plot is then plotted
as a graph of (ahv)? versus the photon energy (hv). In the Tauc plot, the linear region corresponds
to the material's absorption edge, and by extrapolating this linear region back to the photon energy
axis (ahv = 0), the value at the intersection point with the photon energy axis represents the

bandgap (Eg) of the material.
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3.3 Device Characterization

i) Current-voltage characteristics (I-V)

The current-voltage (I-V) characteristics of a perovskite solar cell describe the relationship
between the current generated by the device and the voltage applied across its terminals. I-V
measurements are crucial for evaluating the performance and efficiency of solar cells, as they
provide key parameters such as the short-circuit current (Zsc), open-circuit voltage (Voc), fill factor
(FF), and power conversion efficiency (PCE) [46]. The light I-V curve is particularly relevant for
evaluating the solar cell's performance when converting sunlight into electrical energy, therefore
the measurements were performed using a Keithley 2440 source meter under the AAA class
ORIEL Sol3A solar simulator equipped with an AM 1.5G filter at 100 mW/cm?. The samples were

measured under the aperture of the distinct diameter of 1.2 mm?.

After the light is illuminated on the back side of the PSC, the maximum current generated
by the solar cell when the voltage across the terminals is zero (V=0) corresponds to the Isc value.
It represents the total amount of photogenerated current in the solar cell, and it is directly
proportional to the incident light intensity and the cell's ability to absorb and convert photons into
charge carriers. The open-circuit voltage (Voc) is the voltage across the solar cell's terminals when
no current flows through the external circuit (I=0). It is an indicator of the built-in electric field in
the solar cell and is influenced by factors such as the bandgap of the perovskite material, carrier
recombination, and the quality of the interfaces between different layers in the device. The
maximum power output (Pmax) that the solar cell can deliver to the external circuit is a product of
the current (Imax) and the voltage (Vmax) at this specific point on the curve, and is called maximum
power point (MPP). One more important characteristic is a fill factor, which is a measure of the

solar cell's "squareness" or the quality of the I-V curve. It is defined as the ratio of the maximum
power output (Pmax) to the product of the short-circuit current (/sc) and open-circuit voltage (Voc)

[46]:
FF = Pmax / (]SC x VOC) (7)

Ideal FF has a value of 1, and corresponds to the I-V curve which is a perfect square-shape.

In reality, such behaviour of the I-V curve does not appear, therefore typical FF has a value of less
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than 1. However, FF can be compared between the control and optimized devices, and the higher
value indicates a more efficient solar cell, as it signifies reduced resistive losses and better charge
extraction. Finally, the key performance metric of PSCs and a major evaluation criteria to aim for
- power conversion efficiency (PCE). It is defined as the ratio of the maximum power output (Pmax)
to the incident light power (Pin): PCE = Pmax / Pin. The PCE takes into account the short-circuit
current (Isc), open-circuit voltage (Voc), and fill factor (FF) and provides a comprehensive measure

of the solar cell's ability to convert sunlight into electrical energy [46].
ii) Quantum efficiency (QE)

Quantum Efficiency (QE) is an important parameter for evaluating the efficiency of a solar
cell in converting absorbed photons into charge carriers that contribute to the photocurrent. IQE
takes into account the losses within the solar cell, such as carrier recombination and incomplete
charge extraction. It is closely related to the External Quantum Efficiency (EQE), which measures
the efficiency of the solar cell in converting incident photons into photocurrent [54]. EQE is the
ratio of the number of charge carriers collected by the solar cell's contacts to the number of incident
photons at a specific wavelength. To measure EQE, a monochromatic light source is used to
illuminate the solar cell with light of varying wavelengths. Here the chosen range for CsPblLBr
perovskites is between 300 nm and 750 nm. The photocurrent generated by the solar cell is
measured as a function of the incident light wavelength, and the EQE spectrum is obtained by
normalizing the photocurrent with respect to the incident photon flux. EQE gives a general map of
information about reflection losses, incomplete light absorption, carrier recombination, and
inefficient charge extraction, while IQE focuses on the processes that occur within the solar cell

after light absorption (charge generation, separation, and collection) [54].
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Chapter 4

Results and Discussion

4.1 Scanning Electron Microscopy (SEM) and Atomic Force Microscopy
(AFM)

To study the morphological and topographical properties of perovskite, the top and cross-
sectional SEM images were obtained demonstrating the perovskite thin film before and after CsCl
treatment (Figure 10). The obtained perovskite layer has a smooth surface morphology with low
density of defects, and the large grain size exceeding 1.5 pm. The top and the cross-sectional views
show that the surface coverage is uniform and without pin holes. Large grain size and uniform
surface coverage of the perovskite layer lowers the chances of non-radiative recombination and
charge carrier trapping effect within the perovskite layer, which plays a significant role in

enhancing the power conversion efficiency of PSCs.

From the top view the morphology undergoes changes after CsCl treatment depending on
duration of the treatment (Figure 10 b-c). It becomes evident that upon CsCl treatment the bulk
pristine perovskite obtains additional structure of a distinct morphology in the form of
nanoneedles, which densifies under the longer treatment with CsCl. The further investigated cross-
sectional images show the protruded “rod”-like vertically-oriented structures identified on samples
after treatment with CsCl (Figure 10e). It can be concluded that these artifact structures are the

results of the induced morphological changes due to the CsCl introducing the perovskite bulk.
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Figure 10. SEM images of top and cross-sectional view on CsPbI;Br perovskite crystal

(a,d)without CsCl, (b,e)with CsClI post-treatment (10 sec), (c)with CsCI post-treatment (5 min);
(f) cross-sectional view on perovskite on top of TiO»ZnO ETL.

Figure 10f shows the cross-sectional SEM image of the perovskite deposited on top of the
Ti02/ZnO ETL, and there is an evident separation between the ETL and perovskite implying that
both of the layers co-exist with no drastic effect on the perovskite bulk. Moreover, the perovskite
film appears to be even more compact and smooth showing a distinct straight surface line of the
upper bound. This result consolidates the proper choice of the ETL material as it appears to be

morphologically compatible with the perovskite, not destructing the topography of the active layer.

In order to further investigate the morphology and roughness change after CsCl post-
treatment of the pristine perovskite, top-view atomic force microscopy was conducted (Figure 11).
In agreement with the SEM images, the AFM top view demonstrates an effect of the smoothness
of the surface of perovskite bulk with additional particles appearing closer to the boundaries of the
bulk crystals. These particles are also observable in SEM images as well. From the AFM-derived
data, the root mean square (RMS) comparison was considered to numerically assess the roughness
of the obtained films. The RMS of the pristine perovskite was equal to 0.143 pm, while the CsClI-
treated surface produces RMS of 0.066 um, which is more than 2 times improvement of the surface

roughness towards smoothing after 10 seconds of CsCl tretament. This observation is important
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for further evaluation of the perovskite film as a part of a solar cell device, since the smoother the

surface the less likely the film would generate recombination sites at the interface between the

active layer and hole-transporting layer.
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Figure 11. AFM images of top view on CsPbl>Br perovskite crystal (a,c) without and (b,d)
with CsClI post-treatment (10 sec).

4.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis shows the information of the crystal lattice of the
obtained pristine and CsCl-treated perovskites on FTO-glass substrate (Figure 12). There are three
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intense peaks which are associated with the (100), (110) and (200) planes of the CsPbl,Br
perovskites at 15.5°, 21.8°, and 30.4° respectively. In order to observe peak shifts associated with
the CsCl post-treatment, Figure 12b-d shows each diffraction peak individually with the degree of
the shift indicated. There is an obvious shift towards larger angles for CsPbl,Br/CsCl film by
0.01°-0.03°. This effect is observed in crystal lattices as a result of a lattice contraction taking
place, and in this system of materials the lattice shrinkage can be associated with the possible

partial replacement of larger I or Br™ ions with smaller Cl" ions.

There is also enhancement of the intensity of perovskite-characteristic peaks evident from
Figure 12, and no peaks associated with phase degradation appear, which overall serves as a
marker of the stability of the perovskite phase. The crystallinity of the perovskite film was
calculated from the diffraction patterns, and the value for the CsPbl,Br perovskite was equal to
46.98%, while the CsCl-treatment improves the crystallinity up to 57.06%. This is a favorable
improvement for solar cell applications especially in terms of low trap, defect density and minimal

structural disorders within the crystal planes.
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Figure 12. (a) XRD patterns and individual crystallographic peaks of CsPbl:Br perovskite thin
film with and without CsCl treatment at (b) (100), (c) (110), and (d) (200) planes.

4.3 Photoluminescence Spectroscopy (PL)

In order to study the carrier recombination phenomena of perovskite with and without CsCl
treatment, a steady-state photoluminescence was conducted. The peaks with the maximum
intensity appear at 667 nm for the pristine CsPbl:Br, and 658 nm for the CsCl-treated sample
(Figure 13). From the PL spectra obtained for control perovskite and perovskite treated with CsCl,
there is an obvious intensity increase after the sample is treated with CsCl, which may indicate the
higher carrier density, low defect density and suppression of nonradiative recombination.
Additionally, a slight blushift of 9 nm is observed on the PL spectra after CsCl treatment, which
may be attributed to the slight CI" integration into the bulk of the perovskite, and subsequent band

gap change from shorter to wider. This result is also consistent with the UV-Vis-derived data,
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which shows the slight broadening of the Eg. In a 3D perovskite, the crystal structure consists of a
continuous three-dimensional network formed by corner-sharing BXs octahedra. This continuous
network facilitates strong orbital overlap between the metal cation B and the halide anions X,
which leads to the formation of a bonding and an antibonding state (valence and conduction bands,
respectively). The efficient orbital overlap and the continuous nature of the 3D perovskite structure
result in a delocalized electronic structure across the entire lattice. Overall, it leads to a smaller
energy difference between the valence and conduction bands, which results in a reduced or
narrower bandgap observed for 3D perovskites. Conversely, 2D perovskites possess a stratified
configuration where inorganic layers are interspersed with spacer cation Cs*. Thus, in 2D
perovskites, the electronic structure is localized due to the quantum confinement imposed by the
spacers on the inorganic layers. The quantum confinement effect results in a broader bandgap
when compared to 3D perovskites, therefore shifts in PL can be observed towards shorter
wavelengths. However, for further confirmation of the PL peaks characteristic to 2D perovskite,
there should be a broader range of wavelengths observed since the characteristic peaks may appear
at the shorter wavelengths (350-500 nm) and with broad tails due to the self-trapped excitons [55].
Overall, the mentioned intensity change and blueshifting of the most intense peak for Cs-
perovskite within the given range suggests the low-defect density trend after CsCl treatment, and
SEM and AFM images give hints on the surface favorable modification attributed to the CsCl post-

treatment.
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Figure 13. Steady-state photoluminescence (PL) spectra of the CsPbl>Br perovskite with and
without CsClI post-treatment.

4.4 UV-Vis Absorption Spectroscopy (UV-Vis)

The UV-Vis absorption was studied in order to find the absorption properties of perovskite
within a range of 500-800 nm of visible light spectrum (Figure 14). The pristine perovskite shows
the absorption onset at 627.4 nm, and for CsCl-treated perovskite it is at 624.5 nm with a slight
blueshift from the former by 2.9 nm. This blueshift is observed also in the reference article of H.
Wang et al., where the CsCl treatment of the CsPblz perovskites shifted the onset from 741 nm to
735 nm. The Tauc plot was obtained to evaluate the optical bandgap of the samples. There is a
slight E, increase from 1.88 eV to 1.89 eV evident after the CsCl treatment, which is also in
agreement with the PL blueshift. From these results, it can be concluded that the optical absorption
properties are changed slightly after the CsCl post-treatment, which can be related to the crystal
lattice shrinkage and crystallinity increase observed in the XRD results. Additionally, the bandgap
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shift from UV-Vis and PL can be then associated with the formation of new structures confirmed

from the SEM and AFM images.
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Figure 14. (a) UV-Vis absorption spectra and (b) Tauc plot with calculated E; of the CsPbI;Br
perovskite before and after CsCl post-treatment.

Although the bandgap changes are subtle, they are evident according to the analysis in the
perovskite bulk, while there are important SEM and AFM observations to consider on the surface
level of the perovskite after CsCl treatment. Therefore the XPS analysis was conducted

additionally to study 10 nm-level chemical state changes.
4.5 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to study the chemical state of CsPbl,Br
perovskite together with the influence of CsCl treatment on the chemical state (Figure 15). The
XPS results in Figure 15 confirm the incorporation of CI ions in CsPbLBr film after CsCl
treatment (Figure 15a). The XPS technique is sensitive to the surface changes since the probe is
analyzing the thin films up to 10 nm deep. From this information and Figure 15e, it is evident that
the CI is accumulated on the surface. At the same time, after the CsCl treatment the XPS peak
positions for all elements Pb 4f were shifted towards higher binding energies (Figure 15b). This

trend towards higher binding energies is also evident in the work of H. Wang et al. [36], where the
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research group treated CsPbls perovskite with CsX (where X - Cl, F, Br). In agreement with the
reference article, there are shifts of Pb 4f towards higher binding energy after CsCl post-treatment
as well, which is explained by the orbital interactions between Pb 4f and CI 3d orbitals in the CsCl
treated samples. Compared to I and Br, Cl" has smaller atomic size, and more effective nuclear
charge on the valence electrons, thus it would have more effective overlap with Pb*, resulting in
stronger bonding between Cl and Pb, which shifts the XPS peaks towards higher binding energies
of Pb 4f. This observation is also in agreement with the discussion on the XRD peak shifts due to
lattice shrinkage, which was associated with the intrusion of Cl into the perovskite. It can be
deduced from the chemical state from XPS, lattice deformations from XRD and morphology
changes from SEM measurements, that the introduction of CI" from CsCl structurally change
perovskite surface and induce the formation of new needle-shaped structures, which has different

dimensionality compared to the 3D perovskite bulk.
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Figure 15. XPS spectra of CsPbI:Br perovskite with and without CsCl treatment of (a) Cl 3d
and (b) Pb 4f.

4.6 Device Characterization

The performance of the champion devices was evaluated using current density versus

voltage, external quantum efficiency, current density versus time and stability measurements
(Figure 16).
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Figure 16. PSC characteristics with control perovskite and perovskite post-treated with CsCl:

(a) forward scanned J-V curves, (b) EQE with integrated Jsc, (c) I-t scan during 50 seconds,
(d) Stability test during 7 days at RH=20%.

The effect of CsCl treatment on the photovoltaic performance of solar cells is evaluated by

collecting data of 7 devices for each condition and comparing the PV parameters with each other

(Table 2). In Table 2 the photovoltaic performance is demonstrated in terms of the Voc, Jsc, FF,

and PCE values. The statistical box plots of the photovoltaic parameters are additionally

represented in Figure 17. While Voc is similar for both conditions being around 1.08 V, the Jsc

value is much increased after CsCl treatment. A higher Jsc indicates that the PSC with CsCl post-

treatment (19.01 mA/cm?) generates more photocurrent than the control sample (16.04 mA/cm?)

Integrated J_ . (mA/cm?)



54

under the same light conditions. This higher photocurrent may be attributed to various factors or
their combination such as improved light absorption, more efficient charge carrier generation, and
better charge separation within the solar cell. Another parameter is a fill factor, which is also
improved after CsCl post-treatment. The FF value of 66.12+7.00 indicates that the PSC after CsCl
treatment is operating more efficiently compared to the control PSC (FF = 61.00+4.18). Overall,
PSC after CsCl has a better quality I-V curve, lower internal resistive losses, and more efficient
charge extraction compared to the control one. In agreement with the improved photovoltaic
parameters such as Jsc and FF, the power conversion efficiency (PCE) is also increased from
10.6+1.49% of a pristine CsPbLBr perovskite to 13.5041.46% after treatment with CsCl, with the
champion device showing PCE of 16.2% (Figure 16a).

Table 2. PSC performance of control and CsCl-treated devices based on J-V measurements

averaged to 7 devices.

Voc (V) Jsc FF PCE (%)
(mA/cm?)
Control Forward
1.08+0.03 16.04+2.02 61.00+4.18 10.60+1.49
Reverse
0.93+0.08 15.53+2.1 44 88+8.82 6.52+1.86
With CsCl | Forward
1.08+0.04 19.01+2.13 66.12+7.00 13.50+1.46
treatment
Reverse
0.95+0.05 18.86+2.13 51.58+7.07 9.20+1.67
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Figure 17. Box plots of the photovoltaic parameters of the perovskite solar cells obtained
before and after CsClI post-treatment: (a) Open-circuit voltage (Voc), (b) short-circuit current

density (Jsc), (c) fill factor (FF), and (d) power conversion efficiency (PCE).

The external quantum efficiency (EQE) was measured for the samples and are shown in Figure
16b. The comparison of EQE measurements showed that there is an improvement in the EQE
response of the device after CsCl post-treatment. It is an indication that for CsCl-treated samples
the percentage of incident photons that generate an electron-hole pair (exciton), which can then be
separated and collected as electrical current, is higher than that of the control sample. It can be
attributed to the more stabilized perovskite photoactive phases, which was observed in XRD
spectra, therefore more light fraction can be absorbed with the potential to create excitons. The
integrated current densities estimated from the EQE spectra are equal to 12.29 mA/cm? and 11.32

mA/cm? for the CsCl treated and control PSCs respectively, which are lower compared to the
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reported from the IV-measurements. Typically, when low-intensity monochromatic light is
utilized during the external quantum efficiency measurements, PSCs encounter an elevated
photocurrent barrier. However, this effect is less prominent when the solar cells are exposed to the
intense illumination from a solar simulator. Consequently, the integrated Jsc derived from the EQE

measurements are likely underestimated.

The stabilized current density at the maximum power point is shown in the Figure 16c,
with the applied voltage of 0.84V. The obtained results show the improvement of the stabilized
power output of the CsCI-PSCs, while there is an abrupt and consistent decay of the current density
for the control PSC during the 50 seconds measuring time under light illumination. The stabilized
Jsc of Figure 16¢ is in agreement with the statistical average of the Jsc values presented in Table

2, 16.04+2.02 mA/cm? against 19.01+2.13 mA/cm?.

To finally evaluate the lifetime of the PSCs with and without CsCl treatment, the
normalized photovoltaic performance of the champion PSC devices was measured during 7 days
under relative humidity of 20% (Figure 16d). According to the obtained photovoltaic aging test
results, the control device is significantly degraded producing lower PCE with time, while the
performance of the CsCl-treated samples is more stable within the same period. This observation
suggests the significant improvement of resistance to ambient conditions due to the CsCl treatment

methodology.
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Conclusion

In conclusion, this work has successfully addressed the challenges associated with
conventional hybrid 3D perovskites for photovoltaic applications, which suffer from fast
degradation due to weak moisture and thermal stability. By focusing on Cs-based perovskites and
employing multidimensional engineering, the work has demonstrated a promising solution to
enhance ambient stability. The aims were achieved by first obtaining uniform polycrystalline
perovskite bulk through the synthesis of high-crystalline Cs-based 3D-perovskites and then
incorporating CsCl to create multidimensional structures, where Cs™ served as a spacer cation.

These optimized materials formed the basis for fabricating high-performance photovoltaic devices.

Morphological and topographical properties of the perovskite were analyzed through SEM
and AFM, revealing a smooth surface morphology, low defect density, large grain size, and
uniform surface coverage, which are essential factors for enhancing the power conversion
efficiency of PSCs. Meanwhile, the CsCl treatment introduced morphological changes in the form
of nanoneedle-shaped structures, without affecting the compatibility between the ETL and
perovskite layers. The obtained structures are more pronounced upon longer treatment with CsCl
solution, and are associated with the 2D perovskites. At the same time, treatment for 10 seconds
only can significantly improve the surface roughness, as assessed by RMS values, indicating the
potential for further optimization of perovskite-based solar cells. XRD analysis showed lattice
contraction, increased intensity of perovskite-characteristic peaks, and improved crystallinity upon
CsCl treatment, giving the hints on possible Cl" incorporation into the CsPbl;Br lattice. This was
confirmed by analyzing the XPS, which also demonstrated Cl- appearance and chemical shifts
associated with stronger Pb-Cl bonding. The induced morphological changes as well as the
chemical rearrangement of the ions further solidifies the idea of 2D perovskites formation upon
CsCl treatment. Steady-state PL and UV-Vis absorption demonstrated subtle bandgap changes and
shifts in accordance to the typical effect of widening bandgap of 2D structures. Overall, the
obtained results hint at the formation of the 2D-perovskites within the CsPbl.Br 3D perovskite
bulk. Further investigations of the obtained nanoneedle-structures are planned in order to establish

their nature thoroughly.
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By now the positive effect of the newly obtained structures can be assessed in terms of the
performance of the solar cells, which is improved by following the CsCl-treatment method for 10
seconds. The PCE increased from 10.60+1.49% to 13.50+1.46%, and maintained the stable
performance during 7 days at 20% of RH. Other characteristics such as FF, Jsc, and EQE also
showed improvement towards higher values. These observations create more space to drive
forward the Cs-based perovskite interfacial modification techniques, creating multidimensional

structures by the facile method of CsCl post-treatment developed in this work.
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